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Systematic, well-designed research provides the most effective
approach to the solution of many problems facing highway
administrators and engineers. Often, highway problems are of
local interest and can best be studied by highway depart-
ments individually or in cooperation with their state universi-
ties and others. However, the accelerating growth of highway
transportation develops increasingly complex problems of
wide interest to highway authorities. These problems are best
studied through a coordinated program of cooperative re-
search.

In recognition of these needs, the highway administrators of
the American Association of State Highway and Transporta-
tion Officials initiated in 1962 an objective national highway
research program employing modern scientific techniques.

This program is supported on a continuing basis by funds -

from participating member states of the Association and it
receives the full cooperation and support of the Federal
Highway Administration, United States Department of
Transportation.

The Transportation Research Board of the National Re-
search Council was requested by the Association to adminis-
ter the research program because of the Board’s recognized
objectivity and understanding of modern research practices.
The Board is uniquely suited for this purpose as: it maintains
an extensive committee structure from which authorities on

any highway transportation subject may be drawn; it pos-

sesses avenues of communications and cooperation with fed-
eral, state and local governmental agencies, universities, and
industry; its relationship to the National Research Council is
an insurance of objectivity; it maintains a full-time research
correlation staff of specialists in highway transportation mat-
ters to bring the findings of research directly to those who
are in a position to use them.

The program is developed on the basis of research needs
identified by chief administrators of the highway and trans-
portation departments and by committees of AASHTO. Each
year, specific areas of research needs to be included in the
program are proposed to the National Research Council and
the Board by the American Association of State Highway
and Transportation Officials. Research projects to fulfill
these needs are defined by the Board, and qualified research
agencies are selected from those that have submitted propos-
als. Administration and surveillance of research contracts are
the responsibilities of the National Research Council and the
Transportation Research Board.

The needs for highway research are many, and the National
Cooperative Highway Research Program can make signifi-
cant contributions to the solution of highway transportation
problems of mutual concern to many responsible groups. The
program, however, is intended to complement rather than to
substitute for or duplicate other highway research programs.
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FOREWORD

By Staff
Transportation Research

Board

This report represents a significant step toward improved design of asphaltic
concrete paving mixtures. It will be of special interest to pavement engineers and
laboratory technicians working with asphalt. Concepts presented in this report are
new. The asphalt-aggregate mixture analysis system (AAMAS), proposed herein, pro-
vides an initial link between mix design and pavement performance. For many years,
asphalt technologists have used the Marshall and Hveem mix design methods, and the
resulting asphalt mixtures, when placed and properly compacted, provided pavements
that often performed well. However, neither one of those mix design methods has been
correlated with pavement performance. This report presents the findings of research
to correlate mix-design methods with pavement performance and contains a complete
asphalt-aggregate mixture analysis system and asphalt mixture design procedure; it
also lays the groundwork on which other research can build.

Improved mix-design methods for asphaltic concrete should optimize the selection,
proportioning, and processing of asphalt binders and aggregate materials to produce
pavements uniformly resistant to all forms of distress such as fatigue cracking, thermal
cracking, permanent deformation, moisture damage, and age hardening. The initial
phase of research on NCHRP Project 9-6 involved an investigation of the feasibility
of an asphalt-aggregate mixture analysis system and the selection of a plan for its
development. Three concurrent Phase I contracts were conducted by ARE, Inc.; Brent
Rauhut Engineering, Inc.; and the University of Maryland. Each concluded that AA-
MAS development was feasible and desirable and recommended a plan. Brent Rauhut
Engineering, Inc., was selected to develop a mixture analysis and design system capable
of encompassing conventional ashphalt binders, modified asphalts, mixture modifiers,
and the range of aggregate materials used in the United States. Open-graded friction
courses and drainage layers were not included in the study. The system that was
developed is also capable of evaluating mixtures under conditions analogous to those
found in service, including a wide range of climate, traffic, and age factors. The
recommended system for laboratory evaluation of asphaltic concrete mixtures calls for
specimens that, as nearly as possible, duplicate the characteristics of mixtures in the
field. Five laboratory tests are recommended: the diametral resilient modulus test, the
indirect tensile strength test, the gyratory shear strength test, and the indirect tensile
and uniaxial unconfined compression creep tests. These tests measure properties re-
quired by most models used for structural design of asphalt pavement sections. The
mixture-design procedure presented herein was developed in the final phase of the
research. NCHRP Project 9-6(1) is linked to the broader ranging Strategic Highway
Research Program (SHRP) studies, and it constitutes an interim step in the evolution
of AAMAS procedure development that is being continued by SHRP.

Part I of the final report is a Procedural Manual, prepared in specification language
specifically for the pavement engineer and laboratory technician; it takes the reader
step-by-step through the entire analysis and mix design procedure. Part II documents
the research that produced the analysis system and the mixture design procedure. The
Appendixes to this final report are not published herein, but copies may be obtained
on loan or purchased at a cost of $25.00, from the National Cooperative Highway
Rsearch Program, Transportation Research Board, 2101 Constitution Ave., N.-W.,
Washington, D.C. 20418.
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Part |—Procedural Manual
For
Mixture Design and AAMAS

INTRODUCTION

Part I of this report presents the procedures for an Asphalt-Aggregate Mixture
Analysis System (AAMAS) developed under NCHRP Research Project 9-6(1). The
procedures included in the manual are intended to be used for the design and evaluation
of dense-graded hot-mix asphaltic concrete mixtures, based on performance-related
criteria for high-volume roadways. This manual is the first of two documents, and
constitutes the Procedural Manual for mixture design and AAMAS. Part 2 provides
discussion on all tasks and findings conducted under Project 9-6(1).

Background

The two methods commonly used in the United States for the design of dense-graded
hot-mix asphaltic concrete are “Marshall’” and “Hveem”. Both methods are empirical
procedures that were developed many years ago and have generally served well under
traffic. The current philosophies behind the design of asphaltic concrete mixtures
using the Hveem and Marshall approaches are reasonable, and the basic principles of
providing proper air voids, adequate stability, and accounting for aggregate absorption
are adequate. Premature distress in many flexible pavements, however, suggests that
these empirical mixture design procedures do not consider all pertinent mixture proper-
ties for some distresses, especially for those mixtures that are subjected to greater
vehicle loads and higher tire pressures than those in use when the methods were
developed.

Typically, the structural design of asphaltic concrete pavements is based on assumed
material properties (layer stiffness coefficient, resilient modulus, fatigue, and permanent
deformation constants). After the structural design has been completed, materials are
submitted and a mixture design is completed. The question then becomes: Does the
as-placed mixture meet the assumptions initially used for the structural design? Unfor-
tunately, the engineering properties used in structural design are not those dealt with
or measured in these empirical mixture design procedures. Certainly, asphaltic concrete
mixture design and analyses need to be related to those factors that affect asphalt
pavement performance. Mixture design and structural design also need to be tied
together and based on the same criteria and parameters for compatibility.

The highway community, specifically AASHTO, recognized this need for improved
procedures and analysis systems for the design of asphaltic concrete mixtures that are
resistant to heavy truck loads, the use of higher tire pressures, and the wide extremes
of climate encountered in the United States. In response to this need, research was
initiated, under NCHRP Project 9-6(1), to develop an Asphalt-Aggregate Mixture
Analysis System (AAMAS) for the laboratory evaluation of asphaltic concrete mixtures
based on performance-related criteria. Part I of this report, the Procedural Manual for
Mixture Design and AAMAS, presents the AAMAS procedures.



AAMAS Methodology

Any mixture design must, as a minimum, provide for acceptable voids in the mixture
and an acceptable level of stability. Thus, one design approach is to build on the
presently accepted methods of mixture design which account for air voids and stability
similar to the Hveem and Marshall procedures. A more rational approach for mixture -
design would be to use those engineering properties that are related to pavement
distress. Section 2 of this manual recommends such a mixture design procedure based
on performance-related criteria. The mixture design can be completed in accordance
with either the user agency’s current practice or Section 2 of Part I.

Once an initial mixture design has been developed, efficient and effective mixture
preparation and characterization procedures can be used to determine the engineering
properties of the materials and mixtures. Results of tests that measure engineering
properties can then be judged by appropriate failure criteria for each test mode simu-
lated. Figure 1 shows a conceptual flow chart of the different steps that are required
in the AAMAS. '

To design mixtures based on performance-related criteria it is necessary to use a test
that measures those engineering properties and the characteristics of an asphaltic
concrete mixture that are related to a distress or performance measure. The distresses
selected for incorporation into AAMAS include rutting, fatigue cracking, low tempera-
ture cracking, and moisture damage. Secondary consideration is given to disintegration,
such as raveling and loss of skid resistance.

For AAMAS to be useful to the highway construction industry and applicable over a
range of mixtures, tests used to measure these properties must be reliable, reproducible,
sensitive to mixture variables, efficient, and simple. The test procedures and equipment
must also be capable of testing oversize samples when larger aggregates (greater than
1 in. in diameter) are used in the mixture.

STRUCTURAL DESIGN OF ASPHALT CONCRETE fe—] REDESIGN
PAVEMENTS STRUCTURE
UsInGg RESULTS
l FROM
LABORATORY
PERFORMANCE FUNCTIONS OF MODELS TO

PReDICT CRITICAL MATERIAL PROPERTIES
AND PARAMETERS FOR Mix DEsiGN

1
I | I ]

FATIGUE Low-TEMP MOISTURE
CRACKING RutTING CRACKING DAMAGE
[ - 1 | |

|
SeT CRITERIA FOR
Mix DESIGN PARAMETERS
1
SAMPLE Mop1Fy Mix
PREPARATION/CONDITIONING (Use ADDITIVES)

TesT PROCEDURES TO MEASURE
Trose CRITICAL PARAMETERS

CRITICAL
PROPERTY SATISFY
THE STRUCTURAL
DeESIGN
ASSUMPTION

Buztp PAVEMENT

"Figure 1. Conceptual flow chart illustrating the different steps in
AAMAS.
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Five tests were selected as tools for mixture evaluation in AAMAS, because they
measure those properties required by most structural models. These are the diametral
resilient modulus test, indirect tensile strength test, gyratory shear strength test,band
the indirect tensile and uniaxial unconfined compression creep tests. Most of these
properties and tests are becoming standardized and are being used on more of a routine
basis by some state agencies. On the other hand, the mathematical models that are
needed to predict mixture behavior and performance from these properties are numer-
ous and vary considerably. :

The one standardized procedure used in the United States is the “AASHTO Guide
for the Design of Pavement Structures.” Although the AASHTO design procedure
was recently updated and improved (1986), it still uses empirical relationships. Layer
thicknesses are determined by using structural layer coefficients that do not consider
the different types of distress separately. AAMAS, however, must consider the different
types of distress individually.

NCHRP Project 1-26 recommended mechanistic-empirical analysis and design pro-
cedures for reliable relationships between traffic loading, environmental and material
conditions, and pavement distress for use with the AASHTO procedures. These recom-
mendations are under development. Thus, the models selected for use in the NCHRP
1-26 project were accepted and incorporated into the AAMAS.

Scope of Manual

This manual (Part I) is divided into five sections including suggested guidelines for
(1) selection of mixture components, (2) mixture design (3) mixture analyses, (4)
mixture performance evaluations, and (5) mixture design example. The first section
provides criteria and values recommended for selecting the mixture components, and
Section 2 presents the procedures used to design dense-graded ‘asphaltic concrete
mixtures. Figure 2 shows the mixture design procedure in flow chart form. Section 3
the mixture analyses section, includes procedures for preparing, conditioning, and -
testing specimens for meésuring properties required for structural design and evalua-
tion. Section 4, the mixture performance evaluation, discusses méchanistic-empirical
models used to evaluate asphaltic concrete pavements. Section 5 is an example problem
for mixture design and evaluation using AAMAS.

Figure 3 shows the current AAMAS procedure in flow chart form, identifying the
four sections, and Table 1 summarizes the approximate time required for the laboratory
compaction, conditioning, and testing of asphaltic concrete mixtures. As shown, a large
number of specimens are compacted to the air void content established from the
construction specifications, because this represents the more critical condition for
fracture type distresses and moisture damage. Currently, AAMAS is limited to hot-
mixed asphaltic concrete, which includes binders, aggregates, and modifiers used in
construction, and provides an evaluation for the four major forms of distress (both
load and environmental).

Future Improvement of AAMAS

Although the initial use of AAMAS is to check specific mixtures for resistance to
various forms of distress, the ultimate use, when fully developed and after correlations
with field performance, will be to optimize the structural and mixture design process
to produce the desired pavement performance at least cost. NCHRP Project 9-6(1) is
the first step in the evolutionary process to design asphaltic concrete mixtures based
on performance-related criteria, and to tie mixture design to structural design. The
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Figure 2. Flow chart for-the design of dense-graded asphaltic
concrete mixtures.

“next step of the evolutionary process is being initiated through a coordinated national
asphalt research program that includes different sponsors and studies, each accomplish-
ing important goals for the final product. These ongoing studies and funding agencies
are listed, as follows:

STUDY STUDY
NUMBER Stupy TITLE SPONSOR
1-26 Calibrated Mechanistic Structural Analysis NCHRP
Procedures for Pavements
10-26A Performance-Related Speciﬁcatibn for Hot- NCHRP

Mix Asphalt Concrete
DTFH61-89- Development of Performance-Related Speci- FHWA

C-00015 fications for Asphaltic Concrete—Part II

A001 Asphalt Experimental Design, Coordination, SHRP
and Control of Mixture

AO002A Binder Characterization and Evaluation SHRP

AQOO3A Performance-Related Testing and Measur-  SHRP
ing of Asphalt-Aggregate Interactions and
Mixtures

A003B Fundamental Properties of Asphalt- SHRP

Aggregate Interaction Including Adhesion
and Absorption

A004 Asphalt Modification Practices and Modifi- SHRP
cation

A005 Performance Models and Validation of Test SHRP
Results

A006 Performance-Based Specifications for an SHRP

Asphalt-Aggregate Mixture Analysis System
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Figure 3. Flow chart for the AAMAS procedure.

SECTION 4

The SHRP A006 project is to combine all findings within each study to develop
specifications for the selection of type and gradation of aggregate, type and amount of
asphalt cement, and type and amount of additive, if required, and to provide guidelines
for AAMAS adoption. In addition, the SHRP Long-Term Pavement Performance
(LTPP) studies should provide the much-needed field performance data along with the
asphaltic concrete fundamental engineering properties to optimize the structural and
mixture design process. The overall goal of all of these research projects is to maximize
the performance of asphaltic concrete pavements and reduce life-cycle costs.



Table 1. Summary of the approximate time required for the laboratory compaction, conditioning, and testing of asphaltic concrete mixtures using

AAMAS,

Laboratory Steps - 1 | 2 3

4 | s 6 |7 |8 | 9|10/ 1

. Time in-Days " -

1. Prepare & Mix Materials

2. Initial Heat Conditioning |
of Loose Mix 12 12

3. ‘Specimen Compaction -
Unconditioned 9

Moisture Conditioned

‘ Temperature Conditioned

Traffic Densified 3

4. Measure Air Voids & Sort i

Into Subsets

. Moisture Condition Samples 3

. Heat Conditioning

. Traffic Densification

. Test Unconditioned Specimens 3@ a1F

6

3@77F| 3@ 104F

O (o IN]JO O

. Test Heat Conditioned
Specimens

6 @ 10aF

10. Test Moisture Conditioned
Specimens

11. Test Traffic Densified
Specified

6 @ 104F

s in blocks represent the number of specimens and/or test temperature. The total t
are in relation to the time needed to run the Marshall and Hveem mix design methods.

ime frame to complete the entire AAMAS process is less than 2 weeks, The imes shown above

SECTION 1
GUIDELINES FOR SELECTION OF MIXTURE COMPONENTS

1.1 SCOPE

The overall design process for asphaltic concrete mixtures is
a compromise between several mixture characteristics. Tradi-
tionally, mixture characteristics used for design have included
stability, durability, unit weight and air voids. More recently,
fundamental engineering properties have been considered in the
mixture design process. Some of these properties are indirect
tensile strength, resilient modulus, creep modulus, and indirect
tensile strain at failure. All of these properties are dependent, to
some degree, on asphalt content.

These fundamental engineering properties are also dependent
on the material factors and traditional mixture characteristics
used in mixture design. For example, resilient modulus has been
found to be dependent on air voids, asphalt viscosity, asphalt
content, and minus 200 material, to name four parameters. Thus,

in selecting the design asphalt content for a dense-graded mix-
ture, gradation, minus 200 material, air voids, voids in mineral
aggregate (VMA), and voids filled with asphalt (VFA) are fac-
tors to be considered in determining the job mix formula target
and, as such, limit the number of possible alternatives for prepar-
ing trial mixtures. As stated previously, the mixture design can
be completed in accordance with the user agency’s current prac-
tice, or in accordance with Section 2 of the Procedural Manual.
Sections 3 and 4 of the manual are used to evaluate an asphaltic
concrete mixture design using performance-related criteria.

1.2 MATERIALS

In many cases, the types of materials used become a choice
restricted by economical considerations (i.e., the use of locally



available aggregates). AAMAS is not intended to restrict the use
of local materials that could be marginal, but the intent is to
evaluate their use in terms of pavement performance based on
project specific conditions. However, the recommended proce-
dures and practices outlined in the FHWA Technical Advisory
T 5040.27, dated March 10, 1988, should be used as initial
guidelines for producing asphaltic concrete mixtures for high-
type facilities. Limiting values for some of the physical properties
of the aggregate and asphalt that are suggested for use in T
5040.27 are given, in the following, for ready reference:

o Aggregates should be nonplastic. The minus No. 4 sieve
material should have a minimum sand equivalent value of 45 in
accordance with AASHTO Test Method T 176.

o The amount of clay lumps and friable partlcles should be
less than 1 percent.

o The Los Angeles Abrasion Value should be 45 percent, or
less, when measured in accordance with AASHTO T 96.

o The amount of plus No. 4 sieve material with two fractured
faces should be at least 60 percent.

» The amount of natural sand should be limited to 20 percent
for high-volume pavements and 25 percent for low-volume pave-
ments.

» The ratio of dust (minus No. 200 sieve material) to asphalt
cement by mass should be between 0.6 and 1.2.

» The low-temperature ductility test on the asphalt should be
in accordance with Table 2 of AASHTO M 226.

1.3 GRADING CONSIDERATIONS

The guidelines for blending aggregates should be consistent
with the FHWA 0.45 power gradation chart (Figure 4), using
different combinations of coarse and fine aggregates, except that
the fine fraction is adjusted to maintain adequate VMA and film
thickness.

For dense-graded mixtures, gradations should be selected that
are reasonably close to the FHWA 0.45 power gradation curves,
but not so close that the VMA is so low as to allow an insufficient
asphalt content (thin film thicknesses) to maintain adequate air
voids. Theoretically, a gradation that follows the 0.45 power
gradation curve will result in the maximum aggregate density
that has few or no air voids (i.e., all spaces are filled with solids).
The addition of asphalt to this maximum density gradation only
serves to separate the aggregates particles, which reduces the
shear strength of the mix and increases the potential for lateral
flow.

Some state agencies have set limits on the “primary control”
sieves to reduce the potential for lateral flow (i.e., plastic condi-
tion). The upper limiting values suggested by the WASHTO
Committee from field observations of pavement distress are in-
cluded in AAMAS for selecting an initial aggregate blend. These
are:

PRIMARY MAXIMUM
CONTROL SIEVE PERCENT
S1zZE, No. PASSING,

%

4 55

10 37

40 16

200 3to7

For mixtures that support high tire pressures (greater than
100 psi) or heavy traffic loads, the amount of minus 200 material,
as well as the quality of the aggregate, is very important. Typi-
cally, the amount of minus 200 material is limited to a value
between 3 to 7 percent by weight for high tire pressures. Large
amounts of minus 200 material can result in a low asphalt con-
tent leading to higher stability’ but lower durability. Small
amounts of minus 200 material can result in the mixture requir-
ing a higher asphalt content resulting in lower stabilities but
higher durability. When tire pressures exceed 200 psi, it is sug-
gested that 100 percent crushed materials be used, based on
airfield performance data (7).

1.4 AIR VOIDS

Any mixture design procedure must, as a minimum, provide
for acceptable voids in the mixture and an acceptable level of
stability. The asphalt content selected is based on a target air
voids content following a compaction procedure intended to
simulate field compaction followed by additional densification
caused by traffic. This is called final compaction, and the air
void content associated with final compaction is called final voids
content. These values are, of course, dependent on tire pressure,
wheel load magnitudes and number of applications, and environ-
mental conditions. For AAMAS, the percentage of the total
volume that are air voids, ¥, is calculated using the following
equation:

V—(I—G—) 100 1-1
a — G X (')

mg:

where G, is bulk specific gravity of the compacted mixture, as
measured. by AASHTO T 166 or T 275, whichever applies;
and G,,, is maximum specific gravity of the paving mixture,
measured in accordance with AASHTO T 209.

A final or design air void range of 3 to 5 percent has been found
to be acceptable in most environments. Program “ASPHALT,”
developed by Jimenez (2), can be used initially to estimate the
relationship between asphalt content, asphalt film thickness, and
air voids for different aggregate blends prior to preparing speci-
mens for mixture design. This program calculates the asphalt
film thickness as a function of asphalt content and gradation.
The results can be used to look at numerous combinations of
materials in order to select candidate job mix formulas (JMFs)
prior to running any laboratory mixture design tests. Program
ASPHALT was calibrated based on specimens compacted in the
laboratory using kneading compaction.

If program ASPHALT is unavailable to the user, local experi-
ence must dictate the gradation to be initially selected. Without
the use of program ASPHALT or experience, optimization be-
comes more of a trial and error process or a relative optimization
of a few variables.

1.5 VMA AND VFA CONSIDERATIONS

Both VMA and VFA have been considered as mixture design
parameter specifications. The Asphalt Institute and many state
highway agencies have adopted minimum VMA requirements
for mixture design. The Corps of Engineers and Federal Aviation
Administration have adopted limits on final air voids of 3 to 5
percent and a VFA requirement of 75 to 85 percent to ensure



HOT-MIX ASPHALT DESIGN

TECHNICIAN :

LAB. NO.

DATE :

FILE NO.

PROJECT :

GRADATION CHART

100

90

80

70

60
TOTAL
%o
PASSING

11 2I|

%

11/4“
wT,

TOTAL |NO.
%
PASSING

1“

RET.
%

NO.
w

]
Yo

RETAINED
ON

SIEVES

PASSING

"
12

"SIMPLIFIED PRACTICE" SIZES INDICATED BY.

S e s

o ot o

%

SIEVE SIZES

‘/4] ‘

b

- -4

lllllll

-

A o

P O A

R R e N N

nnnnnnn

10

30 16
40 20

50

No. 80

HORIZONTAL SCALE REPRESENTS SIEVE SIZES RAISED TO THE 0.45 POWER.

t- =4

= =4

=

T S S A B o e n i o -

- = T s aln e mn &

100

90

70

[e) (o] [
o L] T

INISSYd LN32¥3d

No. 200 100

Figure 4. FHWA 0.45 power gradation chart.



the mixture’s durability. For purposes of selecting a JMF and a
design asphalt content, the following guidelines are suggested
for VMA and VFA (unless local experience suggests a tighter
control):

MaxiMuMm SUGGESTED SUGGESTED
AGGREGATE MINIMUM MAXIMUM
PROPERTY S1zE, IN. VALUE VALUE
VMA 1% 12+ 20
1 13* 20
% 14* 21
Y 15* 21
VFA 75 85

*Taken directly from the Asphalt Institute’s MS-2 Manual.

Both VMA and VFA are volume percentages, and are calcu-
lated using the following two equations:

G P
VMA = 100 — —2b—
sb

VMA — ¥,
VMA

(1-2)

VFA = (1-3)

where P, is aggregate percent by total weight of mixture, %; and
G, is bulk specific gravity of the combined aggregate blend.

The aggregates used in the laboratory during mixture design
are in a dry condition, and during production are assumed to be
dry when mixed with the asphalt cement. Thus, it is necessary
that the bulk specific gravity of the combined aggregate blend,
G,,, be determined and used during mixture design. As defined
in AASHTO T 85, “The bulk specific gravity is the ratio of
the weight in air of a unit volume of aggregate (including the
permeable and impermeable voids in the particles, but not in-
cluding the voids between particles) at a stated temperature to
the weight in air of an equal volume of gas-free distilled water
at a stated temperature.” Using this definition, VMA calculated
with Eq. 1-2 excludes the voids in the aggregate that are both
impermeable and permeable to asphalt.

1.6 ASPHALT CONTENT AND DENSENESS

The behavior of most mixtures is dependent on the fluids
content and denseness of that mixture. The denseness of a mix-
ture is usually described by three fundamental terms or proper-
ties. These are air voids, porosity, and degree of saturation, all
of which are volume quantities that cannot be weighed.

The porosity of a material or mixture is defined as the percent-
age of total volume that are voids. This is the same terminology
used for VMA of asphaltic concrete mixtures. The degree of
saturation of a mixture is defined as the percentage of total voids
that are filled with fluid, which is the same terminology as VFA.
Air voids were discussed in subsection 1.4, and are a percentage
of the total volume. Thus, a paving mixture must first be ana-
lyzed on a volume basis, even though a weight basis is needed
and used for practical reasons, such as plant and field control. In
addition, a volume basis also normalizes the differences between
mixes caused simply by different aggregate specific gravities.

The total volume of an asphaltic concrete sample is considered
to be 100 percent bulk volume, and the proportion of each mate-
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rial component can be designated in terms of its 100 percent
bulk volume. The bulk volume of each material can be converted
into a weight for plant and field control by multiplying its bulk
volume by the materials specific gravity and by 62.4 pcf, the unit
weight of water. The percentage of total bulk volume that is
asphalt, ¥, is calculated using Eq. 1-4:

G
V, = P[G—'"”] (1-4)
where P, is percent of asphalt by total weight of mixture, %;
and G, is specific gravity of the asphalt cement.

The bulk specific gravity of the aggregate blend is used because
the aggregates are in a dry condition prior to mixing, After
mixing, however, some of the asphalt cement is absorbed into
the permeable voids of the aggregate, which are included in the
aggregate bulk specific gravity measurement, G,,. This amount
of absorbed asphalt must be accounted for and considered in the
laboratory during mixture design. In other words, the amount
of asphalt cement binder must be adjusted or increased to ac-
count for that portion that is absorbed into the permeable voids
of the aggregate.

The effective asphalt content by total volume, V,,, becomes
an important variable regarding the fundamental engineering
and compaction properties of the mixture. The effective asphalt
content by total volume is simply the total asphalt content minus
the asphalt content absorbed by the aggregate. This value is
calculated using:

14 G 0 _ 4 1-5)
be — Ymb Gmg Gsb -

Unfortunately, absorption is a time-dependent variable, so the
effective asphalt content is also time dependent. Thus, the time
interval between initial mixing and initial compaction (both in’
the laboratory and on the roadway) becomes important, espe-
cially for highly absorptive aggregates. A time delay between
mixing and compaction allows some of this absorption to occur,
and is considered in both the mixture design (Section 2) and the
AAMAS (Section 3) procedures. This time delay was based
on physical properties of the asphalt to minimize some of the
differences between the laboratory and plant and field condi-
tions.

The percentage of total volume of absorbed asphalt, ¥, can
be calculated in accordance with Eq. 1-6:

G
Vi = P,,aPS( G’"”) (1-6)

a

where P, is percent absorbed asphalt by weight of aggregate,
Yo:

Gse — Gsb) x 100

1-7
GsbGse ( )

Pba = Ga(

and G,, is effective specific gravity of the combined aggregate
blend:

100 — P
G, = < 1-8
“= 00 p (1-8)
G, G,
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The effective specific gravity of the aggregate, G_,, is defined as
the ratio of the weight in air of a unit volume of a permeable
material (including only those voids impermeable to asphalt) at
a stated temperature to the weight in air of equal density of an
equal volume of gas-free distilled water at a stated temperature.

The aggregate unit weight is plotted as a function of the effective
asphalt content by volume (Eq. 1-5) to select the value that
will result in the maximum aggregate density for a specified
compactive effort.

SECTION 2
GUIDELINES FOR MIXTURE DESIGN

2.1 SCOPE

2.1.1. The AAMAS procedures for mixture design cover the
measurement of the resistance to fracture, to uniaxial deforma-
tion, and to shear displacements of cylindrical specimens of
bituminous paving mixtures. The procedures are intended for
use with dense-graded mixtures containing asphalt cement, and
exclude open-graded friction courses and drainage layers. AA-
MAS accommodates those mixture variables normally used in
the construction of asphalt paving mixtures, such as binders,
aggregates and fillers, and provides the data required for the
design of mixtures to resist selected asphalt pavement distresses
associated with both wheel loads and the environment.

2.1.2. The results from the conditioning and testing of
laboratory-prepared specimens at different asphalt contents are
used to select the design asphalt content and allowable tolerance
for project specific conditions. ’

2.2 SUMMARY OF PROCEDURE

2.2,1. Nine test specimens at selected asphalt contents are
tested. Three specimens per asphalt content are tested at 77°F
(25°C) using diametral loadings (indirect tensile testing tech-
niques) to define the fracture characteristics of the specimens.
A second set of three specimens at each asphalt content are
compacted and tested using the Corps of Engineers Gyratory
Testing Machine (GTM). The GTM device is used to estimate
the change in shear characteristics under repeated loads at 140°F
(60°C). Using the results of the indirect tensile and gyratory
shear tests as a guide, a final set of three specimens at selected
asphalt contents are tested at 104°F (40°C) using uniaxial com-
pression loads to define the deformation and creep characteristics
of the mixture.

2.2.2. The design asphalt content and range of allowable values
are determined from these test results using performance-related
criteria. Density, air voids, VMA, and VFA are also considered
in selecting the design asphalt content.

2.2.3. A full-scale design for mix optimization includes nine
specimens at each asphalt content (three for indirect tensile test-
ing, three for uniaxial compression testing, and three for gyratory
shear testing). If five asphalt contents are used, a total of 45
test specimens is required. However, a full-scale design is only
required when the user agency has little or no previous experi-
ence with these tests. A more realistic and practical approach is

to use the indirect tensile strength and resilient modulus tests
(performed on the same specimen) to select an initial design value
and an allowable range of asphalt contents based on fracture
(subsection 2.7). The fracture criteria will generally establish the
most upper limit of asphalt contents. At this initial design value,
three specimens are tested using the GTM in accordance with
subsection 2.8. If these results do not exceed the minimum design
requirements, additional specimens are prepared and tested at

‘lower asphalt contents to redefine the design value and an allow-

able range of asphalt contents that satisfy the fracture and shear
resistance criterion. At this revised design value, three specimens
are tested using uniaxial compression testing techniques, in ac-
cordance with subsection 2.9, to ensure that the revised design
value will satisfy the deformation or creep criteria. In other
words, the GTM (subsection 2.8) and uniaxial compression (sub-
section 2.9) specimens are used as “checks and balances” for the
paving mixture designs based initially on fracture. Using this
approach and assuming five initial asphalt contents, the number
of test specimens required for mixture design can vary from 21
(15 for indirect tensile testing, 3 for gyratory testing, and 3 for
uniaxial compression testing) to 45.

2.3 SIGNIFICANCE AND USE

2.3.1. The results of the deformation and strength tests can
be used for specifications and mixture design purposes. These
procedures are also intended to provide fundamental engineering
properties of the mixture that are required for evaluating as-
phaltic concrete pavements. In other words, these test proce-
dures provide values that can be used to characterize asphaltic
concrete mixtures for use in pavement thickness design and in
structural analysis of layered pavement systems, under a variety
of stress states and temperature conditions.

2.3.2. The indirect tensile test method also provides the infor-
mation required for determining the structural layer coefficient
of asphaltic concrete surface and base course mixtures for use
with the 1986 AASHTO ‘““Guide for Design of Pavement Struc-
tures.”

2.4 APPLICABLE DOCUMENTS

2.4.1 AASHTO Standards.



T 166 Bulk Specific Gravity of Compacted Bituminous Mix-
tures

T 167 Compressive Strength of Bituminous Mixtures

T 209 Maximum Specific Gravity of Bituminous Paving
Mixtures

T 245 Resistance to Plastic, Flow of Bituminous Mixtures
Using Marshall Apparatus

T 246 Resistance to Deformation and Cohesion of Bitumi-
nous Mixture by Means of Hveem Apparatus

T 269 Percent Air Void in Compacted Dense and Open Bitu-
minous Paving Mixtures

T 275 Bulk Specific Gravity of Compacted Bituminous Mix-
tures Using Paraffin-Coated Specimens

2.4.2. ASTM Standards.

D 3387 Compaction and Shear Properties of Bituminous
Mixtures by Means of the U.S. Corps of Engineers Gyra-
tory Testing Machine (GTM)

D 3497 Dynamic Modulus of Asphalt Mixtures

D 4013 Preparation of Test Specimens of Bituminous Mix-
tures by Means of Gyratory Shear Compactor

D 4123 Indirect Tension Test for Resilient Modulus of Bitu-
minous Mixtures

2.5 APPARATUS

2.5.1. Equipment for preparing and compacting specimens is
required from one of the following methods: ASTM D 3387
(Method A) or D 4013 (Method B). However, ASTM D 3387
is required for the test method specified in subsection 2.8. The
use of an oil-filled roller is specified in ASTM D 3387, but the
air-roller is the preferred device. Both rollers are interchangeable
in the GTM, but the gyratory shear stresses (subsection 2.8) and
initial air voids will be different. The use of the oil-filled roller
will result in higher gyratory shear stresses than for the air roller.
The use of both rollers is permitted until pavement performance
data are collected that may dictate the use of one over the other.
Table 2 gives the compactive efforts recommended for each type
of roller for initially compacting the test specimens. If an air or
oil-filled roller from ASTM D 3387 is unavailable, the mixture
design is based only on the test results from subsections 2.7 and
2.9.

2.5.2. A forced air draft oven is required that is capable of
maintaining a temperature up to 325 * 5.4°F (163 * 3°C).

2.5.3. Aluminum pans are required that have a surface area of
100 to 180 in.2 (0.06 to 0.1 m?) in the bottom and a depth of
approximately 1 in. (2.54 cm).

2.5.4 Axial Loading Machine from ASTM D 4123.

Note 2.1: Any loading machine capable of providing a repetitive sinusoi-
dal or square type compression load of fixed cycle in duration can be
used. Typically, a cam and switch and timer control of solenoid valves
operating a pneumatic air piston, or a closed-loop electrohydraulic sys-
tem is used. Pneumatic systems are the simplest, while closed-loop elec-
trohydraulic systems allow more versatility (variable wave forms, higher
loads, and higher frequency response). Generally, a haversine wave form
is characteristic of closed-looped electrohydraulic equipment, while rect-
angular wave forms are used with pneumatically operated loading equip-
ment. Both wave forms can be used for resilient tests. A loading fre-
quency of 1 cycle per second has been found to be satisfactory for most
applications. With a pneumatic loading system, a square wave form
with a load duration of 0.1 second and a rest period of 0.9 seconds is
recommended.
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Table 2. Compactive efforts recommended for the oil-filled and
air-rollers to initially compact test specimens using the Corps of
Engineers GTM device.

TYPE OF ROLLER )
VARIABLE AIR ROLLER OIL-FILLED ROLLER
Initial Angle of
Gyration, Degrees 3 2
Vertical Pressure,
psi (kPa) 90 (620) 120 (827)
Number of Revolutions 15 12

2.5.5 Specimen Axial Deformation Measurement Devices from

‘ASTM D 4123. :

Note 2.2: The resilient modulus, creep modulus, and indirect tensile
strength tests require deformation transducers with a sufficient range to
cover the cumulative deformation during the test and also a high resolu-
tion for the smallest resilient strains to be measured. The linear variable
differential transducer (LVDT) is generally considered to be the most
suitable deformation transducer for the test.

Note 2.3: LVDT Clamps are used to hold the LVDTs in place during
indirect tensile testing. There are different sample holding devices that
can be used in the test program. One such device is described in ASTM
D 4123, and another in Federal Highway Administration Report No.
FHWA/RD-88/118 (3,4). Either of these devices can be used provided
that the specimen has smooth surfaces, and is centered under the axial
load (i.e., no load eccentricity). For uniaxial compression loadings LVDT
clamps are not required if a friction reducing material is placed between
the specimen and top and bottom platens. Thin Teflon tape can be used
as a friction reducing material.

2.5.6 Specimen Axial Load Measurement Device from ASTM
D 4123.

Note 2.4: The axial load measuring device is an electronic load cell. The
load may be measured by placing the load cell between the specimen cap
and the loading piston. The total load capacity of the load transducer
(load cell) should be of the proper order of magnitude with respect to
the maximum total loads to be applied to the test specimen. Generally,
its capacity should be no greater than five times the total maximum load
applied to the test specimen to ensure that the necessary measurement
accuracy is achieved. The axial load-measuring device shall be capable
of measuring the axial load to an accuracy within 1 percent of the applied
axial load. :

2.5.7 Recording Device from ASTM D 4123.

Note 2.5: Specimen behavior is evaluated from continuous time records
of applied load and specimen deformation. Commonly, these parameters
are recorded on a multichannel strip-chart recorder. Analog to digital
data acquisition systems may be used provided that data can be converted
later into a convenient form for data analysis and interpretation. Fast
recording system response is essential if accurate specimen performance
is to be monitored.

Note 2.6: For analog strip-chart recording equipment, the load and
deformation recorder trace must be of sufficient amplitude and time
resolution to enable accurate data reduction. Resolution of each variable
should be better than 2 percent of the maximum value being measured.
To take advantage of recorder accuracy and for subsequent data analysis
2 to 4 cycles per inch of recording paper is acceptable. The clarity of the
trace with respect to the background should provide sufficient contrast
and minimum trace width, so that the minimum resolution of 2 percent
of the maximum value of the recorded parameter is maintained, and the
trace should be included in the reports.

Note 2.7: For uniaxial compression testing, the number of recording
channels can be reduced by wiring the leads from the LVDTs so that
only the average or total signal from a pair is recorded. For indirect
tensile loadings, the signal from each LVDT shall be recorded separately.
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This permits observation of individual LVDT readings, rather than an
average or total signal, to determine if significant differences are being
recorded between the two LVDTSs. If the differences between LVDTs is
large, the specimen shall be repositioned.

2.5.8. Calibration of Equipment. If multichannel strip recorders
are used, calibration of the measurement transducers through
the recording system is essential. In this case, the calibration
shall be recorded periodically (at least once a week when in use)
to provide a permanent record. If the LVDTs are wired pairs,
such that the total deformation is measured, they must be cali-
brated together, not separately.

2.5.9. The use of a loading jack and ring dynameter from
AASHTO T 245, or a mechanical or hydraulic testing machine
from AASHTO T 167, is required to provide a range of accu-
rately controllable rates (within 5 percent) of vertical deforma-
tion including 0.05 and 2 in. per min (1.27 and 50.8 mm per
min).

2.5.10. Temperature and Contro! System. The temperature
control system shall be capable of control over a temperature
range from 77 to 104°F (25 to 40°C) and within * 1.8°F (1°C)
of the specified temperature within the range. The system can
be a room, chamber and/or cabinet that shall be large enough
to hold at least three specimens for a period of 12 hours prior to
testing. If the testing machine is located in a room without the
specified temperature control system, a controlled temperature
cabinet shall be used during the entire test.

2.5.11. Other required equipment for specific types of tests are
listed separately under subsections 2.7, 2.8, and 2.9.

2.6 PREPARATION OF MIXTURES

2.6.1. Prepare the asphaltic concrete mixture in accordance
with AASHTO T 167, with the exception that sufficient mixture
should be prepared to compact at least three specimens per test
at any one time. The amount of mixture required is dependent
on the specimen size, which is provided in subsections 2.7, 2.8,
and 2.9. The mixing temperature should be selected in accord-
ance with AASHTO T 246 (see Note 2.8).

Note 2.8: Mixture mixing and compaction temperatures will generally
be somewhere in the range of 250 to 325°F (121 to 149°C). Some agencies
use AASHTO T 245 to determine the mixing and compaction tempera-
tures, whereas others use AASHTO T 246. Selection of the mixing and
compaction temperatures should be consistent with plant operations and
mixture production. More importantly, once the mixing temperature is
selected it should be controlled so that the viscosity of the bitumen will
not vary more than * 50 centistokes during the mixing/compaction
process.

2.6.2 Initial Heat Conditioning.

2.6.2.1. After initial mixing, the mixture shall be placed in an
aluminum pan having a surface area of 100 to 180 in.? (0.06 to
0.1 m?) at the bottom and a depth of approximately 1 in. (2.54
cm). The mixture shall then be placed in a forced draft oven set
at 275°F (135°C) for 1.5 hours (£ 5 min) of heating. The pan
shall be placed on spacers to allow air circulation under the pan,
if the shelves are not perforated.

2.6.2.2. After 1.5 hours of heating at 275°F (135°C), the pan
shall be removed from the oven and the mixture remixed in the
pan with a hand-mixing tool. After remixing, the pan is replaced
in the oven for an additional 1.5 hours (% 5 min) of heating.

Note 2.9: The purpose of this heating time is to simulate plant hardening

(as defined by the penetration and viscosity values) and allow some of
the asphalt absorption to occur prior to compaction. This heating time
should be expected to vary for different asphalt concrete mixtures and
plants (drum mix versus batch plants). The 3 hour time interval specified
above is an approximate time that should be verified in the laboratory
for the specific asphalt and plant being used. For those cases when the
asphalt plant is unavailable and there is no historical data, the Thin-Film
Oven Test (AASHTO T 179) can be used to estimate the asphalt proper-
ties (penetration and viscosity) after mix production.

2.6.3. After initial heat conditioning, a representative sample
of the mixture shall be taken and allowed to cool. The maximum
theoretical specific gravity of this sample shall be measured in
accordance with AASHTO T 209.

2.6.4. Compaction of the laboratory test specimens is discussed
in subsections 2.7, 2.8, and 2.9 for specific types of tests. A
set of at least three specimens is compacted at selected asphalt
contents for each type of test. For resistance to fracture (subsec-
tion 2.7) and shear displacements (subsection 2.8), a set of speci-
mens at each asphalt content shall be compacted and tested. For
resistance to uniaxial deformations, a set of specimens only need
to be compacted and tested at those allowable asphalt contents
established by the resistance to fracture and shear displacement.
Compaction of these sets of test specimens for indirect tensile
and gyratory shear testing can commence immediately after ini-
tial heat conditioning. Compaction of the uniaxial specimens
should be delayed until the results from the indirect tensile and
gyratory shear tests are known and can be used to select those
asphalt contents to be considered for resistance to uniaxial defor-
mations.

Note 2.10: The gyratory-shear molding press is recommended for use in
compacting all test specimens for mixture design. However, many agen-
cies may not have access to the compaction devices specified in ASTM
D 3387 nor D 4013. If a gyratory-shear molding press is unavailable,
test specimens can be compacted using kneading compaction (AASHTO
T 247), so that the agency can become familiar with the test procedures
and engineering properties recommended for consideration in mixture
design. It should be understood, however, that the type of device used
for compacting the test specimens can have an effect on some of the
engineering and compaction properties. The Marshall Hammer
(AASHTO T 245) is not recommended for use in compacting test speci-
mens for determining the engineering properties of asphalt concrete
mixtures.

2.7 RESISTANCE TO FRACTURE

2.7.1 Apparatus. Diametral loading strips are specified from
ASTM D 4123.

2.7.2 Compaction of Test Specimens.

2.7.2.1. The specimens to be tested shall have a diameter of 4
in. (10 cm) for mixtures that contain aggregates with a maximum
aggregate size of 1.0 in. (2.5 cm) or less, or a minimum diameter
of 6 in. (15 cm) for mixtures that contain maximum size aggre-
gates up to 1.5 in. (3.8 cm) in diameter.

2.7.2.2. The height of all diametral specimens to be tested
shall be at least one-half the diameter of the specimen. If possible,
the height should approximate the compacted lift thickness on
the roadway, unless the previous statement is violated.

2.7.2.3. A minimum of three specimens per asphalt content
shall be compacted. The mixture shall be compacted using the
procedure as in accordance with ASTM D 3387 (Method A) or
ASTM D 4013 (Method B), with the following exceptions.

2.7.2.3.1. The mixture compaction temperature should be in
accordance with AASHTO T 246 (see Note 2.8).



2.7.2.3.2. Method A, ASTM D 3387. Set the initial angle of
gyration and the vertical pressure in accordance with Table 2
for the type of roller being used. The total number of revolutions
used to initially compact the specimen is given also in Table 2.

2.7.2.3.3. Method B, ASTM D 4013. The pregyration stress
shall be 60 psi (414 kPa), the number of gyrations used shall be
12 (or four sets of three gyrations each), and no end point stress
shall be used during initial compaction.

2.7.2.4. After compaction, the specimens shall be cooled to
room temperature and then extracted from the molds. All test
specimens shall be marked and numbered to identify the mixture
and percent asphalt used.

2.7.2.5. Two diametral axes shall be marked on each test
specimen. The two axes shall be perpendicular to one another.

2.7.3 Testing Procedure.

2.7.3.1. Measure the bulk specific gravity of each test specimen
in accordance with AASHTO T 166 or T 275, whichever applies.

2.7.3.2. Place the test specimens in a controlled temperature
cabinet and bring them to the test temperature of 77 * 1.8°F
(25 £ 1°C). Unless the temperature is monitored and the actual
temperature known, the specimen should remain in the cabinet
at the specified test temperature for at least 12 hours prior to
testing.

Note 2.11: The specimen must be dry prior to resilient modulus and
indirect tensile strength testing. Moisture retained in the permeable voids
will have an effect on the test results.

2.7.3.3. Place the test specimen in the loading apparatus,
position as stated in Test Method ASTM D 4123, adjust and
balance the electronic measuring system, as necessary.

2.7.3.4. Precondition the specimen by applying a repeated
haversine (or other suitable wave form) to the specimen without
impact, using a loading frequency of 1 cps (0.1-sec load duration
and 0.9-sec rest period) for a minimum period sufficient to obtain
uniform deformation readout (less than 2 percent deviation). In
most cases, a preconditioning time of 25 to 45 sec is sufficient
(25 to 45 loading cycles). The fixed load applied to the specimen
is that which will result in a horizontal deformation greater than
0.0001 in. (0.00254 mm). Normally, the load established by this
criterion will induce a tensile stress in the range of 5 to 20 percent
of the indirect tensile strength.
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2.7.3.5. After preconditioning, measure the total and instan-
taneous resilient deformations for the next three loading cycles
along each of the two axes marked from paragraph 2.7.2.5. A
loading frequency of 1 cps (0.1-sec load duration and 0.9-sec rest
period) shall be used. The total resilient modulus is the parameter
used for mixture design. The instantaneous resilient modulus is
used for information purposes only.

2.7.3.5.1. The total resilient horizontal deformation shall be
measured in accordance with ASTM D 4123.

2.7.3.5.2. The instantaneous resilient horizontal deformation
shall be measured at the time defined as twice the time interval
from load application (or horizontal movement) to peak hori-
zontal movement (see Figure 5).

2.7.3.6. After the resilient modulus test is completed, apply
a compressive load at a controlled deformation rate of 2 in. (5
cm) per min along the axis with the larger resilient deformations.
If the specimen must be rotated to the first axis tested, a sufficient
number of loading cycles are to be applied to ensure that the
loading strips are properly seated. In most cases, 10 to 25 addi-
tional loading cycles are adequate. However, at the higher as-
phalt contents, indentation of the loading strips into the test
specimen is possible. This condition is undesirable. If these in-
dentations are observed, the tensile and compressive stresses will
vary; therefore, the fewest number of loading cycles should be
used as possible.

2.7.3.7. Measure both the vertical and horizontal deforma-
tions during the entire loading time, or until the load sustained
by the specimen begins to decrease. It is recommended that the
test be stopped prior to fracturing the specimen, so that damage
to the horizontal deformation measuring equipment does not
occur (Figure 6).

2.7.4. Calculations.

2.7.4.1. For each specimen tested, calculate the total resilient
modulus, E ., for the last 3 cycles after the preconditioning part
of the procedure (paragraph 2.7.3.5), and plot the results on
Figure 7. The instantaneous resilient modulus can be calculated
for information purposes, if needed.

P
Eg, = E (A5 + Agvg) -1

Time
—
I H "
Py g A AR
Iy ]
7
AV ~ \
~ 1A
N -~ ] e
1 7T - I~
a = Time duration of one cycle - a el
Hrp = Total Recovery of Specimen
Hrpr = Instantaneous Recovery of Specimen
t = Time duration from initial specimen response from load

application to the peak of deformation

Figure 5. Typical deformation (horizontal or vertical) versus time
relationship for repeated-load indirect tensile test using a haversine
wave form.
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AT

° Af
Horizontal Deformation, inches

Horizontal Deformation, inches

P = Maximum load sustained by the specimen.

Af = Total horizontal deformation at failure or yielding.

AP = Change in load at which yield or failure is assumed;
Less than a 1% increase in the total load.

Figure 6. Typical load versus horizontal deformation relation-
ship for the indirect tensile strength test.

where P is applied load or repeated load, Ib; Hj is total or
instantaneous resilient deformation, whichever applies, mea-
sured along the horizontal axis, in.; & is height of specimen, in.;
vy is resilient Poisson’s ratio (assumed to be 0.35 for a test
temperature of 77°F); 4, equals 0.2692 for 4-in. (10 cm) diameter
specimens, and 0.2714 for 6-in. (15 cm) specimens; and 4, equals
0.9974 for 4-in. (10 cm) diameter specimens, and 0.9988 for 6-in.
(15 cm) specimens.

2.7.4.2. For each specimen tested, calculate the indirect
tensile strength, S,, and plot the results on Figure 7. The indirect
tensile strength is used for field control.

_ Prd

S, y

22

where Py is total load sustained by the specimen, Ib; and 4,
equals 0.156 for 4-in. (10 cm) diameter specimens, and 0.105 for
6-in. (15 cm) specimens.
2.7.4.3. For each specimen tested, calculate the tensile strain
at yield or failure €/, and plot the results on Figure 7.
Ag + vp A
€, = A, [.&] 2-3)
A, + vg4,
where A, is total horizontal deformation at failure or where
yielding occurs, in. (see Figure 6); A5 equals 0.03896 for 4-in.

diameter specimens, and 0.01752 for 6-in. specimens; 44 equals
0.1185 for 4-in. diameter specimens, and 0.05289 for 6-in. speci-
mens; 4, equals 0.0673 for 4-in. diameter specimens, and 0.0452
for 6-in. specimens; and A, equals 0.2494 for 4-in. diameter
specimens, and 0.1665 for 6-in. specimens.

2.7.4.4. For each specimen, calculate the air voids in accord-
ance with AASHTO T 269. These air voids represent the initial
condition of the compacted mixture.

2.8 RESISTANCE TO SHEAR DISPLACEMENTS

2.8.1 Apparatus. A gyratory testing machine (GTM) and
spacer blocks are specified in accordance with ASTM D 3387
(Method A). The use of an oil-filled roller is specified in ASTM
D 3387, but use of the air-filled roller is preferred, if available.
If a GTM device is unavailable, this section cannot be performed.

2.8.2 Compaction of Test Specimens.

2.8.2.1. After initial heat conditioning, compact at least three
specimens at each asphalt content in accordance with ASTM D
3387 (Method A). The initial compaction shall be performed at
an angle of gyration and a vertical pressure in accordance with
Table 2 for the type of roller being used. The total number of
revolutions used to initially compact the specimen is also given
in Table 2.

2.82.2.  After initial compaction, the specimens shall be
cooled to 140°F £ 5.4°F (60°C * 3°C) and left in the molds.

2.8.3 Testing Procedure.

2.8.3.1. Additional compactive effort is applied to the speci-
mens to measure the decrease in air voids and the refusal air
void content of the mixture under simulated loading conditions
(see Note 2.12). For traffic densification, the angle of gyration
is 2 degrees with a vertical pressure of 120 psi (827 kPa) and the
specimen is densified using the procedure described in ASTM D
3387. The gyratory shear test shall be conducted along with the
compaction test to determine and evaluate any reduction in the
shear strength with number of gyrations.

Note 2.12: The compactive effort used to simulate traffic is dependent
on many variables, some of which include number of axle loadings, axle
weight, tire inflation pressure and type of tire. It is generally accepted
that AASHTO T 247 has been a reasonable estimation of air voids after
traffic, based on historical studies. However, as tire types change and
inflation pressures increase, these compaction procedures may be inade-
quate. Unfortunately, little data exist to determine the effects of increased
tire pressures and wheel loads on air voids and material properties. The
following procedures are provided as guidelines, but they may need to
be revised after sufficient data are collected to simulate, in the laboratory,
variations of tire types and inflation pressures.

2.8.3.2. Densify the specimens to the refusal air void level;
defined as the air void content at which there is no reduction
in air void of the specimen with additional gyrations. Traffic
simulation tests are performed up to 300 gyrations with the
GTM (see Note 2.13). Initial sample height readings shall be
obtained prior to densification and concurrently with roller pres-
sure readings at 25, 50, 75, 100, 150, 200, 250, and 300 gyrations
(see Note 2.14).

Note 2.13: ASTM D 3387 uses the oil-filled roller for the gyratory shear
stress test. However, an air-roller can also be used and is believed to be
more representative of mixture behavior under traffic. In either case, the
test is performed on each specimen to evaluate the change in shear stress
with number of revolutions. The design asphalt content selected to resist
shear displacements appears to be independent of type of roller used.
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HOT MIX ASPHALT CONCRETE DESIGN
GRAPHIC ANALYSES

MiIxTurRe DEsiGN IDENTIFICATION NO:

DATE:

MiXTURE DESIGNATION:

PrROJECT:

CompAcTION MeTHOD & DEVICE:
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STRENGTH, ps1
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(REVOLUTIONS= )

AsPHALT CONTENT BY VOLUME, %

Figure 7. AAMAS graphical presehtation of mix design data for the engineering properties.
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But, use of the oil-filled roller will result in higher gyratory shear stresses
than those for the air roller.

Note 2.14: In some cases, mixture resistance may reduce excessively
prior to 300 gyrations. An excessive reduction in air roller pressure and
increase in angle of gyration may warrant stopping the test.

2.83.3. After densification, the bulk specific gravity of each
specimen is measured in accordance with AASHTO T 166 or T
275, whichever applies.

2.8.4 Calculations.

2.8.4.1. Calculate the gyratory shear stress and other required
values in accordance with ASTM D 3387. Plot the gyratory
shear stress at the final number of revolutions versus asphalt
content on Figure 7.

2.8.4.2. Calculate the air voids of each specimen in accord-
ance with AASHTO T 269. These air voids represent the final
condition of the compacted mixture.

2.9 RESISTANCE TO UNIAXIAL DEFORMATIONS

2.9.1 Apparatus. A gyratory shear molding press and gyratory
mold are specified in accordance with ASTM D 4013 (Method
B). The GTM, ASTM D 3387 (Method A), can also be used to
compact specimens for uniaxial testing. However, mold sizes
required are different from those specified in ASTM D 3387.
Specimen size for uniaxial testing is described in paragraph
2.9.2.1.

2.9.2 Compaction of Test Specimens.

2.9.2.1. The uniaxial compression specimens to be tested shall
have a height of at least 4 in. (10 cm) and a minimum diameter of
4 in. (10 cm) for mixes that contain aggregates with a maximum
aggregate size of 1.0 in. (2.5 cm) or less, and a height of at least
6 in. (15 cm) and a minimum diameter of 6 in. (15 cm) for mixes
that contain maximum size aggregates up to 1.5 in. (3.8 cm) in
diameter.

2.9.2.2 Method A. ASTM D 3387 specifies the use of specimen
heights different from those specified above. If molds are avail-
able to meet the specimen size requirements specified in para-
graph 2.9.2.1, ASTM D 3387 can be used in accordance with
the same.traffic densification procedure described in paragraphs
2.8.2 and 2.8.3.

2.9.2.3 Method B—ASTM D 4013. If a GTM device is
unavailable, the mixture shall be initially compacted using the
procedure as in accordance with ASTM D 4013, with the follow-
ing exceptions.

2.9.2.3.1. The mixture compaction temperature shall be in
accordance with AASHTO T 246 (Note 2.8).

2.9.2.3.2. The pregyration stress shall be 90 psi (620 kPa).

2.9.2.3.3. Compactive effort is applied to these specimens to
the refusal air void level. For most mixtures, 45 revolutions (or
15 sets of three revolutions each) of the gyratory molding press
(ASTM D 4013) is sufficient to determine the final air void
content (see Note 2.12).

2.9.2.3.4. After final compaction, the samples shall be cooled
to 77 = 5.4°F (25 * 3°C) and removed from the molds.

2.9.3 Testing Procedure.

2.9.3.1. Measure the bulk specific gravity of each test specimen
in accordance with AASHTO T 166 or T 275, whichever applies.

2.9.3.2. Place the test specimen in a controlled temperature
cabinet and bring it to the specified test temperature of 104 *
1.8°F (40 %= 1°C). Unless the temperature is monitored and the

actual temperature known, the specimen shall remain in the
cabinet at the specified test temperature for at least 12 hours
prior to testing.

Note 2.15: If the bulk specific gravity of the test specimens is measured
in accordance with AASHTO T 166, the specimens must be allowed to
dry prior to testing and preconditioning. Moisture or water trapped in
the permeable voids can have an effect on the test results. Retaining the
specimens in the temperature cabinet for 12 hours should be sufficient
to reduce the effects of moisture to an acceptable level on the resilient
modulus.

2.9.3.3 Resilient Modulus Testing.

2.9.3.3.1. Place the test specimen in the loading apparatus,
position as stated in ASTM D 3497, adjust, and balance the
electronic measuring system as necessary.

Note 2.16: End effects and lateral restraint between the top and bottom
platens and the specimen can have a significant effect on the measured
vertical deformation for uniaxial compression testing. For specimens less
than six inches (15 cm) in height and where the entire specimen is used
to measure the deformation, a material with low frictional resistance
must be used between the specimen and top and bottom platens. Materi-
als that can be used include silicon grease, graphite, and Teflon tape.
Without use of this type of material, shear stresses between the specimen
and top and bottom platens can cause the specimen to bulge and under-
estimate the amount of vertical displacement.

2.9.3.3.2. Precondition the specimen by applying a repeated
haversine (or other) wave form to the specimen, without impact,
using a loading frequency of 1 cps (0.1-sec load duration and
0.9-sec rest period) for a minimum period sufficient to obtain
uniform deformation readout (less than 2 percent deviation).

Note 2.17: In most cases, a preconditioning time of 25 to 45 seconds is
sufficient (25 to 45 loading cycles).

2.9.3.3.3. At the end of the preconditioning step, measure the
uniaxial (vertical) total and instantaneous resilient (or recover-
able) deformations. The instantaneous resilient modulus is used
for deformation purposes only.

2.9.3.4 Unconfined Compressive Creep.

2.9.3.4.1. After the resilient modulus test has been completed,
rezero (or rebalance) the electronic measuring system and apply
a static load of fixed magnitude (£ 2 percent) to the specimen.
The fixed load applied should result in a compressive stress of
10 to 20 percent of the unconfined compressive strength.

2.9.3.4.2. Monitor the vertical deformation during the entire
loading time. The load shall be applied for a period of 60 min,
*+ 15 sec. The vertical deformation measured at 60 min is the
only value required for mixture design. The vertical deforma-
tions are monitored during the loading time because of their
applicability to the mixture analysis system (Section 3).

2.9.3.4.3. After the fixed load has been applied over a period
of 60 min, the load is released and the rebound (resilient) defor-
mation can be monitored and recorded for an additional 60 min
of no load. The rebound or recovery measurements are not used
for mixture design, but are recorded because of their applicability
to the mixture analysis system (Section 3).

2.9.3.5 Unconfined Compressive Strength.

2.9.3.5.1. After creep testing of the traffic-densified specimens
has been completed, measure the unconfined triaxial compres-
sive strength of each specimen at a temperature of 104°F (40°C)
in accordance with AASHTO T 167, with the exception that a
compressive (vertical) strain rate of 0.15 in./min per in. (3.81



mm/min per mm) height of specimen shall be used. The uncon-
fined compressive strengths are used for field control.

2.9.4 Calculations.

2.9.4.1. Calculate the total resilient modulus, E » for the last
three cycles of the preconditioning part of the procedure, and
plot the results on Figure 7. The instantaneous resilient modulus
can be calculated for information purposes, if needed. The total
and instantaneous vertical resilient deformations are as those
defined for the indirect tensile test in Figure 5.

Eg = 2-4)

where A4 is cross-sectional area of the uniaxial specimen, in.2; Z
is gauge length, in.; Pis repeated load applied to the specimen, Ib;
and Vp is total or instantaneous resilient vertical deformations,
whichever applies, in.

2.9.4.2. Calculate the unconfined compressive strength in
accordance with AASHTO T 167, and plot the results on Figure
7.

2.9.4.3. Calculate the creep modulus, E_, at 3,600-sec loading
time.

Pt
A,A,

E, (2-5)

where A is cross-sectional area of the uniaxial specimen mea-
sured at the end of the test, in.2; P, is static load applied to the
specimen, lb; and A, is total uniaxial creep deforination measured
at 3,600-sec loading time. (This creep deformation excludes any
permanent deformation that occurred during specimen precon-
ditioning, inches.)

2.9.4.4. Calculate the air voids of each specimen in accord-
ance with AASHTO T 269, and plot the results on Figure 8.
These air voids represent the final condition of the compacted
mixture.

2.10 INTERPRETATION OF DATA

2.10.1. The determination of the design asphalt content is based
upon the compaction and engineering properties of the mixture
as tested under subsections 2.7, 2.8, and 2.9. Air voids, aggregate
unit weight, VMA, and VFA are calculated and the results are
plotted on Figure 8. The engineering properties are summarized
on Figure 7. Figure 9 is used to select the design asphalt content
by volume and range of allowable values that will result in a
mixture which meets all of the established design criteria.

2.10.2 Compaction Properties.

2.10.2.1. Those asphalt contents that result in 95 percent of
the maximum aggregate bulk unit weight (paragraph 2.7.3.1) of
the mixture for the specified compactive effort are determined
and entered in Figure 9.

2.10.2.2. Using the criteria given in Section 1, those asphalt
contents that will result in an adequate level of final air voids,
VMA, and VFA are listed in Figure 9. Average final air voids,
VMA, and VFA (Figure 9) are determined from the measure-
ments and calculations made in accordance with paragraphs
2.84.2. and 2.9.44.

2.10.3 Structural Design Property—Layer Coefficient.
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2.10.3.1. In accordance with the AASHTO 1986 “Guide for
the Design of Pavement Structures,” the minimum total resilient
modulus shall be defined by the relationship between the struc-
tural layer coefficient and total resilient modulus. This relation-
ship is included as Figure 10 for ready reference. The average
total resilient modulus for each asphalt content is determined
from measurements and calculations made in accordance with
paragraphs 2.7.3.5 and 2.7.4.1. Those asphalt contents that result
in the minimum total resilient modulus which meets or exceeds
the layer coefficient assumed for structural design are entered in
Figure 9.

2.10.4 Engineering Properties.

2.10.4.1. Fatigue Cracking Criteria. Figure 11 is used to plot
the relationship between indirect tensile total resilient modulus
and indirect tensile strain at failure (paragraph 2.7.3) for each
asphalt content used in design. Those asphalt contents that fall
above the minimum design relationship are assumed to meet
the minimum fatigue cracking criteria, and are incorporated on
Figure 9.

-2.10.4.2 Minimum Shear Stress Criteria. Those asphalt con-
tents that result in a shear stress value that exceeds the minimum
value of 54 after 300 revolutions with the air roller, without
becoming plastic, are plotted on Figure 9. Plastic is defined as
the condition when the shear strain (or angle) begins to increase
and the shear stress decreases significantly. This minimum value
of 54 is also used with the oil-filled roller.

2.10.4.3 Uniaxial Deformation Criteria. Those asphalt con-
tents that result in a creep modulus at 3,600 sec that exceeds the
minimum value, listed below, are selected for use in design and
entered on Figure 9.

MINIMUM
CREEP

PAVEMENT/MATERIAL MobuLus,
DESCRIPTION ksi
1. Asphalt concrete over a rigid base. 10
2. Surface layer of a full-depth asphalt concrete 8

pavement.

3. Surface layer of a thin flexible pavement or 4

the lower layers of full depth sections.

2.10.5 Selection of Design Asphalt Content. Those asphalt
contents that meet all engineering design criteria and air voids,
as established on Figure 9, can be used for design of the mixture.
Using Figure 9, both the design and allowable range of asphalt
contents are determined.

2.10.5.1. The allowable range of asphalt contents is defined
as those values that are within the minimum and maximum
limits as established by the structural design value (paragraph
2.10.3), shear stress criteria, fatigue criteria, and creep. If this
allowable range is too narrow for normal construction and mate-
rial variability, the mixture should be redesigned. A narrow
allowable range of asphalt contents is referred to as a sensitive
mixture.

2.10.5.2. The design asphalt content is selected as the median
value within the allowable range that satisfies all compaction
and engineering properties and air void criteria and results in
the highest mix density.
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HOT MIX ASPHALT CONCRETE DESIGN
GRAPHIC ANALYSES

MIXTURE DESIGN IDENTIFICATION NO: DATE:

MIXTURE DESIGNATION: ' PROJECT:

CoMPACTION MeETHOD & DEVICE:

AIR VOIDS, % VOIDS FILLED WITH ASPHALT, %
INITIAL REFUSAL (AT REFUSAL)
* ASPHALT CONTENT BY VoLUME, % ASPHALT-CONTENT BY VOLUME, %
MIX UNIT WEIGHT, pcF VOIDS IN MINERAL AGGREGATE, %
INITIAL (AT REFUSAL)
AsPHALT CONTENT BY VOLUME, % ‘ AsPHALT CONTENT BY VOLUME, %

Figure 8. AAMAS Graphical presentation of mix design data for the compaction properties.



SUMMARY OF MIXTURE DESIGN TESTS FOR SELECTING A
DESIGN ASPHALT CONTENT AND AN ALLOWABLE TOLERANCE

ASPHALT CONTENT BY TOTAL VOLUME, %

ENGINEERING PROPERTIES

Total Resilient Modulus
(Layer Coefficients)

Tensile Strain at Failure and
Total Resilient Modulus

Gyratory Shear Stress and
Shear Index

Creep Modulus

COMPACTION PROPERTIES

Aggregate Unit Weight

Final Air Voids, %

VMA (Porosity), %

VFA (Degree of Saturation), %

Allowable Range of the Design
Asphalt cContent

ASPHALT CONTENT BY TOTAL WEIGHT, %

Figure 9. Worksheet for summarizing the test results and selecting allowable asphalt contents.
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Figure 11. Minimum tensile failure strains required for the mix as a function of resilient modulus.
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SECTION 3
GUIDELINES FOR MIXTURE ANALYSES -

3.1 SCOPE

3.1.1. The AAMAS analysis procedures cover the preparation
and conditioning of specimens and measurement of engineering

properties for the laboratory evaluation of asphaltic concrete -

mixtures, primarily for high-volume roadways. The laboratory
analysis method is limited to hot-mix asphaltic concrete, and
excludes open-graded friction courses and drainage layers. The
method accommodates those mixture variables normally used in
the construction of asphalt paving mixtures, such as binders,
aggregates, and fillers, and provides the data required for an
analysis of selected asphalt pavement distresses associated with
both wheel loads and the environment.

3.1.2. The values of the engineering properties measured in
the procedure (resilient moduli, indirect tensile strength, creep
modulus, and so on) can be used in linear-elastic and nonlinear-
elastic-layered system theories to calculate the response of as-
phalt pavement structures subjected to wheel loadings. The val-
ues stated in inch-pound units are to be regarded as the standard.
All values given in parentheses are for information only.

3.1.3. The results from the conditioning and testing of
laboratory-prepared specimens can be used to compare the be-
havior and expected performance of different asphaltic concrete
mixtures, such that the optimum mixture design can be selected
for project-specific conditions.

3.2 SUMMARY OF PROCEDURE

3.2.1. Twenty-four test specimens for each set of mixture condi-
tions (aggregate gradation, asphalt content and type, and/or
mixtures with or without additives or antistripping agents) are
tested. Eighteen are tested using diametral loadings (indirect
tensile testing techniques) and six using uniaxial compression
loads, as shown earlier by Figure 3.

3.2.2. The indirect tensile specimens (loads applied along the
diametral axis) are divided into sets of three, based on air voids of
each specimen. Three sets of three specimens are tested without
conditioning, two sets are tested after environmental aging, and
one set is tested after moisture conditioning.

3.2.3. The uniaxial compression specimens are divided into
two sets of three specimens, based on air voids of each specimen.
Both sets are tested after laboratory simulation of traffic densifi-
cation. One set is tested to measure the creep modulus as a
function of time, and the other set is used for measuring the
compressive total resilient modulus and unconfined triaxial com-
pressive strength.

3.2.4. Five tests are used as tools for mixture evaluation and
testing. These tests are: (1) the indirect tensile resilient modulus
test, (2) the indirect tensile strength test, (3) the gyratory shear
strength test, and (4) the indirect tensile and (5) uniaxial uncon-
fined compressive creep tests. The test program described herein
requires a combination of these laboratory tests and conditioning

procedures to evaluate the behavior and predict the performance
characteristics of asphaltic concrete mixtures.

3.3 SIGNIFICANCE AND USE

3.3.1. The laboratory analysis of asphaltic concrete mixtures
is intended to provide the fundamental engineering properties
that are used in the structural design and evaluation of asphaltic
concrete pavements. In other words, these test procedures pro-
vide values that can be used to characterize asphaltic concrete
mixtures for use in pavement thickness design and in structural
analyses of layered pavement systems, under a variety of stress
states and temperature conditions.

3.3.2. These test methods also provide the information and
properties required for establishing structural layer coefficients
of asphaltic concrete surface and base course mixtures for use
with the AASHTO “Guide for Design of Pavement Structures.”

3.4 APPLICABLE DOCUMENTS

3.4.1 AASHTO Standards.

T 49 Penetration of Bituminous Materials !

T 166 Bulk Specific Gravity of Compacted Bituminous Mix-
tures

T 167 Compressive Strength of Bituminous Mixtures

T 179 Effect of Heat and Air on Asphalt Materials (Thin-
Film Oven Test)

T 202 Viscosity of Asphalts by Vacuum Capillary Vis-
cometer

T 209 Maximum Specific Gravity of Bituminous Paving
Mixtures

T 245 Resistance to Plastic Flow of Bituminous Mixtures
Using Marshall Apparatus

T 246 Resistance to Deformation and Cohesion of Bitumi-
nous Mixtures by Means of Hveem Apparatus

T 269 Percent Air Voids in Compacted Dense and Open
Bituminous Paving Mixtures

T 283 Resistance of Compacted Bituminous Mixtures to
Moisture Induced Damage.

3.4.2 ASTM Standards.

D 3387 Compaction and Shear Properties of Bituminous
Mixtures by Means of the U.S. Corps of Engineers Gyra-
tory Testing Machine (GTM)

D 3497 Dynamic Modulus of Asphalt Mixtures

D 3549 Thickness or Height of Compacted Bituminous Pav-
ing Mixture Specimens

D 4013 Preparation of Test Specimens of Bituminous Mix-
tures by Means of Gyratory Shear Compactor

D 4123 Indirect Tension Test for Resilient Modulus of Bitu-
minous Mixtures



3.5 APPARATUS

3.5.1. Equipment for preparing and compacting specimens is
required from one of the following methods: ASTM D 3387
(Method A) or D 4013 (Method B).

3.5.2. A forced air draft oven is required that is capable of
maintaining a temperature up to 325 * 1.8°F (163 * 1°C).

3.5.3. The use of a loading jack and ring dynameter from
AASHTO T 245, or a mechanical or hydraulic testing machine
from AASHTO T 167, is required to provide a range of accu-
rately controllable rates (within 5 percent) of vertical deforma-
tion including 0.05 and 2 in. per min (1.27 and 50.8 mm per
min).

3.5.4. Diametral loading strips are specified from ASTM D
4123.

3.5.5. An axial loading machine is specified from ASTM D
4123.

Note 3.1: Any loading machine capable of providing a repetitive sinusoi-
dal or square type compression load of fixed cycle and duration can be
used. Typically, a cam and switch or timer control of solenoid valves
operating a pneumatic air piston, or a closed-loop electrohydraulic sys-
tem is used. Pneumatic systems are the simplest, while closed-loop elec-
trohydraulic systems allow more versatility (variable wave forms, higher
loads, and higher frequency response). Generally, a haversine wave form
is characteristic of closed-looped electrohydraulic equipment, while rect-
angular wave forms are used with pneumatically operated loading equip-
ment. Both wave forms can be used for the resilient modulus test. A
loading frequency of 1 cycle per second has been found to be satisfactory
for most applications. With a pneumatic loading system, a square wave
form with a load duration of 0.1 second and a rest period of 0.9 seconds
is recommended.

3.5.6 Specimen Axial Deformation Measurement Devices from
ASTM D 4123.

Note 3.2: The resilient modulus, creep modulus and indirect tensile
strength tests require deformation transducers with a sufficient range to
cover the cumulative deformation during the test and also a high resolu-
tion for the smallest resilient strains to be measured. The linear variable
differential transducer (LVDT) is generally considered to be the most
suitable deformation transducer for the test. Table 3 provides the re-
quired accuracy of the axial deformation measurement device.

Note 3.3: LVDT Clamps are used to hold the LVDTs in place during
indirect tensile testing. There are different sample holding devices that
can be used in the test program. One such device is described in ASTM
D 4123, and another in Federal Highway Administration Report No.
FHWA/RD-88/118 (3,4). Either of these devices can be used provided
that the specimen has smooth surfaces, and is centered under the axial
load (i.e., no load eccentricity). For uniaxial compression loading, LVDT
clamps are not required if a friction reducing material is placed between
the specimen and top and bottom platens. Thin teflon tape can be used
as a friction reducing material.

3.5.7 Specimen Axial Load Measurement Device from ASTM
D 4123.

Note 3.4: The axial load measuring device is an electronic load cell. The
load may be measured by placing the load cell between the specimen cap
and the loading piston. The total load capacity of the load transducer
(load cell) should be of the proper order of magnitude with respect to
the maximum total loads to be applied to the test specimen. Generally,
its capacity should be no greater than five times the total maximum load
applied to the test specimen to ensure that the necessary measurement
accuracy is achieved. The minimum performance characteristics of the
load cell are presented in Table 3. The axial load-measuring device shall
be capable of measuring the axial load to an accuracy within 1 percent
of the applied axial load.
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Table 3. Data acquisition—minimum response characteristics for
resilient modulus tests.

Analog Recorders
Recording Speeds: 0.5 to 50 cm/sec (0.2 to 20 in./sec)
System Accuracy (include linearity and hysteresis): 0.5%"
Frequency Response: 100 Hz
Displacement
Measurement Transducers Load Cell Transducer (LVDT)?
Minimum Sensitivity, mv/v 2 0.2 mv/0.25 mm/v
(AC LVDT)
(5 mv/0.025 mm/v)
(DC LVDT)
Nonlinearity, % Full Scale +0.25 +0.25
Hysteresis, % Full Scale +0.25 +0.0
Repeatability, % Full Scale +0.10 . +0.01
Thermal Effects on Zero
Shift or Sensitivity, +0.005 -
% of Full Scale/F(c) (+0.025)
Maximum Deflection at Full 0.005
Rated Value in Inches (mm) (0.125)
1 System frequency response, sensitivity, and linearity are functions of the electronic

system interfacing, the performance of the signal conditioning system used, and other
factors. It is therefore a necessity to check and calibrate the above parameters as a
total system and not on a component basis.

2 LVDTs unlike strain gauges, cannot be supplied with meaningful calibration data.

System sensitivity is a function of excitation frequency, cable loading, amplifier phase
characteristics, and other factors. It is necessary to calibrate each LVDT-cable-
instrument system after installation, using a known input standard.

3.5.8 Recording Device from ASTM D 4123,

Note 3.5: Specimen behavior is evaluated from continuous time records
of applied load and specimen deformation. Commonly, these parameters
are recorded on a multichannel strip-chart recorder. Analog to digital
data acquisition systems may be used provided that data can be converted
later into a convenient form for data analysis and interpretation. Fast
recording system response is essential if accurate specimen performance
is to be monitored. It is recommended that the response characteristics
in Table 3 be satisfied.

Note 3.6: For analog strip-chart recording equipment, the load and
deformation recorder trace must be of sufficient amplitude and time
resolution to enable accurate data reduction. Resolution of each variable
should be better than 2 percent of the maximum value being measured.
To take advantage of recorder accuracy and for subsequent data analysis
2 to 4 cycles per inch of recording paper is acceptable. The clarity of the
trace with respect to the background should provide sufficient contrast
and minimum trace width, so that the minimum resolution of 2 percent
of the maximum value of the recorded parameter is maintained, and the
trace should be included in the reports.

Note 3.7: For uniaxial compression testing, the number of recording
channels can be reduced by wiring the leads from the LVDTs so that
only the average or total signal from a pair is recorded. For indirect
tensile loadings, the signal from each LVDT shall be recorded separately.
This permits observation of individual LVDT readings, rather than an
average or total signal, to determine if significant differences are being
recorded between the two LVDTs. If the differences between LVDTs is
large, the specimen shall be repositioned.

3.5.9 Calibration of Equipment. If multichannel strip-chart re-
corders are used, calibration of the measurement transducers
through the recording system is essential. In this case, the cali-
bration shall be recorded periodically (at least once a week when
in use) to provide a permanent record. If the LVDTs are wired
pairs, such that the total deformation is measured, they must be
calibrated together, not separately.
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3.5.10. A vacuum container, preferably Type D, and vacuum
pump or water aspirator are required from AASHTO T 209,
including manometer or vacuum gauge.

3.5.11. Balance and water bath are specified in accordance
with AASHTO T 166.

3.5.12. Water bath should be capable of maintaining a tempera-
ture of 140 = 1.8°F (60 £ 1°C)

3.5.13. Freezer should be maintained at 0 * 54°F (—18 *
3°C).

3.5.14. A supply of plastic film for wrapping and heavy-duty
leak proof plastic bags for enclosing saturated and unconditioned
specimens and masking tape are required.

3.5.15. Aluminum pans should have a surface area of 100 to
180 in.2 (0.06 to 0.1 m?) in the bottom and a depth of approxi-
mately 1 inch (2.54 cm).

3.5.16 Temperature and Control System. The temperature
control system shall be capable of control over a temperature
range from O to 104°F (—18 to 40°C) and within * 1.8°F (1°C)
of the specified temperature within the range. The system can
be a room chamber and/or cabinet that shall be large enough to
hold at least three specimens for a period of 12 hours prior to
testing. If the testing machine is located in a room without the
specified temperature control system, a controlled temperature
cabinet shall be used during the entire test.

3.6 PREPARATION OF LABORATORY TEST
SPECIMENS

3.6.1. Prepare the asphaltic concrete mixture in accordance
with AASHTO T 167, with the exception that sufficient mixture
should be prepared to compact at least three specimens per test
at any one time. The mixing temperature should be selected in
accordance with AASHTO T 246 (see Note 3.8).

Note 3.8: Mixture mixing and compaction temperatures will generally
be somewhere in the range of 250 to 325°F (121 to 149°C). Some agencies
use AASHTO T 245 to determine the mixing and compaction tempera-
tures, whereas others use AASHTO T 246. Selection of the mixing
temperature should be consistent with plant operations and mixture
production. More importantly, once the mixing temperature is selected
it should be controlled so that the viscosity of the bitumen will not vary
more than * 50 Cst during the mixing/compaction process.

3.6.2 Initial Heat Conditioning.

3.6.2.1. After initial mixing, the mixture shall be placed in an
aluminum pan having a surface area of 100 to 180 in.2 (0.06 to
0.1 m?) at the bottom and a depth of approximately 1 in. (2.54
cm). The mixture shall then be placed in a forced draft oven set
at 275°F (135°C) for 1.5 hours (£ 5 min) of heating. The pan
shall be placed on spacers to allow air circulation under the pan,
if the shelves are not perforated.

3.6.2.2. After 1.5 hours of heating at 275°F (135°C) the pans
shall be removed from the oven and the mixture remixed in the
pan with a hand-mixing tool. After remixing, the pan is replaced
in the oven for an additional 1.5 hours (£ 5 min) of heating.

Note 3.9: The temperature of the oven will affect the results or heating
time interval. A temperature of 275°F (135°C) was selected for use,
because the mixture temperature after production normally varies from
250 to 325°F (121 to 149°C). If plants are operated at significantly
different temperatures, this temperature may need to be revised. The
purpose of this heating time interval is to simulate plant hardening
(as defined by the penetration and viscosity values of the asphalt after
production) and allow some of the asphalt absorption to occur prior to
compaction. The 3 hour time specified above is an approximate time. It

should be expected that different asphalts produced by different type
plants will have different aging effects as determined in the laboratory.
Thus, this heating time interval should be verified in the laboratory for
the specific asphalt plant and asphalt being used. For the cases when the
asphalt plant is unavailable and/or there is no historical hardening data,
the Thin-Film Oven Test (AASHTO T 179) can be used to estimate the
asphalt properties after mix production. Different amounts of the asphalt
concrete mixture should be placed in a pan and placed in an oven at a
temperature 275°F (135°C) for varying periods of time. The asphalt shall
then be extracted and the penetration (AASHTO T 49) and viscosity
(AASHTO T 202) measured on the recovered asphait. The time of
heating that more closely simulates the penetration and viscosity values
measured from materials recovered from the plant (or estimated with
AASHTO T 179) shall be used to simulate plant aging for the initial
heat conditioning. .

3.6.2.3. After initial heating, a representative sample of the
aged mixture shall be taken and allowed to cool. On this sample,
measure the maximum specific gravity of the asphaltic concrete
mixture in accordance with AASHTO T 209.

3.6.3 Specimen Size.

3.6.3.1. The specimens to be tested shall have a diameter of 4
in. (10 cm) for mixtures that contain aggregates with a maximum
aggregate size of 1.0 in. (2.5 cm) or less, or a minimum diameter
of 6 in. (15 cm) for mixtures that contain maximum size aggre-
gates up to 1.5 in. (3.8 cm) in diameter.

Note 3.10: The size of test specimens has an influence on the resuits
from the various tests to measure the engineering properties of the mix-
ture. The sample diameter to maximum aggregate size diameter ratio
was determined by testing oversized cores. If at all possible, the specimen
diameter to maximum aggregate size diameter should have a ratio greater
than 4.

3.6.3.2. The height of all diametral specimens to be tested
shall be at least one-half the diameter of the specimen. If possible,
the height should approximate the compacted lift thickness
placed on the roadway, unless the previous statement is violated.

3.6.3.3. The height of the uniaxial compression specimens to
be tested shall be at least equal to the diameter of the specimen,
when a friction-reducing material is used (see Note 3.3). If
LVDTs are used and a friction reducing material is not used, the
height of the specimen should be twice the specimen’s diameter.

3.6.4 Specimen Compaction.

3.6.4.1. After initial heat conditioning, the mixture shall be
compacted to the air void level expected in the field immediately
after compaction. This level of air voids can be obtained by
adjusting the number of gyrations, angle of gyration and/or
gyration pressure in ASTM D 3387 (Method A), and the gyra-
tion and/or end pressures or sets (3 gyrations equals a set) of
gyrations in ASTM D 4013 (Method B). The exact procedure
must be determined experimentally for each mixture before com-
pacting the specimens for each set. Use of the Corps of Engineers
GTM air-filled roller is the preferred device, but the GTM oil-
filled roller can also be used. ASTM D 4013 and the GTM fixed
roller mode of ASTM D 3387 can only be used for compaction
testing.

Note 3.11: The type of compaction device used to compact the specimens
will have an influence on the test results, especially creep modulus values.
ASTM D 3387 and D 4013 are the preferred techniques, because speci-
mens compacted with the gyratory compactor (ASTM D 4013) to air
voids measured on field cores were found to be most similar, in terms of
fundamental engineering properties, to cores recovered from the road-
way shortly after construction. AASHTO T 247 produced specimens
that were reasonably similar to those engineering properties measured
on field cores. AASHTO T 245 (Marshall Hammer) is not recommended



for preparing specimens for resilient and creep modulus testing, because
large differences were found between laboratory compacted specimens
and field cores.

Note 3.12: Normally test specimens for asphaltic concrete mixture design
and testing are compacted using a standard compactive effort. However,
a specific compactive effort may not reproduce the air voids measured
on field cores. Specimens should be compacted to the air voids antici-
pated shortly after construction, or to the air voids used to control
compaction during construction of the asphalt concrete lifts. Compactive
effort curves may be needed to determine the proper compactive efforts
to simulate the air voids after construction and at refusal. If needed,
these curves can be prepared by compacting triplicate samples at each
selected compactive effort. At least three compactive efforts should be
used. The compactive effort curves are formulated by plotting air voids
(measured in accordance with AASHTO T 269) versus compactive ef-
fort. The compactive effort that yields the after-constructed air void
content is the value used to compact the test specimens. Compactive
efforts for compacting the diametral and uniaxial compression specimens
will be different because of the height difference.

3.6.4.2 Method A—ASTM D 3387. The initial compaction of
both the diametral and the uniaxial compression specimens shall
be performed at an angle of gyration of 3 degrees in accordance
with ASTM D 3387. If an angle of gyration of 3 degrees yields
test specimens significantly below the after-constructed air voids,
this angle can be reduced to 2 degrees.

3.6.4.3 Method B—ASTM D 4013. When using ASTM D
4013, the angle of gyration is fixed. The initial compaction of
the diametral specimens shall be performed at a pregyration
stress of 60 psi (414 kPa), while adjusting the number of gyra-
tions. If 60 psi (414 kPa) yield test specimens significantly below
or above the after-constructed air voids, this pregyration stress
can be varied from 25 to 90 psi (172 to 620 kPa). For compacting
the uniaxial compression specimens refer to paragraph 3.8.3.3.

3.6.4.4. After compaction, the diametral specimens shall be
cooled to room temperature and then extracted from the molds.
The uniaxial compression specimens, if compacted by Method
A (ASTM D 3387), are to be left in the molds and used in the
traffic densification procedure (refer to paragraph 3.8.3).

3.6.5. After extraction from the molds, all diametral test speci-
mens shall be marked and numbered. Two diametral axes shall
be marked on each test specimen. The two axes shall be perpen-
dicular to each other.

3.7 GROUPING OF TEST SPECIMENS

3.7.1. Determine the thickness of each specimen in accordance
with ASTM D 3549.

3.7.2. Measure the bulk specific gravity in accordance with
AASHTO T 166 or T 275, whichever applies.

3.7.3. Calculate the air voids for each test specimen in accord-
ance with AASHTO T 269.

3.7.4. Sort the diametral specimens into six subsets of three
specimens each so that the average air voids of the different
subsets are approximately equal.

Note 3.13: This is a trial and error process to select specimen subsets to
minimize the effect of air void difference between the different subsets.
The technique used depends on the overall variation of air voids between
all specimens. One technique used is to select one specimen on the high
side of the mean, a second specimen low of the mean, and the third
specimen as close to the overall mean air void as possible. Another
technique is to select one specimen on the high side and two slightly on
the low side of the mean air voids, while another subset would include
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one specimen of the low side and two slightly on the high side of the
overall mean.

3.7.5. Label three subsets as unconditioned and identify one
subset for each test temperature, 41, 77, and 104°F (5,25, and
40°C). Place these specimens in plastic bags, seal, and store at
room temperature. Label two subsets as environmental aging
specimens and one subset for moisture conditioning. Record the
air voids of each specimen in Figure 12.

3.8 PRECONDITIONING OF TEST SPECIMENS

3.8.1 Moisture Conditioning.

3.8.1.1. Three diametral specimens, or one subset, shall be
used in the moisture damage evaluation. These specimens shall
be moisture conditioned as noted in the following paragraphs.

3.8.1.2. Place the three specimens on individual porous spac-
ers in a vacuum container. Fill the container with distilled water
at room temperature so that the specimens have at least 1 in.
(2.5 cm) of water above their surface. Apply a vacuum of 26 in.
of mercury for 15 min (* 2 min). Remove the vacuum and leave
the three specimens submerged in water for an additional 30
min.

3.8.1.3. Measure the bulk specific gravity of each specimen
in accordance with AASHTO T 166. Compare the saturated
surface-dry weight after moisture conditioning with the satu-
rated surface dry weight determined in paragraph 3.7.2. Immedi-
ately return the specimens to the water-filled vacuum container.
Calculate the volume of absorbed water.

3.8.1.4. Determine the degree of saturation by comparing
volume of absorbed water with volume of air voids from para-
graph 3.7.3. If the volume of water is greater than 55 percent of
the volume of air, proceed to paragraph 3.8.1.5. If the volume
of water is less than 55 percent, repeat the procedure beginning
with paragraph 3.8.1.2. If 55 percent saturation is not reached
by the third attempt, proceed to paragraph 3.8.1.5.

3.8.1.5. Cover the vacuum-saturated specimens tightly with
a plastic film (Saran wrap or equivalent). Place each wrapped
specimen in a plastic bag containing 0.3 oz (10 ml) of water and
seal the bag.

3.8.1.6. Place the plastic bag containing the specimen in a
freezer set at 0 = 5.4°F (—18 * 3°C) for 16 hours.

3.8.1.7. After 16 hours, place the specimens into a 140 *
1.8°F (60 * 1°C) water bath for 24 hours.

3.8.1.8. After 24 hours in the 140°F (60°C) water bath, remove
the specimens and place them in a water bath already at 77 *
1.8°F (25 £ 1°C) for 2 hours. It may be necessary to add ice to
the water bath to prevent the water temperature from rising
above 77°F (25°C). Test the specimens as described in paragraph
3.9.3.

3.8.2 Accelerated Aging (Temperature Conditioning).

3.8.2.1. Two subsets of three diametral specimens shall be
placed in the forced draft oven set at a temperature of 140°F
(60°C). These specimens shall be heated for approximately 48
hours (2 days) * 30 min.

3.8.2.2. After initial aging, the temperature of the forced
draft oven shall be elevated to 225°F (107°C) for an additional
120 hours (% 0.5 hours) or 5 days of aging. After aging, the six
specimens (two subsets) shall be removed from the oven and
placed in a temperature cabinet set at 41°F (5°C) and stored for
at least 12 hours prior to testing, as described in paragraph 3.9.4.
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AAMAS DATA SHEET
SuMMARY OF TEST RusuLTs

1. IDENTIFICATION )

Project No.

Highway

County

Mixture I.D.

Asphalt Content

Compaction Device

Max. Specific Gravity

2. UNCONDITIONED SPECIMEN DATA

o®

Temperature, F

Sample No.

Bulk Specific Gravity

Percent Air Voids, %

Total Resilient
Deformations, in.,

Axis A

Axis B

Total Resilient
Modulus, ksi, Egrr?
Axis A

Axis B

Indirect Tensile
sStrength, psi, S
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Figure 12. AAMAS worksheet and summary of results.

3.8.3 Traffic Densification.

3.8.3.1. Six uniaxial compression specimens are used in the
traffic densification study.

3.8.3.2 Method A—ASTM D 3387. Six specimens are initially
compacted as discussed in paragraph 3.6.4. Additional com-
pactive effort is applied to these specimens to measure the de-
crease in air voids and the ultimate or final air void content of
the mixture under simulated loading conditions.

Note 3.14: The compactive effort used to simulate traffic is dependent
on many variables, some of which include number of axle loadings, axle
weight, tire inflation pressure and type of tire. It is generally accepted
that AASHTO T 247 has been a reasonable estimation of air voids after
traffic, based on historical studies. However, as tire types change and
inflation pressures increase, these compaction procedures may be inade-
quate. Unfortunately, little data exist to determine the effects of increased
tire pressures and wheel loads on air voids and material properties. The

following procedures are provided as guidelines, but they may need to



3. MOISTURE CONDITIONED SPECIMEN DATA, AFTER CONDITIONING
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4. ENVIRONMENTAL AGED/HARDENED SPECIMEN DATA
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Figure 12. Continued



28

5. TRAFFIC DENSIFIED SPECIMEN DATA

Temperature, F

Sample No.

Prior to Densification:
Bulk Specific Gravity

Percent Air Voids, %

After Densification:
Bulk Specific Gravity
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Figure 12. Continued

be revised after sufficient data are collected to simulate, in the laboratory,
variations of tire types and inflation pressures.

3.8.3.2.1. Using ASTM D 3387 as the compaction device, the
gyratory shear test shall be conducted along with the compaction
test to determine and evaluate any reduction in shear strength
with number of gyrations.

3.8.3.2.2. After initial compaction, allow the specimens to cool
in the mold to 140°F (60°C).

3.8.3.2.3. Reinsert the mold in the GTM using an angle of
gyration of 2 degrees and a vertical pressure of 120 psi (827 kPa)
for the oil-filled roller. Both the air roller and oil-filled rollers
are interchangeable in the GTM, but the gyratory shear stresses
will be different. The use of the oil-filled roller will result in
higher gyratory shear stresses than for the air roller.

3.8.3.2.4. Densify the uniaxial compression specimens to re-

fusal. This refusal air void content can be estimated from the
compactive effort curves, as explained in Note 3.12.

Note 3.15: The variables selected for use in the traffic densification of
mixtures from other studies have varied. The variables most commonly
used are: The GTM is set at a 2 degree angle, 100 psi (7.03 kg/cm?) ram
pressure, and 13 psi (0.91 kg/cm?) air-roller pressure. These values may
need to be revised after additional data are collected and evaluated under
the SHRP A-006 Project.

3.8.3.2.5. When the oil-filled or air rollers are used, traffic
simulation tests are performed up to 300 gyrations with the
GTM. Initial sample height readings shall be obtained prior to
densification and concurrently with roller pressure readings at
25, 50, 75, 100, 150, 200, 250, and 300 gyrations. Gyratory
shear stresses shall be computed for each pressure reading in
accordance with ASTM D 3387, and graphically presented in a
plot of gyratory shear versus number of gyrations.




Note 3.16: In some cases, mixture resistance may reduce excessively
prior to 300 gyrations. An excessive reduction in roller pressure and
increase in angle of gyration may warrant stopping the test.

3.8.3.3 Method B—ASTM D 4013. IF ASTM D 4013 is used
as the compaction device, a compactive effort is initially applied
to these test specimens to the refusal air void content. For most
mixtures, 45 revolutions of the gyratory molding press (pregyra-
tion stress of 90 psi (620 kPa) ) is sufficient to determine the
final air void content. Unlike Method A, when using ASTM D
4013, the uniaxial compression samples are not initially com-
pacted to an after-constructed air void content.

3.8.3.4.  After densification, the traffic-densified specimens
shall be grouped based on air voids in accordance with subsection
3.7. The six specimens are placed in plastic bags and stored for
uniaxial compression testing, as described in paragraph 3.9.5.

3.9 TESTING PROCEDURE

3.9.1. Place all test specimens in a controlled temperature cabi-
net or water bath, as previously identified, to the specified test
temperature. Unless the temperature is monitored, the specimens
shall remain in the cabinet at the specified test temperature for
at least 12 hours prior to testing.

Note 3.17: If thermistors are used in “dummy” specimens, then the
testing program can begin shortly after the specimen temperature reaches
the test temperature.

3.9.2 Unconditioned Diametral Specimens.

3.9.2.1. Three sets of three specimens each shall be tested at
different temperatures. One set at 41°F (5°C), one at 77°F (25°C),
*and one at 104°F (40°C).

3.92.2.  Place the test specimen in the loading apparatus,
position as stated in ASTM D 4123, adjust and balance the
electronic measuring system as necessary.

3.9.23. Precondition the specimen by applying a repeated
haversine (or other suitable wave form) to the specimen without
impact using a loading frequency of 1 cps (0.1-sec load duration
and 0.9-sec rest period) for a minimum period sufficient to obtain
uniform deformation readout (less than 2 percent deviation). A
preconditioning time of 25 to 45 sec (25 to 45 loading cycles) is
sufficient in most cases.

3.9.2.4. The fixed load to be used in the diametral repeated
load resilient modulus test for each test temperature can be
selected by using elastic layer theory to calculate the tensile stress
and strain at the bottom of the asphaltic concrete layer (refer to
subsection 4.3 of Section 4 for additional discussion on selecting
laboratory stress states). For those conditions where the as-
phaltic concrete layers are in compression (for example, an as-
phaltic concrete overlay placed over a portland cement concrete
pavement), the fixed load applied to the specimen should be of a
sufficient magnitude to result in a horizontal deformation greater
than 0.0001 in. (0.00254 mm). In most cases, the load established
by these criteria will induce a tensile stress in the specimen in
the range of 5 to 20 percent of the indirect tensile strength.

Note 3.18: To use elastic layer theory requires that a stiffness or modulus
of elasticity be assumed for each layer in the pavement structure, includ-
ing the asphalt concrete. Thus, after testing the first specimen of each
subset, the assumed value should be compared to the measured value
for reasonableness. If these values are significantly different, the stress
state in the laboratory should be altered to be consistent with the theoreti-
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cal value. If elastic layer theory is unavailable, extra specimens can be
compacted and the strength measured to establish the stress levels to be
used for testing the unconditioned specimens at each test temperature,
based on a percentage of the indirect tensile strength, given above.

3.9.2.5.  After preconditioning, measure the total resilient
deformation in accordance with ASTM D 4123, along one of
the two axes marked from paragraph 3.6.5 at the specified test
temperature of each subset. A loading frequency of 1 cps (0.1-sec
load duration and 0.9-sec rest period) shall be used. The total
resilient modulus is calculated in accordance with Addendum
A. The total resilient deformation and modulus values shall be
recorded on the AAMAS worksheet (Figure 12).

3.9.2.6. Rotate the specimen to the second axis and repeat
paragraphs 3.9.2.2 through 3.9.2.5.

Note 3.19: At high asphalt contents and/or temperature, indentation of
the loading strips into the test specimen is possible. This condition is
undesirable. If these indentations can be observed, the tensile and com-
pressive stresses will vary, so the fewest number of loading cycles should
be used as possible.

3.9.2.7. After resilient modulus testing of the unconditioned
specimens, measure the indirect tensile strength at the same
specified temperature of each subset in accordance with Adden-
dum A. A loading rate of 2 in. (50.8 mm) per min shall be used.
The indirect tensile strength and failure strain shall be measured
along the axis which was found to have the larger resilient defor-
mations. These values shall be recorded on the AAMAS work-
sheet (Figure 12). If the specimen must be rotated to the first
axis tested, a sufficient number of loading cycles are to be applied
to ensure that the loading strips are properly seated. (See Note
3.19).

3.9.3 Moisture Conditioned Specimens.

3.9.3.1. Using the same indirect tensile stress as used for the
unconditioned specimens, measure the total resilient deforma-
tion at 77°F (25°C) and calculate the total resilient modulus in
accordance with paragraphs 3.9.2.2 through 3.9.2.6 along each
of the two axes marked from paragraph 3.6.5. A loading fre-
quency of 2 cps (0.1-sec load duration and 0.9-sec rest period)
shall be used. The total resilient modulus shall be reported on
the AAMAS worksheet (Figure 12).

3.9.3.2. After resilient modulus testing of the moisture condi-
tioned subset is complete, measure the indirect tensile strength
at 77°F (25°C) in accordance with Addendum A, along the axis
that was found to have the larger resilient deformation. If the
specimen must be rotated to the first axis tested, a sufficient
number of loading cycles are to be applied to ensure that the
loading strips are properly seated (see Note 3.19). A loading rate
of 2 in. (50.8 mm) per min shall be used to measure the indirect
tensile strength.

3.9.4 Temperature Conditioned Specimens.

3.9.4.1. For the first subset of temperature-conditioned speci-
mens, measure the total resilient modulus in accordance with
paragraphs 3.9.2.2 through 3.9.2.6, along each of the two axes
marked, at a test temperature of 41°F (5°C). The indirect tensile
stress selected for a test temperature of 41°F (5°C) from para-
graph 3.9.2.4 shall be applied at a loading frequency of 1 cps
(0.1-sec load duration and 0.9-sec rest period). The total resilient
deformation and modulus values shall be reported on Figure 12.

3.94.2.  After resilient modulus testing of the temperature-
conditioned specimens, measure the indirect tensile strength at
41°F (5°C) in accordance with Addendum A, along the axis that
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was found to have the larger resilient deformation. A loading
rate of 0.05 in. (1.27 mm) per min shall be used.

3.9.4.3. For the second subset of temperature-conditioned
specimens, measure the indirect tensile creep modulus at a test
temperature of 41°F (5°C) in accordance with Addendum B. The
indirect tensile stress that was used to measure the resilient
modulus of the temperature conditioned specimens (the first
subset) shall also be used for tensile creep testing.

3.9.5 Traffic Densified Specimens.

3.9.5.1. For the first subset of the traffic-densified specimens,
measure the total uniaxial compressive resilient modulus at a
test temperature of 104°F (40°C).

3.9.5.1.1. Place the test specimen in the loading apparatus,
position as stated in ASTM D 3497, adjust and balance the
electronic measuring system, as necessary.

3.9.5.1.2. Precondition the specimen by applying a repeated
haversine wave form (or other suitable wave form) to the speci-
men without impact using a loading frequency of 1 cps (0.1-sec
load duration and 0.9-sec rest period) for a minimum period
sufficient to obtain uniform deformation readout (less than 2
percent deviation).

3.9.5.1.3. The compressive stress applied to the specimen can
be selected by using elastic layer theory to calculate the compres-
sive stresses in the pavement structure, as explained in subsection
4.3 of Section 4. If elastic layered theory is unavailable, the
expected tire inflation pressures can be assumed to be the com-
pressive stress and used in the test program.

3.9.5.1.4. At the end of the preconditioning step, measure the
uniaxial (vertical) total resilient deformations, and calculate the

ADDENDUM A—TEST METHODS FOR INDIRECT
TENSILE STRENGTH OF BITUMINOUS MIXTURES

A.1 SCOPE

A.1.1. This method covers the determination of the indirect
tensile strength of compacted, dense-graded hot-mixed, hot-laid
bituminous mixtures. The indirect tensile strength test is used to
characterize bituminous mixtures in tension for thermal and
fatigue cracking analyses.

A.1.2. This method is applicable to dense-graded hot-mixed,
hot-laid asphaltic concrete mixtures, as defined by ASTM D
3515 (Bituminous Paving Mixtures, Hot-Mix, Hot-Laid), and
may be used on cores recovered from roadways or specimens
compacted in the laboratory.

A.1.3. The values of indirect tensile strength and failure strains
determined with this method can be used to estimate the low
temperature and fatigue cracking potential of bituminous materi-
als subjected to thermal and wheel loadings. These values can
also be used to determine the optimum asphalt content for bitu-
minous mixture designs. The values stated in inch-pound units
are to be regarded as a standard. All values given in parentheses
are for information only.

total compressive resilient modulus for the last 1 cycle of the
preconditioning part of the procedure, in accordance with para-
graph 2.9.4.1 of Section 2. '

3.9.5.1.5. After resilient modulus testing of the traffic densified
specimens, measure the unconfined triaxial compressive strength
of each specimen at a temperature of 104°F (40°C) in accordance
with AASHTO T 167, with the exception that a compressive
(vertical) loading rate of 0.15 in./min per in. (3.81 mm/min per
mm) height shall be used.

3.9.5.2. For the second subset of traffic-densified specimens,
measure the axial compressive creep modulus in accordance
with Addendum B at a temperature of 104°F (40°C). The same
compressive stress used to measure the resilient modulus of the
traffic-densified specimens shall be used for unconfined compres-
sive creep testing.

3.10 CALCULATIONS

3.10.1. All calculations shall be performed in accordance with
the identified AASHTO and ASTM test standards or in accord-

ance with Section 3, Addendum A and Addendum B.

3.11 REPORT

3.11.1. The report shall include the information provided in
Figure 12 for each asphalt content and mixture selected for
evaluation.

A.2 APPLICABLE DOCUMENTS

A.2.1 AASHTO Documents.

T 209 Maximum Specific Gravity of Bituminous Paving
Mixtures

T 166 Test Method for Bulk Specific Gravity of Compacted
Bituminous Mixtures

T 245 Test Method for Resistance to Plastic Flow of Bitumi-
nous Mixture Using the Marshall Apparatus

T 247 Method for Preparation of Test Specimens of Bitumi-
nous Mixture by Means of California Kneading Compactor

T 269 Percent Air Voids in Compacted Dense and Open
Bituminous Paving Mixtures

A.2.2. ASTM Documents.

D 3202 Preparation of Bituminous Mixture Beam Specimens
by Means of the California Kneading Compactor
D 3387 Test for Compaction and Shear Properties of Bitumi-



nous Mixtures by Means of the U.S. Corps of Engineers
Gyratory Testing Machine (GTM)

D 3496 Method for Preparation of Bituminous Mixture
Specimens for Dynamic Modulus Testing

D 3515 Specifications for Hot-Mixed, Hot-Laid Bituminous
Paving Mixtures

D 4013 Preparation of Test Specimens of Bituminous Mix-
tures by Means of Gyratory Shear Compactor

A.3 SUMMARY OF METHOD

A.3.1. An asphaltic concrete sample is loaded in compression

along the diametral axis at a fixed deformation rate, until failure. -

Failure is defined as the point or deformation when the-load no
longer increases. This maximum load sustained by the specimen
is used to calculate the indirect tensile strength.

A.4 SIGNIFICANCE AND USE

A.4.1. The values of indirect tensile strength and failure strain
can be used to evaluate the relative quality of bituminous materi-

. als, as well as to generate input for pavement design and evalua-

tion models and mixture designs. The test can be used to study
the effects of temperature, moisture, aging, and loading rates on
these materials.

A.4.2. When used in conjunction with other physical proper-
ties, the indirect tensile strength and failure strain may contribute
to the overall mixture characterization and are factors for de-
termining its suitability for use as a highway paving material
under given traffic loading and environmental conditions.

A.4.3. Reheated, recompacted mixtures may be used in this
method, but the resulting indirect tensile strength and failure
strains will be different from newly prepared mixtures because
of changes in binder viscosity, an important factor of tensile
strain as measured under the specific loading conditions and
temperature.

A.5 APPARATUS

A.5.1. Equipment for preparing and compacting specimens is
specified from one of the following methods: AASHTO T247,
ASTM D 3387 or D 4013.

A.5.2. Axial loading machine required is any loading machine
or press capable of providing a compressive load at a controlled
vertical deformation rate (within 5 percent) from 0.05 to 2 in.
(1.27 to 50.8 mm) per min.

A.5.3. Diametral loading strips are specified in accordance with
ASTM D 4123.

A.5.4. Specimen axial deformation measurement and recording
device is from ASTM D 4123.

A.5.5. Specimen axial load measurement device is required

from ASTM D 4123.
A.5.6. Temperature control system is required from ASTM D
4123.

A.6 PREPARATION OF TEST SPECIMENS

A.6.1. Laboratory molded specimens are prepared in accord-
ance with acceptable procedures, such as AASHTO T 247 or
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ASTM D 3387 and D 4013. Other procedures include cores cut
from laboratory-prepared beams (for example, ASTM D 3202).

Note A.1: Normally test specimens are compacted using a standard
compactive effort. However, a specific compactive effort may not repro-
duce the air voids measured on field cores. If the specimens are to be
compacted to a target air void content, the compactive effort will need
to be varied. For AASHTO T 247 (kneading compactor) the number of
tamps, foot pressure and/or leveling load can be altered; for ASTM D
3387, the number of gyrations, angle of gyration and/or gyration pres-
sure can be altered; and for ASTM D 4013 the gyration and/or end
pressures or sets (3) of gyrations can be altered.

A.6.2. Core specimens shall have smooth and parallel surfaces
and conform to the height and diameter requirements specified
for specimens under paragraph A.6.3.

A.6.3. Indirect tension specimens to be tested shall have a
height (or thickness) of at least 2 in. (S5cm) and a minimum
diameter of 4 in. (10 cm) for mixtures that contain aggregates
with a maximum aggregate size of 1.0 in. (2.5 cm) or less, and
a height of at least 3 in. (7.6 cm) and a minimum diameter of 6
in. (15 cm) for mixtures that contain maximum size aggregates
up to 1.5 in. (3.8 cm) in diameter. The specimen height-to-
diameter ratio shall be greater than 0.50 (see Note A.2).

Note A.2: The size of test specimens has an influence on the results from
the indirect tensile test. The sample diameter to maximum aggregate size
diameter ratio was studied by testing oversized cores. If at all possible,
the sample diameter to maximum aggregate size diameter shall have a
ratio greater than 4. Regarding the height-to-diameter ratio, four-inch
diameter cores will not always be able to meet the minimum ratio of
0.50. When it is impossible to meet this criterion, it can be relaxed, but
the variation in test results will increase requiring additional samples to
be tested. For indirect tensile strength testing, the absolute minimum
height of 4-inch (10 cm) diameter cores is 1.5 inches (3.8 cm) and 2.5
inches (6.3 cm) for 6-inch (15 cm) diameter cores.

A.6.4. Two diametral axes shall be marked on each test speci-
men, and the two axes shall be perpendicular to one another.

A.7 PROCEDURE

A.7.1. Measure the bulk specific gravity of each test specimen
in accordance with AASHTO T 166 or T 275, whichever applies.

A.7.2. Place the test specimens in a controlled temperature
cabinet and bring them to the specified test temperature. Unless
the temperature is monitored and the actual temperature known,
the specimen should remain in the cabinet at the specified test
temperature for at least 12 hours prior to testing.

Note A.3: If the bulk specific gravity of the test specimens is measured
in accordance with AASHTO T 166, the specimens must be allowed to
dry prior to testing. Moisture or water trapped in the permeable voids
can have an effect on the test results. Retaining these specimens in the
temperature cabinet for 12 hours should be sufficient to allow the mois-
ture to evaporate from the permeable voids.

A.7.3. Place the test specimen in the loading apparatus, posi-
tion as stated in Test Method ASTM D 4123, adjust and balance
the electronic measuring system as necessary.

A.7.4. Precondition the specimen by applying a repeated ha-
versine (or other suitable wave form) to the specimen along each
diametral axis marked in paragraph A.6.4, without impact, using
a loading frequency of 1 cps for a minimum period sufficient to
obtain uniform deformation readout (less than 2 percent devia-
tion). Apply the preconditioning procedure described in ASTM
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D 4123. In most cases, a preconditioning time of 25 to 45 sec is
sufficient (25 to 45 loading cycles). The fixed load to be used for
conditioning is that which will induce a tensile stress in the
specimen of 5 to 20 percent of the indirect tensile strength,
and result in a horizontal deformation greater than 0.0001 in.
(0.00254 mm). This requires that at least one specimen be tested
without conditioning to get an estimate of the indirect tensile
strength of the mix.

A.7.5. At the end of the preconditioning step, measure the
horizontal recoverable deformation along the two diametral axes
in accordance with Section 2, paragraph 2.7.4 (Figure 5) to
calculate the resilient modulus. The two axes shall be perpendic-
ular to one another. Both the instantaneous and total resilient
modulus shall be calculated and reported.

A.7.6. After the specimens have been preconditioned, apply a
compressive load at a controlled deformation rate along the axis
of the lower resilient modulus. A deformation rate of 2 in. (5

cm) per min is typically used for test temperatures of 77°F (25°C)

and greater, whereas loading rates of 0.05 and 0.065 in. (1.27
and 1.65 mm) per min are typically used for the lower test
temperatures (less than 50°F (10°C).

A.7.7. Monitor both the vertical and horizontal deformations
during the entire loading time, or until the load sustained by the
specimen begins to decrease. It is recommended that the test be
stopped prior to fracturing the bituminous sample, so that dam-
age to the horizontal deformation measuring equipment does not
occur.

A.8 CALCULATIONS

A.8.1. Calculate the total and instantaneous resilient modulus
for the last 3 cycles of the preconditioning part of the procedure,
in accordance with Eq. 7 given in Table 4. The instantaneous and
total resilient deformations are as defined by Section 2 (Mixture
Design), paragraph 2.7.3.5.1 and 2.7.3.5.2 (Figure 5).

Table 4. Equations for calculating tensile properties (5).

STATIC PROPERTIES

(1) Tensile strength S, psi

(2) Poisson’s ratio v

(3) Modutus of elasticity E, psi

(4) Tensile strain ¢,, microunits

(5) Compressive strain g;, microunits

Peait o Ay

DR * A, + B,
DR0A2+BZ

= -SFIL(A;;‘V'AL)

= 4 [As - v A
PR v 9 A

= a4 [Bi-v B
vV B, - v e8]

REPEATED-LOAD PROPERTIES

(6) Instantaneous Resilient
Poisson’s ratio v,

(7) Instantaneous Resilient Modulus
of Elasticity Egj, psi

Ri
L4 A‘NB1
RI
FI;' A, + B,
P (A - vey ¢ A)

(8) For Total Resilient Modulus, simply use the total resilient horizontal and
vertical deformations, instead of the instantaneous deformations.

Peay = total toad at failure (maximum load P, or load at first inftection point), pounds

height of specimen, inches

applied load or repeated load, pounds

Y . . . .
deformation ratio X—T (the slope of line of best fit* between vertical deformation Yy
¥

and the corresponding horizontal deformation X; up to failure load)

&y = totatl horizontal deformation, inches

4, = total vertical deformation, inches

Sy - horizontal tangent modulus XL (the stope of the line of best fit* between load P and
horizontal deformation X; for loads up to failure load)

Hae VR = instantaneous resilient horizontal and vertical deformations, respectively

Agr Ay Ag, Ay, AL Ag, Ag, By, B,, By, By, = constants (SEE TABLE 5)

* 1t is recommended that the line of best fit be determined by the method of least squares.



A.8.2. For each specimen tested, calculate the indirect tensile
strength in accordance with Eq. 1 in Table 4, using the constants
given in Table 5.

A.8.3. For each specimen tested, calculate the tensile strain at
failure in accordance with Eq. 4 in Table 4. The horizontal
deformation used to calculate the tensile strain at failure (or
yielding) is defined in Section 2, paragraph 2.7.4.3 (Figure 6).

A.8.4. Table 4 provides a listing of other equations that can be
used to calculate other properties from the indirect tensile test.

A.9 REPORTS

A.9.1. The report shall include the following information, as a
minimum. Figure 13 can be used as a guide in reporting these
test data.

A.9.1.1. The bulk specific gravity of each specimen tested.

A.9.1.2. The maximum specific gravity of asphaltic concrete
material.

A.9.1.3. The height and diameter of all specimens tested.

A.9.1.4. The test temperature and loading or deformation
rates used during the test.
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A.9.1.5. The total and instantaneous resilient modulus mea-
sured during the preconditioning section of the test specimen.

A.9.1.6. The vertical and horizontal tensile strains at maxi-
mum load, as a minimum.

A.9.1.7. A continuous load deformation plot of each specimen
shall be included with the report.

Table 5. Constants for use in equations for indirect tensile properties (5).

Diameter
inches Ay A, A, Ay A, Ay Ag B, 8, B, B,

4.0 156 .0673 -.2494 2692 -.9974 03896 - 185 -.8954 -0156 -.1185 .03896
4.1 152 .0657 -.243:; .2694 -.9975 03712 -1129 -.8810 -.0149 - 1129 .03712
4.2 149 .0642 -.2375 .2696 -.9976 03541 -.1076 -.8671 -0142 -1076 .03541
4.3 145 .0627 -.2320 .2698 -8977 .03381 -1027 -.8537 -0136 1027 .03381
4.4 .142 0613 -.2268 2699 -.9978 .03232 -.09808 -.8407 -.0130 -.9809 03232
4.5 .139 .0600 -2218 2701 -.9979 .03092 -.09379 -.8282 -0124 -.9380 03092
46 136 0587 -2170 :2702 -.9980 .02961 -.08978 -.8161 -0118 -.8979 02961

47 133 0575 -.2124 2703 -.9981 .02838 -.08602 -.8043 -0114 -.8603 .02839
4.8 A3 .0563 -.2080 .2704 -.9982 02723 -.08249 -.7930 -0109 -.8250 .02723
4.9 128 .0552 -.2037 .2706 -.9983 .02615 -07917 -.7820 -.0105 -7918 .02615
5.0 126 0541 -.1997 2707 -.9983 02512 -.07605 -7714 -.0100 -.7606 02513
5.1 123 0531 -.1958 2708 -.9984 02416 -.07311 -7610 -.0966 ~7312 02416
52 A21 .0521 -.1920 2709 -.9985 02325 -.07034 -7510 -.0929 -7034 02325
5.3 119 0511 -.1884 .27;)9 -.9985 102239 -.06772 -7413 -.0895 -8772 .02240
54 116 0502 -.1849 2710 -.9986 .02158 -.06524 -7319 -.0862 -.6525 02158
55 14 .0493 -.1816 2711 -.9986 .02081 -.06290 -7227 -.0832 6291 .02081

5.6 12 .0484 -1783 2712 -.9987 .02008 06068 -7138 -.0803 -.6069 .02008
57 110 0476 -1752 2713 -.9987 01939 -.05858 -.7051 -0775 -.5858 01939
5.8 109 .0468 ‘ -1722 2713 -.9988 .01874 -.05658 . -6967 -.0749 -.5659 .01874

5.9 107 .0460 -.1693 2714 -.9988 01811 -.05469 -.6884 -.0724 -.5469 01811

6.0 .105 0452 -.1665 2714 -.9988 .01752 -4052.89 -.6804 -.0700 -.5289 01752

Strip width a = 0.5 in.
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INDIRECT TENSILE STRENGTH TEST

ProJECT No.
HIGHWAY COuNnTY
MixTture I.D. :

Rice SPECIFIC GRAVITY

TEST TEMPERATURE F
LoADING RATE "IN./MIN
Core/Specimen 1.D.
Date Cored/Compacted
Bulk Specific Gravity
Air Voids, %
Diameter, in., D, 1
2
3
Avg.
Height, in., h 1
2
3
Avg.
Total Resilient Modulus, ksi, Egy
Axis 1
Axis 2
Avg.
Total Maximum Vertical Load
(At Failure), 1bs., P,
Vertical Deformation At Maximum
Vertical Load, in., Vg
Horizontal Deformation At Haximum‘
Vertical Load, in., Hgr '
Indirect Tensile Strain
At Failure, in./in., g
Indirect Tensile Strength, psi, §
REMARKS
TESTED BY DATE TESTED

Figure 13. Indirect tensile strength data sheet.



. ADDENDUM B—TEST METHODS FOR CREEP
MODULUS TESTING OF BITUMINOUS MIXTURES

B.1 SCOPE

B.1.1. This method covers the determination of creep modulus
at different loading times using diametral and uniaxial compres-
sion loadings for compacted dense-graded, hot-mixed, hot-laid
bituminous mixtures. Uniaxial compression testing is used to
characterize asphaltic concrete mixtures in compression for rut-
ting evaluation, and indirect tensile testing is used to characterize
the same mixture in tension for thermal and fatigue cracking
analyses.

B.1.2. This method is applicable to dense-graded hot-mixed,
hot-laid asphaltic concrete mixtures, as defined by ASTM D
3515 (Bituminous Paving Mixtures, Hot-Mix, Hot-Laid), and
may be used on cores recovered from roadways or specimens
compacted in the laboratory.

B.1.3. The values of creep modulus determined with this
method can be used in linear-elastic and nonlinear-elastic layered
system theories to predict the stiffness of asphaltic concrete mate-
rials or to calculate the expected rut depth or low temperature
cracking potential of asphaltic concrete layers subjected to ther-
mal and wheel loadings.

Note B.1: Lateral confinement for uniaxial compression testing is a very
important factor in measuring the creep properties of asphaltic concrete
materials. However, most pavement performance models have been de-
veloped and, more importantly, calibrated on the basis of unconfined
test results. Therefore, this test method covers samples tested without
confinement, which represents the more critical condition from a mixture
design point of view. It is also difficult to simulate in the laboratory the
vertical distribution of confining pressures that occur in the asphaltic
concrete layer on the roadway.

B.1.4. The test method is divided into two parts, one for uniax-
ial compression testing and the second for indirect tensile testing.

B.2 APPLICABLE DOCUMENTS
B.2.1 AASHTO Documents.

T 166 Test Method for Bulk Specific Gravity of Compacted
Bituminous Mixtures

T 167 Compressive Strength of Bituminous Mixtures

T 209 Maximum Specific Gravity of Bituminous Paving
Mixtures

T 245 Test Method for Resistance to Plastic Flow of Bitumi-
nous Mixture Using the Marshall Apparatus

T 247 Method for Preparation of Test Specimens of Bitumi-
nous Mixture by Means of California Kneading Compactor

T 269 Percent Air Voids in Compacted Dense and Open
Bituminous Paving Mixtures

B.2.2 ASTM Documents.

D 3202 Preparation of Bituminous Mixture Beam Specimens
by Means of the California Kneading Compactor
D 3387 Test for Compaction and Shear Properties of Bitumi-
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nous Mixtures by Means of the U.S. Corps of Engineers
Gyratory Testing Machine (GTM)

D 3497 Dynamic Modulus of Asphalt Mixtures

D 3515 Specifications for Hot-Mixed, Hot-Laid Bituminous
Paving Mixtures

D 4013 Preparation of Test Specimens of Bituminous Mix-
tures by Means of Gyratory Shear Compactor

B.3 SUMMARY OF METHOD

B.3.1 Uniaxial Compression. A static load of fixed magnitude is
applied along the cylindrical axis of a preconditioned or densified
cylindrical asphaltic concrete specimen for a fixed duration of
time. The total uniaxial (compressive) deformation of the speci-
men is measured and used to calculate a compressive creep
modulus at a particular duration of time. After the load is re-
leased, the resilient (recoverable) deformation is measured over
a fixed duration of time and used to calculate the compression
recovery efficiency from a static load.

B.3.2 Indirect Tension. A static load of fixed magnitude is
applied along the diametral axis of a preconditioned specimen
for a fixed duration of time. The total horizontal deformation of
the specimen is measured and used to calculate an indirect tensile
creep modulus at a particular duration of time. After the load is
released, the resilient (recoverable) horizontal deformation is
measured over a fixed duration of time and used to calculate the
indirect tensile recovery efficiency from a static load.

B.4 SIGNIFICANCE AND USE

* B.4.1. The values of creep modulus can be used to evaluate the
relative quality of materials, as well as to generate input for
pavement design and evaluation models. The test can be used to
study effects of temperature, load magnitude, binder content,
and creep loading time. For uniaxial cylindrical compression
specimens, the test can be performed with or without a confining
pressure. For purposes of this standard, all creep modulus testing
is to be conducted without lateral confinement (See Note B.1).

B.4.2. When used in conjunction with other mixture physical
properties, the creep modulus may contribute to the overall
mixture characterization and is one factor for determining its
suitability for use as a highway paving material under given
traffic and environmental conditions.

B.4.3. Reheated, recompacted mixtures may be used in this
method, but the resulting creep modulus values will be higher
than for newly prepared mixtures because of changes in binder
viscosity, an important factor of creep strains as measured under
these specific loading conditions and temperatures.

B.5 APPARATUS

B.5.1 Axial Loading Machine. Any loading machine capable of
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providing a load of fixed cycle and duration can be used. Typi-
cally, a cam and switch or timer control of solenoid valves
operating a pneumatic air piston, or a closed-looped electrohy-
draulic system is used. Pneumatic systems are the least complex,
while closed-looped electrohydraulic systems allow more versa-
tility (variable wave forms, higher loads, and higher frequency
response). Variable wave forms and different frequencies are
used in preconditioning the test specimens.

B.5.2 Temperature and Control System. The temperature con-
trol system shall be capable of control over a temperature range
from O to 104°F (— 18 to 40°C) and within * 1.8°F (1°C) of the
specified temperature within the range. The system can be a
room, chamber and/or cabinet that shall be large enough to hold
at least three specimens for a period of 12 hours prior to testing.
If the testing machine is located in a room without the specified
temperature control systems, a controlled temperature cabinet
shall be used during the entire test.

B.5.3 Specimen Deformation Measurement Devices. The
creep modulus test requires deformation transducers with high
resolution and a small range during the preconditioning part of
the test and less resolution but a larger range during the test.
The linear variable differential transducer (LVDT) is considered
to be the most suitable deformation transducer for the test. The
LVDT must have a range of at least 20 percent of the gage
length, but should not exceed 60 percent of the gage length.

B.5.4 Specimen Load Measurement Device. The load measur-
ing device is to be an electronic load cell. The load is to be
measured by placing the load cell between the specimen cap
and the loading position. The total load capacity of the load
transducer (load cell) should be of the proper order of magnitude
with respect to the maximum total load to be applied to the test
specimen. Generally, its capacity should be no greater than 5
times the total maximum load applied to the test specimen to
ensure that the necessary measurement accuracy is achieved.
The load-measuring device shall be capable of measuring the
load to an accuracy of * 1 percent of the applied load.

B.5.5 Recording Device. Specimen behavior in the creep modu-
lus test is evaluated from time records of applied load and speci-
men deformation. Commonly, these parameters are recorded
on a multichannel strip-chart recorder. Analog to digital data
acquisition systems may be used provided that the data can be
converted later into a convenient form for data analysis and
interpretation. For analog strip-chart recording equipment, the
deformation recorder trace must be of sufficient magnitude and
time resolution to enable accurate data reduction. Resolution of
each variable should be better than 2 percent of the maximum
value being measured. The clarity of the trace with respect to the
background should provide sufficient contrast and a minimum
resolution of 2 percent of the maximum value of the recorded
parameter that is maintained, so that the trace may be included
in reports. .

B.5.6 Oven. The oven for the preparation of hot mixtures shall
be capable of being set to maintain any desired temperature from
room temperature to 325°F (163°C).

B.6 PREPARATION OF TEST SPECIMENS

B.6.1 Laboratory Molded Specimens. Prepare the laboratory-
molded specimens in accordance with acceptable procedures,
such as AASHTO T 247 or ASTM D 3387 and D 4013. Other

procedures include cores cut from laboratory-prepared beams
(for example, ASTM D 3202).

Note B.2: The type of compaction device will influence the test results
or creep modulus values. ASTM D 3387 and D 4013 are preferred
techniques but AASHTO T 247 produces specimens that are reasonable.
AASHTO T 245 (Marshall Hammer) is not recommended for preparing
specimens for creep modulus testing.

Note B.3: Normally test specimens are compacted using a standard
compactive effort. However, a specific compactive effort may not repro-
duce the air voids measured on field cores. If specimens are to be com-
pacted to a target air void content, the compactive effort will need to be
varied. For AASHTO T 247 (kneading compactor) the number of tamps,
foot pressure and/or leveling load can be altered; for ASTM D 3387
(Corps of Engineers Gyratory Testing Machine), the number of gyra-
tions, angle of gyration and/or gyration pressure can be altered; and for
ASTM D 4013 the gyration and/or end pressures or sets (3) of gyrations
can be altered. The actual compactive effort to be used should be deter-
mined experimentally. '

B.6.2 Core Specimens. Cores shall have relatively smooth and
parallel surfaces and conform to the height and diameter require-
ments specified for specimens under paragraph B.6.3.

B.6.3 Specimen Size.

B.6.3.1. Uniaxial compression specimens to be tested shall
have a height of at least 4 in. (10 cm) and a minimum diameter of
4 in. (10 cm) for mixes that contain aggregates with a maximum
aggregate size of 1.0 in. (2.5 cm) or less, and a height of at least
6 in. (15 cm) and a minimum diameter of 6 in. (15 cm) for mixes
that contain maximum size aggregates up to 1.5 in. (3.8 cm) in
diameter. The specimen height-to-diameter ratio shall always
exceed 1.0.

Note B.4: End effects and lateral restraint between the top and bottom
platens and the specimen can have a significant effect on the measured
vertical deformation for uniaxial compression testing. For specimens less
than 6 inches (15 cm) in height and where the entire specimen is used
to measure the deformation, a friction reducing material must be used
between the specimen and top and bottom platens. Materials that can
be used include silicon grease, graphite, and Teflon tape. Without use of
this friction reducing material, shear stresses between the specimen and
top and bottom platens can cause the specimen to bulge and under-
estimate the amount of vertical displacement.

B.6.3.2. Indirect tensile specimens to be tested shall have a
height (or thickness) of at least 2 in. (5 cm) and a minimum
diameter of 4 in. (10 cm) for mixtures that contain aggregate
with a maximum aggregate size of 1.0 in. (2.5 cm) or less, and
a height of at least 3 in. (7.6 cm) and a minimum diameter of 6
in. (15 cm) for mixtures that contain maximum size aggregates
up to 1.5 in. (3.8 cm) in diameter. The specimen height-to-
diameter ratio shall exceed 0.50 (see Note B.5).

Note B.5: The size of test specimens has an influence on results from the
tensile creep modulus test. If at all possible, the sample diameter to
maximum aggregate size diameter should have a ratio greater than 4.
Regarding the height-to-diameter ratio, four-inch diameter cores will
not always be able to meet the minimum ratio of 0.50. When it is
impossible to meet this criterion, it can be relaxed, but the variation in
test results will increase requiring additional samples to be tested. For
indirect tensile creep testing, the absolute minimum height of 4-inch (10
cm) diameter cores is 1.5 inches (3.8 cm) and 2.5 inches (6.3 cm) for
6-inch (15 cm) diameter cores.

B.7 PROCEDURE

B.7.1. Measure the bulk specific gravity of each test specimen
in accordance with AASHTO T 166 or T 275, whichever applies.



B.7.2. Place the test specimen in a controlled temperature cabi-
net and bring it to the specified test temperature. Unless the
temperature is monitored and the actual temperature known,
the specimen shall remain in the cabinet at the specified test
temperature for at least 12 hours prior to testing.

Note B.6: If the bulk specific gravity of the test specimens is measured
in accordance with AASHTO T 166, the specimens must be allowed to
dry prior to testing and preconditioning. Moisture or water trapped in
the permeable voids can have an effect on the test results. Retaining the
specimens in the temperature cabinet for 12 hours should be sufficient
to allow the moisture to evaporate from the permeable voids.

B.7.3 Uniaxial Compression Specimens.

B.7.3.1. Place the test specimen in the loading apparatus, posi-
tion as stated in ASTM D 3497, adjust, and balance the electronic
measuring system as necessary.

B.7.3.2. The fixed load to be used for uniaxial compression
creep modulus testing is that which will induce a compressive
stress of 5 to 25 percent of the unconfined compressive strength,
as measured by AASHTO T 167, and result in a vertical defor-
mation greater than 0.0001 in. (0.00254 mm).

B.7.3.3. Precondition the specimen by applying a repeated
haversine (or other wave form) to the specimen without impact
using a loading frequency of 1 cps (0.1-sec load duration and
0.9-sec rest period) for a minimum period sufficient to obtain
uniform deformation readout (less than 2 percent deviation).
Apply the preconditioning procedures described in ASTM
Method D 3497.

Note B.7: In most cases, a preconditioning time of 25 to 45 seconds is
sufficient (25 to 45 loading cycles).

B.7.3.4. At the end of the preconditioning step, measure the
vertical uniaxial recoverable deformations to calculate the total
or instantaneous resilient modulus in accordance with Section
2, paragraph 2.9.4 of Part I.

B.7.3.5. After the samples have been preconditioned, rezero
or rebalance the electronic measuring system and apply a static
load of fixed magnitude (* 2 percent) to the specimen.

B.7.3.6. Monitor the vertical deformation during the entire
loading time. The load shall be applied for a period of 60 min,
* 15 sec.

B.7.3.7. After the fixed load has been applied over a period
of 60 min, the load shall be released and the rebound or resilient
deformation monitored and recorded for an additional 60 min
of no load. After 60 min, *15 sec, the amount of permanent
vertical deformation shall be measured and recorded from the
strip chart recorder or the continuous deformation trace.

B.7.4 Indirect Tensile Specimens.

B.7.4.1. Place the test specimen in the loading apparatus, posi-
tion as stated in Test Method ASTM D 4123, adjust, and balance
the electronic measuring system as necessary.

B.7.4.2. The fixed load to be used for indirect tensile creep
modulus testing is that which will induce a tensile stress in the
specimen of 5 to 20 percent of the indirect tensile strength,
and result in a horizontal deformation greater than 0.0001 in.
(0.00254 mm).

B.7.4.3. Precondition the specimen by applying a repeated
haversine (or other suitable wave form) to the specimen without
impact using a loading frequency of 1 cps (0.1-sec load duration
and 0.9-sec rest period) for a minimum period sufficient to obtain
uniform deformation readout (less than 2 percent deviation).
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Apply the preconditioning procedure described in ASTM D
4123 (see Note B.7).

B.74.4. At the end of the perconditioning step, measure
the horizontal recoverable deformation to calculate the total or
instantaneous resilient modulus in accordance with Section 2,
paragraph 2.7.4 of Part I (Figure 5).

B.7.4.5. The recommended load range to be used for indirect
tensile or creep modulus testing is that to induce 5 to 20 percent
of the indirect tensile strength.

B.7.4.6. After the test specimens have been preconditioned,
rezero or rebalance the electronic measuring system and apply
a static load of fixed magnitude (% 2 percent) to the specimen.

B.7.4.7. Monitor both of the vertical and horizontal deforma-
tions during the entire loading time. The load shall be applied
for a period of 60 min * 15 sec.

B.7.4.8. After the fixed load has been applied over a period
of 60 min, the load shall be released and the rebound or resilient
deformation (both in the vertical and horizontal directions) re-
corded and monitored for an additional 60 min of no load.
After 60 min, * 15 sec, the amount of permanent deformations
(horizontal and vertical) shall be measured and recorded from
the strip-chart recorder or the continuous deformation trace.

B.7.5. After testing has been completed, the specimens shall be
broken down and the maximum specific gravity measured in
accordance with AASHTO T 209.

B.8 CALCULATIONS

B.8.1. Calculate the resilient modulus of elasticity for the pre-
conditioning part of the procedure, as stated in paragraphs
B.7.3.3 or B.7.4.3, whichever applies.

B.8.2. For each specimen tested, calculate the creep modulus
at times of 1, 10, 100, 1,000 and 3,600 sec, as a minimum.
Additional times may be required to define the deformation-time
curve for mixture evaluation.

B.8.2.1. Uniaxial compression sample calculations are as

follows:
E () = o/t (B-1)
where
Ecq(t) = creep modulus at time ¢, psi;
o, = compressive stress applied to the specimen, psi;

€{?) = uniaxial strain at time ¢, in./in.;

) =A,0/¢ (B-2)

¢ = gage length which is the distance between the LVDTs,
or the average height of the specimen being tested, if
clamps are not used on the specimen, in:;
A,(#) = uniaxial deformation at time ¢, in.

B.8.2.2. Indirect tensile sample calculations for 4-in. diameter
specimens (see Note B.8 for other size specimens) include:
Eq (1) = 0,4/€,(0) (B-3)
where:

o, = tensile stress along the diametral axis of a 4-in. diameter
specimen, psi;

P
o = 5 (0.156) (B-4)
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€,4(f) = tensile creep strain for specimens with a 4-in. diameter,
in./in,;
0.03896 + (v) 0.1185
=240 | 50673 + (v) 0.2494 (B-5)
A (1) = the horizontal deformation in inches at time ¢, in,;
v = Poisson’s ratio; and ’
P = load applied to the specimen, Ib.

Note B.8: For other size specimens, refer to Addendum A (Tables 4 and
5) to obtain the coefficients for specimens with different diameters.

+ B.82.3.  Calculate the recovery efficiency, X, of the test
specimen. :
A (3,600
X = # (B-6)
A, #,(3,600)
where:

A,(3,600) = the recoverable vertical deformation for uniaxial
compression tests or horizontal deformation for
indirect tensile tests at the end of the test (i.e., after
3,600 sec of no load); and

A, ry = the vertical deformation for uniaxial compression

tests or horizontal deformation for indirect tensile
tests just prior to removing the load from the speci-
men (load time = 3,600 sec).

B.9 REPORT

B.9.1. The report shall include the following information as a
minimum. Figures 14 and 15 can be used as a guide in reporting
these test data. : .

B.9.1.1. The bulk specific gravity of each specimen tested.

B.9.1.2. The maximum specific gravity of the asphaltic con-
crete mixture. ;

B.9.1.3. The height and diameter of all test specimens.

B.9.1.4. The test temperature and load levels used during the
test. : )

B.9.1.5. The resilient modulus measured at the end of the
preconditioning part of the test procedure.

B.9.1.6. The creep modulus values for the times specified, as
a minimum. :

B.9.1.7. The permanent strain measured at the end of the
test, after no-load rebound, and the recovery efficiency of the
mixture.

NOTES
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CREEP MODULUS TEST
(UnzAaxzAL COMPRESSION LOADING)

Figure 14. Uniaxial compression creep modulus data sheet.

IDENTIFICATION:
ProJeEcT NoO.
HiGHwWAY CouNnTY
MixTure I.D.
CORE I.D. STATION DATE CORED
COMPACTED SPECIMEN DATE
REMARKS
SAMPLE DATA
Rice SPECIFIC GRAVITY
BuLk SPECIFIC GRAVITY AIr Voips %
AVERAGE DIAMETER (IN.) 1) 2) 3) AvG.
AVERAGE HEIGHT (IN.) 1) 2) 3) Ave.
TEST CONDITIONS
ToTAL LoaD LBsQ APPLIED STRESS _PSI TEMPERATURE °F
PRECONDITIONING
No. oF CycLES ToTAL RESILIENT MobDuLus KSI
Compress%ve Compressive Load
Loading Vertical Creep Creep Release Vertical
Time Deformation Strain Modulus Time Deformation
(sec.) -(in.) (in./in.) (psi) (sec.) (in.)
0 0
1 1
3 3
10 10
30 30
100 100
300 300
1,000 1,000
3,600 3,600
TESTED BY DATE TESTED




CREEP MODULUS TEST
(INDIRECT TENSILE LOADING)

IDENTIFICATION:

ProJECT NoO.
,HIGHNAY CounTYy
‘MIxTure I.D.

CORE I.D. STATION DATE CORED
COMPACTED SPECIMEN : DATE
REMARKS

SAMPLE DATA

Rice SPECIFIC GRAVITY

BuLk SPECIFIC GRAVITY AIR Vo1DSs %
AveErRAGE DIAMETER (IN.) 1) . 2) 3) AvG.
AVvERAGE HEIGHT (IN.) 1) 2) 3) _ Ave.

TEST CONDITIONS

ToTaL LoAaDp LBS TEMPERATURE °F
AppPLIED TENSILE STRESS PsI COMPRESSIVE STRESS PSI
PRECONDITIONING
No. ofF CyCLES ToTAL RESILIENT MopuLus: KSI
Tensile Tensile Load

Loading| Vertical Horizontal Creep Creep Release| Vertical |Horizontal
Time Deformation| Deformation| Strain Modulus Time {Deformation |Deformation
(sec.) (in.) (in.) (in./in.) (psi) (sec.) (in.)

1,000 1,000

3,600 3,600
TESTED BY ‘ : DATE TESTED

Figure 15. Indirect tensile creep modulus data sheet.
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SECTION 4
GUIDELINES FOR MIXTURE PERFORMANCE EVALUATION

4.1 SCOPE

The guidelines presented in this section of the manual provide
a recommended practice for evaluating asphaltic concrete mix-
tures based on performance-related criteria. The concept of ba-
sing a mixture design procedure directly on performance predic-
tions of asphalt pavements is logical and appropriate, and a
requirement in order to optimize mixture and structural designs.
Mathematical models, however, are required to support this
methodology, and all available models are limited in use to some
degree. Thus, the types of models suggested for use in NCHRP
Project 1-26 (12) were simply accepted and used for mixture
evaluation.

4.2 ASPHALT PAVEMENT/MIXTURE EVALUATION
METHODOLOGY

There are mechanistic models available that can be used to
calculate stresses, strains and deflections within the pavement
structure. The weak links of the methodology are the empirical
or regression models relating pavement response parameters to
pavement distress. These regression models, which are needed
to support the methodology, either do not exist or they are
limited (especially for asphaltic concrete overlays). Some of these
performance models are under development, but are unavailable
for incorporation in AAMAS at this time. Thus, only a recom-
mended practice for asphaltic concrete mixture evaluation is
given.

A number of good methods of evaluating and designing pave-
ments have evolved through the years, each with merit. All
require that the physical and strength characteristics of the sub-
grade soil and other pavement layers be estimated, the loading
frequency be determined, and a thickness of improved materials
necessary to distribute the loads to the subgrade be established.
Some of the mechanistic/empirical models that have been devel-
oped from previous studies are briefly discussed in Part II of this
report. Most use similar engineering properties, such as Poisson’s
ratio, modulus of elasticity, tensile strength, and fatigue con-
stants. The key requirement of the AAMAS is that it control the
material and engineering properties that are considered signifi-
cant input parameters for the structural design and performance
of asphalt pavements.

4.2.1 Design and Evaluation Models. Two common methods
used for the structural design and evaluation of asphaltic con-
crete pavements are AASHTO (6) and the Asphalt Institute’s
Program “DAMA” (7). AASHTO uses the serviceability index
to define pavement failure. In the AASHTO procedure, the
decrease in serviceability is related to an increase in roughness
(and cracking, patching, and rutting to a lesser degree). The
Asphalt Institute’s Program “DAMA” is a mechanistic-
empirical procedure, which uses fatigue cracking and rutting
(permanent deformation) to define failure. The fatigue criterion
is based on minimizing tensile strains at the bottom of the as-
phaltic concrete layer, whereas the rutting criterion is based on

limiting vertical compressive strains at the top of subgrade. Both
strains are computed with elastic layer theory.

In most models, with the exception of Shell (8), rutting is
considered to occur in the subgrade and has been related to
the vertical compressive strain at the top of the subgrade. This
assumption implies that the structural layers above the subgrade
will be constructed such that only negligible rutting will occur
within them. Of course, this is an inaccurate assumption for
those cases where the asphaltic concrete mixtures have inade-
quate shear strength and are susceptible to one-dimensional den-
sification or lateral flow. For the AAMAS, the assumption of
negligible rutting is inappropriate and cannot be made.

4.2.2 Asphalt Pavement Performance Measures. Most of the
original structural design work sponsored as part of FHWA and
NCHRP projects (10, 11) recognized three distresses. These
were: (1) thermal or low temperature cracking, (2) fatigue crack-
ing, and (3) rutting or permanent deformation. Other distress
types can be equally important, but have historically received
much less study. These include stripping or moisture damage,
reduced skid resistance, raveling and bleeding. Although all dis-
tresses could be considered, the following four distresses, re-
sulting from load or environmental conditions, are believed to
be the most important with respect to reductions in serviceability
and in asphalt pavement performance: fatigue cracking, thermal
cracking, permanent deformation, and moisture damage.

Asphalt hardening or aging is also important to long-term
pavement performance. However, this is not a distress, but a
factor having an important impact on the distresses given pre-
viously. This phenomenon must therefore be evaluated. Second-
ary consideration is given to surface deterioration in the form of
raveling or disintegration and loss of skid resistance.

4.2.3 Mixture Evaluation. For the AASHTO procedure, the
final product from a mixture evaluation procedure is simply a
resilient modulus value at 68°F. Although AAMAS and the
AASHTO Design Guide (6, 7) should be compatible, a resilient
modulus measured at 68°F by itself is no more accurate than the
empirical mixture design values, such as a stability number.
Different material properties and a range of test conditions are
needed to evaluate the distresses noted above.

Application of the models suggested for use in NCHRP Project
1-26 (12) permits a design—performance comparison of different
pavement structures supporting different traffic levels over vary-
ing subsurface and climatic conditions. Although these models
consider a wide range of variables and are reasonably detailed,
the distress or damage predictions may only be claimed to be as
good as the state of the art allows and only when traffic estimates,
loads, and tire pressures are reasonably accurate. In other words,
the damage and distress predictions offer valuable information
for purposes of comparisons, but they are approximate, as are
most engineering analyses involving soils and bituminous mix-
tures.

The AAMAS procedure consists of a series of steps using
results from the test program, discussed in Section 3, as well as
interactions with various models predicting the four types of
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distresses noted earlier. The final product of the AAMAS pro-
vides the structural and material combinations needed to meet
the design requirements or assumptions used by the pavement
design engineer.

4.3 GUIDELINES FOR ESTABLISHING LABORATORY
TEST CONDITIONS

One of the important parameters in evaluating asphaltic con-
crete mixtures in the laboratory is to use realistic stress states
for measuring the pertinent engineering properties. Typically,
most of the properties are measured in the steady state or low
stress range. In most cases, this is adequate if only relative com-
parisons of different asphaltic concrete materials are made. For
mixture evaluations, relative comparisons can be inadequate.
Thus, one question to be answered is: Are the stress states used
in the laboratory close to those that actually occur on the road-
way under traffic and environmental loads? Stress state depends
on tire pressure, tire type, axle load, temperature, layer thick-
nesses, pavement type, and so on.

As an example, use of the AASHTO Design Guide requires
that the resilient modulus of asphaltic concrete be measured at
68°F in accordance with ASTM D 4123 to determine the layer
coefficient for thickness determination. In other words, the same
resilient modulus, or layer coefficient, would be selected for a
given material regardless of the environment. However, a mix-
ture placed in southern New Mexico will perform significantly
different from the same mixture placed in northern Maine, even
though both mixtures could have the same resilient modulus at
68°F. Thus, temperature and other environmental factors must
be considered in establishing realistic test conditions for evaluat-
ing asphaltic concrete mixtures.

Three test temperatures have been specified in the laboratory
analyses section for testing asphaltic concrete mixtures. These
temperatures are 41, 77 and 104°F, which are consistent with
most AASHTO and ASTM procedures. For extreme climates,
however, other temperatures will need to be used, or additional
ones added to the test program to cover the expected temperature
range for the site-specific conditions.

To estimate the roadway conditions to be simulated in the
laboratory, elastic layer theory or other response models can be
used to calculate the stresses and strains in an asphaltic concrete
layer under different loading and environmental conditions. Of
course, all assumptions used with elastic layer theory apply to
these recommendations, and the normal and principal stresses
calculated on an element in an asphaltic concrete layer will not
be the same as those, for example, in an indirect tensile specimen.
Thus, it is recommended that the octahedral shear stress theory
(distortion energy theory) be used to calculate those horizontal
and vertical stresses in an indirect tensile specimen to result in
an equivalent maximum octahedral shear stress calculated in the
asphaltic concrete layer. The octahedral shear stress is given by:

Tow = 173 () — 0)? + (0, — 09)* + (o; — 0))%3 4-1)

where 0!, 02, and o3 are the first, second, and third principal
stresses.

The octahedral shear stress at failure represents the critical
shearing stress at yielding. For a precise analysis of stress, elastic
layer theory or finite element analysis can be used to calculate

the normal and principal stresses that exist in an element within
the asphaltic concrete layer for determining the appropriate labo-
ratory loading conditions. This allows factors such as contact
pressures, tire types and total loads to be considered in the
laboratory during mixture design to ensure that the mix can
sustain the imposed stresses. The stresses predicted using the
octahedral shear stress theory are used in the resilient modulus
and static creep tests.

Guidelines are included in the subsections that follow and in
Section 3 for selecting representative values of the compressive
and tensile stresses (or loads) to be used in the test program. The
important point to emphasize for AAMAS is that a similar or
equivalent stress state must be used in the laboratory to charac-
terize asphaltic concrete mixtures and measure those properties
required to predict how they will perform under traffic and the
environment.

4.4 AASHTO STRUCTURAL LAYER COEFFICIENT

As stated earlier, the structural layer coefficient for dense-
graded asphaltic concrete is estimated from the resilient modulus
measured at 68°F in accordance with ASTM D 4123. However,
the response and performance of asphaltic concrete materials are
dependent on the environmental conditions, as well as tire and
axle configurations. One technique that can be used to evaluate
the environmental effects on the structural design is to consider
seasonal fatigue damage. In other words, use seasonal resilient
moduli to calculate seasonal fatigue damage and sum the sea-
sonal damage to determine an annual damage. From the annual
damage, an equivalent asphaltic concrete resilient modulus can
be calculated by the following equation.

z ERx(i) X FF(i)

SFF

whereE . is the equivalent resilient modulus based on a fatigue
damage approach; Ey, is the total resilient modulus as measured
by ASTM D 4123 at the average pavement temperature for
season #; and FF is the fatigue factors obtained from Figure 16.

Equation 4-2 includes only the damage associated with fatigue
cracking and ignores any damage caused by permanent deforma-
tion and disintegration. This is a necessary assumption because
of the limited tie between resilient modulus and fatigue cracking
and layer coefficients. It does, however, allow seasonal and envi-
ronmental effects to be used in estimating the AASHTO struc-
tural layer coefficient. Figure 17 is a chart for plotting the test
results of total resilient modulus (unconditioned) versus temper-
ature, as compared to the range of values that are appropriate
for higher volume roadways.

The following is a step-by-step procedure that can be used to
ensure that the asphaltic concrete mixture meets or exceeds the
layer coefficient assumed during structural design.

Ere = “4-2)

o Obtain the seasonal average pavement temperature for each
season.
o Determine the total resilient modulus at each seasonal tem-

perature.

o Obtain the fatigue factor for each seasonal resilient modulus

- from Figure 16.

o Calculate the equivalent resilient modulus using Eq. 4-2.
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Figure 16. Estimation of the fatigue factor to determine an equivalent annual resilient modulus (10).

This equivalent resilient modulus should equal or exceed the

modulus value used to estimate the AASHTO structural layer

coefficient used for design (Figure 18 (6). The General Pavement
Sections (GPS) projects of the SHRP Long-Term Pavement Per-
formance (LTPP) program are to provide the necessary pave-
ment performance data to find the resilient modulus-AASHTO
layer coefficient relationship to be adequate, with or without
modification, or inappropriate.

4.5 RUTTING

Resurfacing and rehabilitation have become major items in
asphaltic concrete mixture use. This usually means paving adja-
cent to traffic and opening the fresh mix to traffic, as soon as
possible. Under these conditions, the earliest distress that must

be designed against is rutting or shoving. It should not be ex- -

pected, however, that a mix design procedure alone can over-
come all cases of construction expediency. Some restraint in this
operation is necessary to prevent early rutting, even with the
most stable mixtures. _ '

4.5.1 Types of Rutting. Two types of rutting are considered.
These are (1) one dimensional densification and (2) the lateral
movement or plastic flow of asphalt. The more severe premature

rutting failures and distortion of asphaltic concrete materials are
related to lateral flow and loss of shear strength of the mix, rather
than densification. However, there is no mechanistic-empirical
model that adequately considers the lateral flow problem. In the
laboratory, there are devices that have been used (such as the

" rolling wheels over beam specimens) to evaluate lateral flow, but
. with varying degrees of success.

Rutting caused by traffic densification of high air void mix-
tures is usually not considered during initial mixture design,
because it is assumed that good engineering and construction
practices will be followed and proper compaction will be
achieved on the roadway. Current mixture design procedures do
address rutting and instability caused by overfilling the total
voids with asphalt.

Rutting from one-dimensional densification can be estimated
using the traffic densification procedure (see Section 3). This
reduction in layer thickness of the asphaltic concrete is based on
testing cylindrical compression samples. More directly, however,
the reduction in air voids (one-dimensional densification) can be
estimated using the Corps of Engineers GTM or Texas Gyratory
Shear device by simply increasing the compactive effort (number
of gyrations) to mixture refusal. Densification with these devices
is restricted to the vertical direction. Limiting the air voids at

. mixture refusal limits the amount of additional densification

caused by traffic, assuming that the mixture is properly com-

10.000
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pacted on the roadway. The air voids at mixture refusal should
be greater than 3 percent when compacted with the gyratory
devices.

The air void content at which no reduction in air voids occurs
with additional compactive effort was defined as the ultimate or
refusal air void content for the JMF. If the asphaltic concrete
layers are compacted in the field to a proper air void range

(typically 5 to 7 percent) and the mix is designed such that the
ultimate air void content is greater than 3 percent, one-
dimensional densification of the mixture should not be a prob-
lem. From a rutting point of view, AAMAS assumes that the
mixture will be adequately compacted on the roadway.
However, mixtures have been placed with air void contents in
excess of 10 percent. At these high air voids, one dimensional



45

0.5
| | | | |
= 0.4 e
S o /
e
- 3 | —
50 :
§ ;‘ﬁ) 0.3
=5
S W - _
09
5 O
= %é 0.2
- O
© =
28 — -
S'g
& < 041
0.0 | | | | |
0 100,000 200,000 300,000 400,000 500,000

Elastic Modulus, Ex¢ (psi), of Asphalt
Concrete (at 68 °F)

Figure 18. Chart for estimating structural layer coefficient of dense-graded asphaltic concrete based on the elastic (resilient)

modulus (7).

densification can be a problem. If high air void mixtures are to
be evaluated from a rutting standpoint, the initial compaction of
test specimens prior to the traffic densification procedure of
Section 3 must be experimentally varied to result in a higher air
void content designated by the user. The same type of tests would
then be employed as for the traffic densification procedure to
measure those properties at the higher air void contents.

The Corps of Engineers GTM (using the air or oil-filled roller)
is the only compaction device that will directly evaluate one-
dimensional densification and the reduction in shear strength of
the mixture with number of revolutions, to simulate thousands
or millions of traffic applications. Goetz (/3) and Ruth at the
University of Florida have both found it to be a good tool for
measuring changes in compaction and shear strain properties

due to traffic densification of asphaltic concrete materials. Both
have suggested its use in mixture design and evaluation, and it
is recommended for use in AAMAS to estimate the potential for
lateral movement of materials (reduction in shear strength) un-
der traffic loads. However, the test results from the GTM are
not requiréd by the mechanistic-empirical models suggested for
use by NCHRP Project 1-26. Thus, a limiting shear stress value
of 54 is suggested for use for high volume roadways. Mixtures
with lower shear stress values (50 to 54) can be used, as long as
the shear stress is not decreasing with number of revolutions.
The use of other tests is required to provide those parameters
for the model suggested for use by NCHRP Project 1-26 (12).

4.5.2 Rutting Models. Using the stiffnesses of the asphaltic
concrete mixture, the level of permanent deformation or rutting
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in the wheel path can be predicted by rutting rate equations. One
of these equations (reviewed by Thompson (I2) in NCHRP
Project 1-26) is shown below:

RR = AN™ 4-3)

where RR is the rutting rate (or the change in sample height)
per load application; N is the number of repeated load applica-
tions, and A,m are constants developed from field calibrated
laboratory testing data. .

The integral of Eq. 4-3 over the total number of traffic applica-
tions is the expected rut depth. Another approach to modeling
rut depths (in terms of permanent strain) yields the following
equation that is more applicable to an asphaltic concrete mixture
design procedure.

loge, =log A + mlog N 44

where €, is the accumulated permanent strain in the asphaltic
concrete layer, and A,m are constants developed from laboratory
test data using repetitive loading techniques, and correlated to
field performance data.

The constants A and m can be estimated from static creep
tests for the same loading conditions by use of the following
relationships, which are correlated to a loading frequency of 1
cps.

A=a(t,)c—¢, @4-5)
and

loga + 3.5563 m_ + log (¢/ — X) — log[a (0.1)™ — ¢,,]
"= 4.5563

4-6)

- .

where m_ is the slope of the static creep-time curve in the steady
state région; a is the intercept of the creep-time curve on the
axial creep strain axis at time equal to 1 sec; #, is loading time,
sec; €,, is total resilient or recovered strain from the repeated
load test; and X is percent recoverable creep or the recovery
efficiency from static loads.

Using this approach, the asphaltic concrete layer can be subdi-
vided into discrete lifts and the accumulated permanent strain
calculated for each of the lifts. The accumulated permanent
strain is then summed for the entire asphaltic concrete layer to
determine the expected change in total layer thickness:

Ah = == h; @7

where h; is the thickness of lift /, and N, is the number of discrete
lifts.

Subdividing the asphaltic concrete layer into separate lifts
permits the stress state on an asphaltic concrete element to be
varied with layer depth. The limiting value of the accumulated
permanent strain is defined so that strain hardening and other
distortions do not occur in the asphaltic concrete material. This
value is estimated by the following equation:

€, <05¢, — ¢, (4-8)

where € ,, is the asphaltic concrete axial compressive strain mea-
sured at maximum load during an unconfined triaxial compres-
sion test; and ¢, is the total strain (recovered) that is used to
calculate the compressive resilient modulus for a loading fre-
quency of 1 cps (0.1-sec load duration and 0.9-sec rest period).

The compressive stress applied to the specimens during the
resilient modulus and creep tests should be consistent with the
calculated stress state in the pavement structure. Figures 19
through 22 show graphical solutions of the range of data that
can be generated for different pavements, climates and loading
conditions, as initially developed by Mahboub and Little (/4).
The figures can be used as “rough” guidelines for mixture evalua-
tion on high-volume roadways.

4.6 FATIGUE CRACKING

A longer term distress mode considered by most design and
evaluation procedures is fatigue cracking. Fatigue failures are
accelerated by high air voids, which in addition to creating a
weaker mixture, also increases the oxidation rate of the asphalt
film. The development of fatigue cracks is related to the tensile
strain at the bottom of the asphaltic concrete-layer. Most models
use either a two or a three parameter form of fatigue curve that
relates the number of load applications to some defined failure
condition to an initial tensile strain. A typical relationship used
for evaluating the fatigue resistance of asphaltic concrete mix-
tures is:

N=K, ()™ “4-9)

where N is number of allowable wheel load applications to fail-
ure, €, is the tensile strain at the bottom of the asphaltic concrete
layer, and K, n are the fatigue regression constants developed
from correlations between field and laboratory test data.

The fatigue constants K, and n have been related to different
material properties, such as resilient modulus and indirect tensile
strength. Use of the resilient modulus is the more common. One
set of relationships to calculate these constants from the resilient
mgdulus (9) is shown, as follows:

(4-10)
@-11)

K, = Kig (Eg/Eg,)"*
n = 175 — 0.252 log K,

in which: Ep is the resilient modulus of the asphaltic concrete
at a selected temperature, psi; E, is the reference modulus (from
the AASHO Road Test, E5, = 500,000 psi); and K, is the
reference coefficient for E, = Ep, (from AASHO Road Test
data, K, = 7.87 X 1077).

By using ASTM D 4123, as recommended by the AASHTO
Design Guide (6), either a total or an instantaneous resilient
modulus can be calculated. The one to be used for fatigue crack-
ing evaluation depends on how the stiffness measurements were
made during development of the selected fatigue curve. For
example, the resilient modulus values considered in the above
fatigue equations were originally taken from NCHRP Project
1-10B (10) and the curves were modified based on the total
resilient modulus and other field data. Thus, the total resilient
modulus calculated from total recoverable deformations should
be used for compatibility with the above fatigue relationship
and AASHTO layer coefficients (see subsection 4.4). The total
resilient modulus obtained at each temperature should be greater



10

L ol i bl ll L Lol L L L21 1 bdd-3-5-34
T LIMAE But S dn B 8 4 T T 51ty L T 1T T S 80

) S ] 1AL
LANND BER BB 2n I 8 4

1l Area of Low
- Rutting Potential

n
A, 10%]
7)
E
o
o
o
= Area of Moderate
% Rutting Potential
o 10° (Merginal Mixture
L'.J' I Characteristics) -
_ Area of High
{ - Rutting Potential
102 - -
10 10° 103 10* 10°

Loading Time, sec.

Figure 19. Asphaltic concrete mixture rutting potential for the lower layers of full-depth asphalt pa'vements.

Ly



Creep Modulus, psi

10

bbb i bl
T T5e87

10

il b bl d $ b 122 d dd—dd-d-04
TITes T | EEN m e B B § 1 4 T v LR A2

10

Area of Low
Rutting Potential -

Area of Moderate
Rutting Potential

10

'l
T

b L L1
T T TR rr

(Marginal Mixture
Characteristics)

dded-d-d-d 'l ol d b i bl L 4 L LLlL
LAR 4 T T T rrees T T § T T 0IT

-

10 10° 10

"3

10

Loading Time, sec.

Figure 20. Asphaltic concrete mixture rutting potential for intermediate layers in thick or full-depth asphalt pavements.

Area of High
Rutting Potential

14



Creep Modulus, psi

10

—3-1.11
TY

Area of Low

Rutting Potential

Area of Moderate
Rutting Potential

(Marginal Mixture .
Characteristics)
109 |
T Area of High
Rutting Potential
102 -ttt
1 10 10° 103 10% 10°

Loading Time, sec.

Figure 21. Asphaltic concrete mixture mtting potential for surface layers of asphaltic concrete pavements.

6v



Creep Modulus, psi

10

10

Area of Low

Rutting Potential
Area of Moderate
Rutting Potential
(Marginal Mixture
Characteristics)

1 Area of High
-7 Rutting Potential

10

4 5

4

10 109 10 10

Loading Time, sec.

Figure 22. Asphaltic concrete mixture rutting potential for layers placed over rigid pavements or rigid base materials.

0s



than the values assumed for structural design. If these values are
less than the assumed design values, especially at 77 and 104°F,
the mixture will need to be revised or the pavement redesigned
using the actual measured values.

The same reasoning applies to the selection of a structural
response model for calculation of tensile strains at the bottom of
the asphaltic concrete layer. If tensile strains were calculated
with elastic layer theory to develop the fatigue curves, elastic
layer theory must also be used to calculate the same strains for
a fatigue cracking analysis of a pavement structure to ensure
compatibility. In other words, finite element analysis should not

be used to calculate tensile strains for use with fatigue curves

that were developed using elastic layer theory or some other
model.

There are two methods that can be used for evaluating as-
phaltic concrete mixtures for fatigue cracking. The first is to
ensure that the mixture meets or exceeds the fatigue resistance
of a “standard” material (which is assumed in structural design),
and the second is to ensure that the mixture has the required
fatigue resistance for the specific environment and pavement
cross section. This second method requires that the fatigue prop-
erties of the mixture be measured from laboratory fatigue tests
or estimated from other mixture properties.

For purposes of AAMAS, the standard mixture will be the
dense-graded asphaltic concrete placed at the AASHTO Road
Test. The fatigue curves from NCHRP 1-10B (10) were devel-
oped from these data, which have been used in other research
and design studies (9, 11). Figure 23 shows two relationships
between the total resilient modulus and indirect tensile strain at
failure for the standard mixture. The difference is that NCHRP
1-10B (10) assumed a constant slope of the fatigue curves,
whereas, the FHWA study (9) varied the slope of the fatigue
curves.

If the total resilient modulus and indirect tensile strains at
failure for a particular mixture plot above the standard mixture
(FHWA fatigue curve is recommended), it is assumed that the
mixture has better fatigue resistance than the standard mixture.
Again, this assumes that the layer thickness design was based on
the “standard” mixture. If the standard mixture was not used
for the layer thickness design, the following equations can be
used to calculate the fatigue coefficients of Eq. 4-9 to ensure that
the asphaltic concrete layer has the necessary fatigue resistance
for the specific structure, traffic loads, and environment:

€(i) < &)

€,(T;) = indirect tensile strain at failure (unconditioned) mea-
sured at temperature T;

€/(T;) = accumulated permanent tensile strain (fatigue) for
temperature T;
N=K, ()™
n = 1.75-0.2521logK,
K, = C,[Eg/Eg 1% 4-12)
1.3510ge, (T;) Eg(T})
ogC, 18| 7 ~68) @-13)

1+ 0252loge, (T})

Estimating the fatigue curves using the above procedure requires
that equations for different test temperatures be solved simulta-
neously, and a pavement response model (elastic layer theory)
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be used to calculate tensile strains in the asphaltic concrete
layer for different seasonal temperatures for a specific pavement
structure. This is time consuming and requires numerous compu-
tations. Thus, it is recommended that the test results be com-
pared to the “standard” mixture in Figure 23 for evaluating the
fatigue resistance of mixtures.

4.7 THERMAL CRACKING

Thermal cracking is considered a nontraffic-associated frac-
ture distress that is common, but not confined, to the northern
United States. This type of cracking presents a serious problem
during mixture design because it is difficult to evaluate and
predict. The reason for this difficulty is related to the aging
characteristics and viscoelastic properties of the asphalt. Low-
temperature cracking results when the tensile stresses, caused by
temperature drops, exceed the mixture’s fracture strength. The
rate at which thermal cracks occur is dependent on the asphalt
rheology properties, mixture properties, and environmental
factors.

Many detailed studies have focused on thermal cracking, and
some have resulted in the development of detailed prediction
models. Their success in predicting actual performance observa-
tions, however, has been limited. Most of these models make use
of the mixture strength-temperature and mixture stiffness-
temperature relationships to predict the critical temperature at
which low-temperature cracking is expected to occur. Program
TC, which was considered a candidate in NCHRP Project 1-26,
is one of these programs.

- To evaluate thermal cracking, certain critical mixture proper-
ties, as well as project-specific environmental conditions, must
be measured. These mixture properties include indirect tensile
strength, low-temperature creep modulus, failure strains and the
thermal coefficient of contraction. The thermal coefficient of
contraction is usually not measured, but assumed for the thermal
tensile stress calculations. A value typically used for dense-
graded asphaltic concrete mixes is 1.25 X 10~3 in./in./°F. The
other three properties, however, are measured over the range of
low temperatures to which the pavement is subjected.

The mixture’s strength is measured using the indirect tensile
strength test on aged/hardened specimens (environmental aging
simulation) at a loading rate of 0.050 in. per min. Although
thermal loads are applied at a much slower rate, values of 0.05
and 0.065 in. per min were used in developing the prediction
models. With these values, Program TC can be used to calculate
the occurrence of thermal cracks with time. Program TC esti-
mates the creep modulus used in low-temperature cracking eval-
uations at a minimum loading time of 3,600 sec (1 hour) from
regression equations for material properties of the asphalt.

In summary, the change in tensile stress, Ao~ (T}), caused by
a drop in temperature of the asphaltic concrete surface layer can
be calculated with the following equation:

Ao (T) = a, (AT)) AE,, (@-14)
where a4 is the thermal coefficient of contraction of the asphaltic
concrete (typical values range from 1.0 X 10—5to 1.8 X 10—5
in./in./°F; AT, is the change or drop in temperature, °F; and
AE,, is the change in mixture stiffness (creep modulus) caused
by a drop in temperature of AT}, psi.

The tensile strength and stiffness of the mixture can be mea-
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sured at various temperatures using slow loading rates and ex-
tended loading times, respectively. For most mixtures within a
reasonable temperature range, there is a relationship between
stiffness and strength that can be represented by:

log E, (T;) = logE, + n, log S, (T}) (4-15)

where S, (T;) is the indirect tensile strength measured at tempera-

ture T, psi; E, is a regression constant developed from the
laboratory test data; n, is the slope of the relationship between
indirect tensile strength and total resilient modulus of the mix-
ture measured at temperatures of 41, 77, and 104°F (uncondi-
tioned); and E_ (T;) is the indirect tensile creep modulus mea-
sured at temperature T,

The stiffness and strength of the asphaltic concrete mixture
vary with both temperature and loading time, as the temperature



decreases. The tensile strain is constant at a particular tempera-
ture change, but the tensile stress decreases because of stress
relaxation during a constant strain test. The decrease in the
thermal stress due to stress relaxation can be approximated by:
o (T)) = a,(AT) E(T) (t,)"" (4-16)
where n,_ is the slope of the indirect tensile creep curve at temper-
ature T;; E (T;) is the intercept of the indirect tensile creep curve
at temperature T, psi; ¢, is the relaxation time, and is assumed
to be 3,600 sec for most examples; and AT is the critical tempera-
ture change at which cracking is expected to occur, °F.
Obviously, measuring all of these properties over a range of
temperatures, including values less than O°F, is time consuming
and unpractical from a mixture design/evaluation point of view.
Thus, the foregoing relationships were combined and it was
assumed that the slopes, at these lower temperatures, are inde-
pendent of temperatures. The critical temperature change at
which cracking occurs can be estimated by the following
equation.

E, (@] _ e @17)
EO

AT = [
a, E(T)

4.8 MOISTURE DAMAGE

Moisture damage is a serious problem, particularly on high
traffic roadways. It is caused by a loss of adhesion or bond
between the asphalt and aggregate in the presence of moisture.
Currently, the moisture damage evaluation (tensile strength and
resilient moduli ratios, TSR and MRR) of AAMAS is simply
used as a means of accepting or rejecting a mixture. However,
programs ACOMDAS 2 and 3 can be used to evaluate the effect
of moisture on fatigue cracking and rutting potential of the
asphaltic concrete mixture, respectively. These programs can be
obtained from the University of Idaho. Both of the above ratios
should exceed a value of 0.80 for dense-graded asphaltic con-
crete. If values less than 0.80 are measured, an asphalt additive
or antistripping agent may be required or the aggregate blend
may need modification. If these values are less than 0.70, an
antistripping agent will be required for the aggregate blend.

It should be pointed out that additional work with the use of
tensile strains in the moisture damage area was conducted as
part of NCHRP Project 9-6(1). For example, the adhesion prop-
erties are believed to be more directly related to failure strains
than stiffness. For example, using ASTM D 4123, the resilient
moduli is calculated using recoverable strains; no provision is
provided for measuring either the total or the nonrecoverable
strain. However, if the nonrecoverable or plastic strain after
moisture conditioning increases more than the recoverable strain
does and, if the total strain remains constant, then the resilient
moduli will increase after moisture conditioning. A total strain
ratio would be capable of evaluating these effects, whereas the
MRR ratio can not. Until more data can be accumulated, the
tensile strain ratio should be greater than 0.80.
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4.9 DISINTEGRATION

Disintegration is primarily related to environmental and mate-
rial factors, but the severity of the distress is dependent on the
magnitude and number of wheel load applications. Raveling
and reduced skid resistance are the two disintegration distresses
considered in AAMAS. Increasing the asphalt content in the
mix will increase film thickness and decrease asphalt aging, re-
ducing the severity of raveling. Conversely, this increase in as-
phalt content will also reduce air voids, which can increase the
possibility of flushing (or bleeding) and reduce skid resistance.
Thus, both upper and lower bounds on asphalt content exist and
must be considered in mixture design to reduce disintegration
distresses. '

Raveling is directly related to the adhesion between the asphalt
and aggregate. The factors that have an effect on the adhesion
property include a combination of asphalt consistency and film
thickness, aggregate cleanliness, shape and texture, air void con-
tent of the mix, and absorption. Reduced skid resistance in the
form of flushing is also related to a combination of these same
factors (asphalt consistency and amount, air voids, and aggregate
shape and texture).

Disintegration distresses are important but are considered sec-
ondary, because there are no mechanistic-empirical models that
can be used to relate performance to mixture design values. The
LTPP program of SHRP is collecting performance and materials
data to develop such models. In the interim, subjective parame-
ters and values must be used for mixture evaluation. Three of
these parameters are tensile strain at failure, tensile strength
ratio (moisture damage), and air voids.

Tensile strain at failure is a measure of the bond or adhesion
between the aggregate and asphalt. Obviously the greater the
bond, the less probability for raveling. A low tensile strength
ratio is a measure of moisture damage or loss of bond between
the asphalt and aggregate caused by water. Thus, if a surface
mixture is susceptible to moisture damage, it is similarly suscepti-
ble to raveling. Reducing the air voids will generally reduce
moisture damage and asphalt aging. Conversely, for asphaltic
concrete mixes to be resistant to reduced skid resistance and
flushing at the surface, the mix must contain adequate air voids
after traffic densification.

The following summarizes the criteria that can be used as
guidelines, in the interim, to evaluate the acceptability of surface
mixtures as related to disintegration: (1) air voids at refusal >
3 percent; (2) indirect tensile strength ratio, TSR > 0.80; (3)
bonding loss < 50; and (4) tensile strain at failure > 10 mils/
in. at 77°F and greater than 2.0 mils/in. at 41°F after accelerated

aging.

Bonding Loss = [1 — ¢,,/¢,,] X 100 (4-18)
where ¢,, is the indirect tensile strain at failure measured on
specimens that have been temperature conditioned (accelerated
aging); and €, is the indirect tensile strain at failure measured
on unconditioned specimens.

Retained bond is simply a value that represents the decrease
in tensile strain at failure as a result of age/hardening and/or
moisture damage.
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SECTION 5
AAMAS—MIXTURE DESIGN EXAMPLE PROBLEM

The following subsections describe an example problem illus-
trating the use of Sections 2 and 4 of Part I. Section 3 covers the
laboratory testing procedures for mixture analyses; therefore,
only the results from these tests are used in the example problem.

The first part of the example problem (subsection 5.2) includes
an evaluation of a dense-graded asphaltic concrete mixture using
the test procedures (Section 3) and analysis methods described
in Section 4 of the manual. The second part of the example
problem (subsection 5.3) includes a redesign of the mixture using
performance-related criteria. To facilitate the use of the example
problem, the appropriate charts and worksheets have been in-
cluded to demonstrate the procedures.

5.1 ASSUMPTIONS FOR EXAMPLE PROBLEM

A dense-graded asphaltic concrete mixture has been proposed
for use on an interstate highway in central Texas. For simplicity,

HOT-MIX ASPHIALT DESIGN

DATE : TECHNICIAN :

only the cumulative number of 18 kip equivalent single axle
loads (ESALs) will be considered in the example, which is five
million 18-kip ESALs over a 20-year design life. It is anticipated
that the tire pressures of those trucks that will use this facility
on a routine basis will be operated in the range of 120 to 140 psi.
The pavement structure designed for this facility is as follows:

LAYER ASSUMED
THICKNESS, LAYER
MATERIAL (Inches) COEFFICIENT
Surface mix—HMAC 1% 0.44
Base course mix—HMAC 6 0.40
Crushed stone flexible base 12 0.14
Lime stabilized subgrade 8 —_—

The structural number for this proposed pavement is 4.74.
A mixture design for the asphaltic concrete base course mate-
rial was completed in accordance with Marshall procedures. The
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results of this design (aggregate gradation and design asphalt
content (5.4 percent), based on total mix weight) is shown on
the FHWA 0.45 Power Gradation Chart (see Chart 1). Other
material properties for both the asphalt and aggregate blend have
been included on the mixture gradation chart.

The problem is to determine whether this mixture, as designed,
has sufficient strength and durability to meet or exceed the initial
design requirements without experiencing premature or acceler-
ated pavement distress.

5.2 MIXTURE PERFORMANCE EVALUATION

An asphaltic concrete mixture for the dense-graded asphaltic
concrete base material was prepared and mixed in the laboratory
in accordance with Section 3 of the manual. Details of the mix-
ture preparation and compaction will not be discussed in detail
for the example problem.

Program ASPHALT was initially used to theoretically deter-
mine a design asphalt content at a 3.0 percent air void content.
This theoretical target value was 4.5 percent, significantly less
than the laboratory target value. This is the first indication that
the proposed mix may be insufficient.

The following discusses how the test results from Section
3 are used in Section 4 for the mixture evaluation based on
performance-related criteria. The presentation of the test data
used in this example is included in the charts that follow this
section.

1. Confirm AASHTO Layer Coefficient (Section 4,
Subsection 4.4)

1.a—The indirect tensile strength and total resilient modulus
are measured on the unconditioned diametral specimens in ac-
cordance with subsection 3.9.2 of Section 3. The tensile stress
used at each temperature (41, 77, and 104°F) is that required
only to obtain an accurate deformation reading (20, 10, and 5
psi were used for each test temperature, respectively). The total
resilient modulus is plotted as a function of test temperature (see
Chart 2).

1.b—The modulus of elasticity at 68°F is interpolated from the
laboratory test data. For this example, the AASHTO modulus of
elasticity is 350,000 psi (Chart 2), which correlates to an
AASHTO coefficient of 0.39 (Chart 3). This value is slightly
less than the value assumed in structural design (0.40; refer to
subsection 5.1).

1.c—For simplicity, the average seasonal pavement tempera-
tures assumed for this example are 41, 70, and 104°F for winter,
fall and spring, and summer, respectively. From the repeated
load indirect tensile test (Chart 2) the total resilient moduli are
estimated for each season. For this example, these values are
1,250 ksi for winter, 290 ksi for the spring and fall, and 84 ksi
for the summer months (Chart 2). The fatigue factors are then
determined for each season using these total resilient moduli,
and are 0.17 for winter, 3.0 for the spring and fall, and 34.0 for
the summer (see Chart 4). Equation 4-2 in Section 4 is used to
calculate the equivalent total resilient modulus based on a fatigue
damage approach. The resulting equivalent total resilient modu-
lus is 120 ksi for the assumed conditions, as shown below:

1250 ksi (0.17) + 290 ksi (3.0) + 290 ksi (3.0) + 84 ksi (34.0)
0.17 + 3.0 + 3.0 + 340

= 120 ksi

The layer coefficient that correlates to this modulus value (120

Total Resilient Modulus, psi x 105

Structural Layer Coefficient, a4 , for

(Indirect Tensile Loadings)

Asphalt Concrete Surface Course
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ksi) is 0.21 (Chart 3), which is significantly less than the value
assumed for the structural design.

2. Check Resistance to Fatigue Cracking

2.a—For this example, the test results will only be compared
to the “standard” mixture curve (Figure 23 in Section 4). The
indirect tensile strains at failure and total resilient moduli are
measured on the same specimen in accordance with subsection
4.9.2 of Section 4. Values are measured at 41, 77, and 104°F.

2.b—The test results from each specimen are plotted on Figure
23 of Section 4 and compared to the “standard” mix (see Chart
5). In summary, the proposed mixture for the base course has
slightly deficient fatigue resistance when compared to the stan-
dard mix. Thus, fatigue cracking should be expected, prior to 20
years.

3. Check for Resistance to Rutting

3.a—Using the indirect tensile instantaneous resilient modu-
lus measured at 104°F (150 ksi), elastic layer theory is used to
calculate the stresses and strains at different intervals in the
asphaltic concrete base course layer. An average tire pressure of
130 psi was used in the computations. The compressive stresses
for this example vary from 115 psi at the top of the layer to 20
psi at the bottom of the layer—a significant variation. With this
large variation it would be better to subdivide the layer into
intervals and characterize the mixture’s response at the critical
condition (i.e., near the surface) or vary the compressive stresses
in the test program, which requires additional specimens. For
this example, a compressive stress of 65 psi (the point at which
the horizontal stresses are approximately 0) was used, for sim-
plicity, to represent the entire layer.

3.b—The repeated load uniaxial compression resilient modu-
lus and the compressive creep modulus are measured on the
traffic densified specimens at a test temperature of 104°F in
accordance with subsection 3.9.5 of Section 3. The compressive
stress used in the creep test is the value listed above (65 psi).

3.c—These test results or creep moduli at different loading
times can be plotted on the chart illustrating the rutting potential
for asphaltic concrete pavements (see Chart 6). These results
indicate that the proposed asphaltic concrete base mixture is
highly susceptible to permanent deformation or rutting. The
Corps of Engineers Gyratory Testing Machine (GTM) was also
used to densify and test the proposed mixture. The gyratory
shear value after initial densification was 80 psi; however, the
mixture became plastic after approximately 100 revolutions.
Thus, the GTM also indicated that the mixture would be highly
susceptible to permanent deformation and lateral flow. These
results are not graphically presented because they are part of the
test procedure in Section 3, paragraph 3.8.3.2.

3.d—Results of the creep test were also used to calculate the
amount of rutting in accordance with the equation recommended
by NCHRP Project 1-26. First, the creep strain is plotted as a
function of loading time (see Chart 7). From these test results,
the slope of the creep curve, n, and the intercept of the creep
curve, a, are calculated from the test results. For this example,
the slope of the creep curve was measured at 0.212 and the
intercept was 6.2 mils/in. (Chart 7).

After 1 hour of no load on the test specimen, a permanent
strain of 5.04 mils/in. was measured at the end of the test. Thus,
the recovery efficiency, X, of this mixture was 20 percent (1 —
(5.04/6.33) = 0.20).
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The total resilient deformation measured during the repeated
load uniaxial compression test (preconditioning period prior to
the creep test) was measured at 2.5 mils per in.

Using these values, the coefficients of A and m can be calcu-
lated using Eqgs. 4-5 and 4-6 in Section 4. These coefficients are
used to determine the accumulated permanent strain in accord-
ance with the equation recommended by NCHRP Project 1-26
(Eq. 4-4, Section 4). Results of the computations are m = 0.293
and A = 3.7 X 1073 in./in.

Thus, the accumulated permanent strain, €, for these coeffi-
cients was 0.226 in. per in. or approximately 1.36 in. of rutting
for the entire asphaltic concrete base layer. As such, the mixture
has deficient resistance to rutting, or premature and accelerated
rutting should be anticipated.

In summary, the mix as designed will experience premature
deterioration under the traffic and environmental conditions as-
sumed for this example. The proposed mix does not meet the
initial structural design assumptions.

5.3 MIXTURE DESIGN

Because the asphaltic concrete base mixture did not meet the
initial design assumption, this mix was redesigned in accordance
with Section 2 of the manual. The redesign of the mix is very
briefly discussed in this section. Results of the mixture design
tests are graphically presented in the hot-mix asphaltic concrete
design analyses chart. These results have been plotted as a func-

CREEP STRAIN AS A FUNCTION

tion of asphalt content by volume. Section 2 of this manual was
used to determine a design asphalt content and an allowable
range of the design values using the criteria for resistance to
fracture, shear displacements, and uniaxial deformations, in ac-
cordance with subsection 2.10, of Section 2.

1. Selection of “Seed” Asphalt Content

Program ASPHALT was used to select an initial asphalt con-
crete using the combined aggregate gradation shown on the
FHWA 0.45 Power Gradation Chart. The “seed” asphalt con-
tent at an air void level of 3 percent was 4.5 percent. Five asphalt
contents (two below and two above this seed value) were selected
for preparing test specimens. These values were 3.5, 4.0, 5.0,
5.5 percent by total mix weight. Results of the indirect tensile,
gyratory shear strength, and uniaxial compression creep tests
are shown on the worksheet (Chart 8). The refusal air voids,
VFA, VMA, and mix unit weight are shown on Chart 9.

2. AASHTO Layer Coefficient

The chart for estimating structural layer coefficient of dense-
graded asphaltic concrete materials is used to define the mini-
mum elastic modulus of the asphaltic concrete mix for the layer
coefficient assumed in design. For this case, an assumed value
of 0.40 results in a minimum elastic modulus at 77°F of 300 ksi
(see Chart 10). Those asphalt content values by volume that
exceed the minimum value range from 6.9 to 9.7 percent (see
Chart 8). This allowable range of values is entered on the work-
sheet for the summary of mixture design tests (see Chart 12).
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voids, VMA, and VFA are also entered on the Worksheet (Chart
9). For this specific case, the VMA is relatively low for all asphalt
contents.

Using results summarized on the worksheet for mixture design
tests the design asphalt content by volume is 8.1 percent to
satisfy all engineering properties and results in the maximum unit
weight of the mixture (see Chart 12). The allowable range of
asphalt contents that will satisfy all of the engineering properties
and most of the compaction properties (with the exception of
VMA) is 7.5 to 8.8 percent by volume. Thus, a design asphalt
content of 8.1 percent by volume (approximately 4.6 percent by
total mix weight) was selected.

Section 4 of the manual was used to reevaluate the job mix
formula, but with the new design asphalt content to demonstrate
the change in material properties at these different asphalt con-
tents. These results are reported in the same manner as for the
first part of the example problem, but are included at the end of
this section. The following summarizes those values previously
noted in the first part:

¢ The elastic moduli of the asphaltic concrete at 68°F is 900
ksi (see Chart 13), which will greatly exceed the assumed layer
coefficient of 0.40 (see Chart 14).
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» The equivalent annual modulus for the revised asphaltic
concrete mix is 373 ksi (calculated from Chart 15), and corres-
ponds to a layer coefficient of 0.41 (Chart 14), exceeding the
assumed value.

o The indirect tensile strain at failure and repeated load resil-
ient modulus tests exceed the minimum requirements of the
standard mixture (see Chart 16). Thus, the mix equals or exceeds
the design requirements for fatigue cracking.

o The creep moduli values measured are in the upper portion
of the area for moderate rutting potential (see Chart 17). The
equations presented in Section 4 of this manual were used to
calculate an expected rut depth. Results of the creep testing were
(see Chart 18): the slope of the creep curve, m, = 0.218; the
intercept, @ = 1.6 mils/in.; the recovery efficiency, X = 0.38;
and the total resilient deformation, €,, = 0.335 mils/in. Using
the equations in Section 4, the coefficients for the permanent
deformation equation are m = 0.213 and A = 1.27 mils/in.

Using these coefficients, the permanent strain, €, = 0.0253
in./in., for only the summer months. This results in an approxi-
mate rut depth of 0.15 in. Thus, the revised mixture satisfies all
conditions assumed during the structural design.
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Part ll—Research Report

For Evaluation and Design of Asphaltic Concrete

Mixtures

SUMMARY

This report presents the results of a study to develop an Asphalt-Aggregate Mixture
Analysis System (AAMAS) for the evaluation of paving mixtures based on
performance-related criteria. The final report is divided into two parts. Part I is the
Procedural Manual for mixture design and AAMAS, and Part II provides discussion
on all tasks conducted under Project 9-6(1). '

Part I of this report is divided into five sections. Section 1, Selection of Mixture
Components, presents the guidelines and criteria recommended for selecting the mix-
ture components; Section 2 is the mixture design procedure; Section 3, Mixture Analy-
ses, discusses the test procedures that are required for AAMAS; and Section 4, Mixture
Performance Evaluation, discusses the mechanistic-empirical procedures used to pre-
dict mixture behavior under traffic and environmental loads. Section 5 presents an
example problem illustrating the use of Sections 2, 3, and 4 of Part I, together with
the applicable worksheets.

The design of dense-graded asphaltic concrete mixtures can be completed in accord-
ance with either the user agency’s current practice or in accordance with Part II of
this manual. Sections 3 and 4 (Part I) are used to evaluate the proposed job mix formula
target based on performance-related criteria, primarily for high-volume roadways.

Specific steps required by Sections 2 and 3 of the manual include compaction,
conditioning, and testing of laboratory mixtures to simulate the characteristics of
mixtures placed on the roadway. Laboratory conditioning of materials includes simula-
tion of the plant production process and simulation of the long-term effects of traffic
and the environment. This includes densification caused by traffic and accelerated
aging and moisture damage. Test procedures used to measure critical properties of the
mixture include the indirect tensile, gyratory shear, and the uniaxial compression tests.

Guidelines are given in Section 4 of the manual for executing the AAMAS concept
and evaluating the expected performance of dense-graded asphaltic concrete mixtures.
These guidelines and evaluation criteria were based on those models suggested for use
by NCHRP Project 1-26. It should be noted that the AAMAS procedure presented in
Part I (Section 3) is a procedure for evaluation of a selected mixture and not a mixture
design procedure by itself. Section 2 of Part I is the mixture design procedure.

Part II discusses the development of the different factors that were included in
AAMAS. Specific items addressed in this Part include compaction of laboratory mix-
tures to simulate the characteristics of mixtures placed in the field, preparation and
mixing of materials in the laboratory to simulate the asphaltic concrete plant production
process, simulation of the long-term effects of traffic and the environment (this includes
accelerated aging and densification of the mixes caused by traffic), and the conditioning
of laboratory samples to simulate the effects of moisture-induced damage and hardening
of the asphalt.

The AAMAS methodology as it currently exists is applicable to hot-mixed asphaltic
concrete, and includes mixture variables such as binders, aggregates, and fillers used
in the construction of asphaltic concrete pavements. AAMAS currently excludes such
materials or layers as open-graded friction courses and drainage layers.
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This report documents the first step of the evolutionary improvement of AAMAS
and mixture design based on performance-related criteria. The next step of the evolu-
tionary process is being initiated through the Strategic Highway Research Program
(SHRP) asphalt research program and FHWA. In all probability, there will be some
modification to the current AAMAS after the 5-year, multi-million dollar SHRP
research study has been completed and finalized through the SHRP Project A-006. All
users of the AAMAS methodology are encouraged to obtain periodic updates on the
SHRP asphalt research program. The expected year of completion for the SHRP

program is 1993.

" CHAPTER 1
INTRODUCTION

1.1. BACKGROUND

Asphaltic concrete mixture and structural designs for pave-
ments were initially “trial and error” processes, with the design
criteria depending greatly on the experience of the materials
engineer. With time, empirical mixture and structural design
methods evolved and were standardized, but were considered
independent functions. As such, the structural design of as-
phaltic concrete pavements was, and still is, based on assumed
material properties (layer stiffness coefficient, resilient modulus,
fatigue and permanent deformation constants). Only after the
structural design has been finalized, are materials submitted and
a mixture design completed. The question then becomes: Does
the as-placed material meet the assumptions initially used for
the structural design? Certainly, asphaltic concrete mixture de-
sign and analyses need to be related to those factors that affect
pavement performance. Thus, mixture design and structural de-
sign need to be tied together and based on the same criteria and
parameters.

1.1.1 Empirical Mixture Desligns

The two methods most commonly used in the United States
for design of dense-graded hot-mix asphaltic concrete are Mar-
shall and Hveem. Both methods are empirical procedures that
were developed many years ago. Although the mixtures designed
by these two processes have generally served well under traffic,
the conditions for which the Marshall and Hveem methods were
determined have changed dramatically over time. For example,
today’s asphaltic concrete mixtures contain asphalts that are
produced from different crudes and by a variety of different
processes, involve the use of a variety of additives, can be pro-
duced using drum mixers rather than only batch or continuous
plants, are placed with new paving and compaction equipment,
and, more importantly, are subjected to larger loads and higher
tire pressures.

Premature distress in many flexible pavements suggest that
these empirical mixture design procedures are inadequate, or at

least do not measure mixture properties that are pertinent for
some distresses. In addition, it is apparent that mixture design,
pavement design, and pavement performance need to be consid-
ered simultaneously and should not be independent functions.

1.1.2 Performance-Related Mixture Designs

The accelerating development of mechanistic models capable
of predicting responses to wheel loading (i.e., in the forms of
deflections, strains, and stresses) and the development of “dis-
tress models” to predict the occurrence of fatigue cracking, rut-
ting, thermal cracking, and loss of serviceability from these re-
sponses, has offered opportunities for at least evaluating those
“‘engineering properties” that are desirable to minimize distress
or loss of serviceability. Numerous such studies have been con-
ducted in the past. One study, by Rauhut et al. (15) for the
FHWA, applied selected mathematical models to identify those
material properties that could extend the maintenance-free life
of premium pavements. Engineering properties as defined by
Rauhut, et al., for that project are: “Those properties that may
be used with a constitutive equation to predict the physical
behavior of a material in a particular environment.” Unfortu-
nately, engineering properties are not those that are usually dealt
with in mixture design, and correlations between stability, flow,
or other mix design values and fundamental engineering proper-
ties have not been well defined.

Performance-related specifications, however, are starting to
be implemented as evidenced by Welborn’s work for FHWA
(16), the State of Virginia’s work (I7), the more recent NCHRP
(18) and FHWA (19) studies, and the SHRP asphalt research
project A-006 entitled “Performance Based Specifications for
Asphalt-Aggregate Mixtures.” All of this work is aimed at tying
performance into specifications. As Hughes (/7) discusses, “mix
design is the single control variable influencing almost every
distress mode.” The lack of a rational mix design procedure that
considers the factors that are directly related to construction and
the development of distresses hampers the further development
of performance-related specifications. Thus, there exists a need,



as recognized by AASHTO, to bring structural performance
of pavements into the optimization of mixture design. This is
schematically illustrated in Figure 24.

1.2 RESEARCH PROBLEM STATEMENT

The highway community, specifically AASHTO, recognizes
the need for improved procedures and analysis systems for the
design of asphaltic concrete pavement mixtures that will be resis-
tant to heavy truck loads, the use of higher tire pressures, and
the wide extremes of climate. Such systems should optimize the
selection, proportioning, and processing of asphalt binders and
aggregate materials to produce pavements resistant to all forms
of distress.

The Strategic Highway Research Program (SHRP) plans to
develop improved asphalt and/or new binders, tests and specifi-
cations for these binders, and performance-related specifications
for asphaltic concrete paving materials. Improved procedures
and analysis systems could be used for evaluation of the im-
proved or new binders and for the design of the paving mixtures
for test sections of SHRP to obtain the necessary pavement
performance information to develop performance-related specifi-
cations.

Research is needed to develop and refine an asphalt-aggregate
mixture analysis system (AAMAS) for design of optimum paving
mixtures based on performance-related criteria. These criteria
would encompass a wide variety of failure modes, e.g., fatigue
cracking, thermal cracking, permanent deformation, moisture
damage, and age hardening. In the future, the AAMAS should
be capable of accommodating conventional asphalt binders,
modified asphalts, mixture modifiers, and the range of aggregate
materials used in the United States. It should also be capable of
evaluating the mixtures under conditions analogous to those
found in service, including a wide range of climate, traffic, and
age factors.

1.3 PROJECT OBJECTIVE

The objective of this research is to develop an asphalt-
aggregate mixture analysis system (AAMAS) for the laboratory
evaluation of asphaltic concrete mixtures. The system shall be
based on specimens that as nearly as possible duplicate the char-
acteristics of the mixtures in the field. Its application shall be
limited to hot-mixed asphaltic concrete, excluding open-graded
friction courses and drainage layers; shall accommodate mixture
variables, such as modified binders, aggregates, and fillers, used
in the construction of asphaltic concrete pavements; and shall
provide for resistance to all forms of distress associated with
both load and environment. The evaluation system shall include
such elements as the preparation of test specimens, conditioning
of the specimens, testing the specimens, and criteria for mixture
selection.

1.4 RESEARCH APPROACH

The focus for the development of AAMAS was to develop
new laboratory mixture design procedures or modify existing
procedures based on pavement performance, rather than on em-
pirical numbers, such as Marshall or Hveem stability. One of
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Figure 24. The AAMAS concept or triangle.

the critical factors in the development of the concept for an
AAMAS is that the system must be able to evaluate in the
laboratory material placed and compacted under field conditions
and account for the effects of time (environment) and traffic.

Four areas were considered in the design of an asphalt-
aggregate mixture analysis system. These were sample prepara-
tion, sample conditioning, testing procedure(s), and mixture se-
lection criteria or optimization. The preparation, conditioning,
and testing of samples and selection criteria must also take into
account effects from the environment and traffic. A generalized
flow chart for the conceptual design procedure for asphaltic
concrete is provided in Figure 1 of Part I (reproduced here for
easy reference). The following is a listing of those tasks included
in the work plan.

Task 1—Define detailed work plan and guidelines for blending
aggregates and selection of an initial asphalt content.

Task 2—Select and obtain materials from actual construction
projects across the United States. This includes samples from
each component of the mixture, bulk mix sampled after mix
production, and cores recovered from the roadway.

Task 3—Conduct initial mixture designs using both Marshall
and Hveem procedures and compare these results to what was
actually being produced and placed.

Task 4—Define laboratory specimen preparation/condition-
ing methods that provide a reasonably close representation, in
terms of fundamental engineering properties, of the mixture
placed on the roadway. This includes compaction techniques,
initial age hardening for plant production, densification due to
traffic, environmental aging and moisture conditioning.

Task 5—Prepare and condition specimens in the laboratory
for testing.

Task 6—Laboratory test to measure and evaluate the funda-
mental engineering properties of those mixtures. Evaluate each
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Figure 1. Conceptual flow chart illustrating the different steps in
AAMAS.

of the mixtures for resistance to rutting, fatigue cracking, low-
temperature cracking, and stripping.

Task 7—Develop initial guidelines and criteria for optimiza-
tion of mixture and structural design, and coordinate with other
NCHRP and SHRP projects that are related to AAMAS.

Task 8—Prepare a report that documents all findings and
conclusions.
Task 9—Provide oral briefings to the NCHRP panel.

This report provides the results of NCHRP Project 9-6(1). It
presents and documents all work conducted and results obtained,
analysis and interpretation of those results, and recommenda-
tions for further study. In particular, the AAMAS emphasizes
the importance of sample preparation (in terms of sample size,
void content, and particle orientation), sample conditioning
(which includes age hardening, moisture conditioning, and traf-
fic densification), and testing methods and configurations to
determine the engineering properties for evaluating the mixture’s
performance.

As shown in Figure 24, there should be an interaction between
the structural design of asphaltic concrete pavements and mix-
ture design. Although the initial use of AAMAS is to check
specific mixtures for resistance to various forms of distress, the
ultimate use, when fully developed and after correlations with
field performance of pavements, will be to optimize the structural
and mixture design process to produce the desired pavement
performance at least cost.

Figure 1 (from Part I) shows the conceptual flow chart of the
different steps that are included in AAMAS. As stated earlier,
the final intent of AAMAS is to produce and implement a design
and analysis system for selection of the type and gradation of
aggregate, type and amount of asphalt cement, and type and
amount of additive, if required. Initially, AAMAS is limited to
hot-mix- asphaltic concrete (including binders, aggregates and
modifiers used in construction) and provides an evaluation for
all major forms of distress (both load and environmental).

CHAPTER 2
FINDINGS

A concept for the design of an AAMAS was developed and
presented in the Phase I report (20). This conceptual design
identified the importance of sample preparation and condition-
ing, and of testing methods for evaluating mixture performance.
Although some conventional procedures and tests may be used
in AAMAS, most procedures and tests will require modifications
for most effective use. Thus, the focus of the Phase II work
effort for the development of AAMAS was to modify existing
laboratory mixture design procedures and those tests that mea-
sure the same engineering properties used in structural design
and pavement performance predictions.

Chapter 2 is subdivided into six sections because of its length.
These are: 2.1, factors considered important in AAMAS; 2.2,

discussion of the field test sections; 2.3, mixture compaction and
air voids; 2.4, mixture testing; 2.5, mixture conditioning; and 2.6,
supplemental study areas. The first section on factors considered
important in AAMAS does not include findings from this study
but discusses those numerous factors, assumptions, and critical
parameters used in developing the initial AAMAS. This section
was included as an introduction to Chapter 2 because it reviews
“real life”” conditions that place large demands on both current
and future mixture analysis systems. The second section reviews
the field projects and materials used as data to develop the
AAMAS principles. The third section overviews mixture com-
paction and air voids on both field and laboratory compacted
specimens. The fourth section presents the test results in terms



of fundamental engineering properties of the mixtures used in
the study. The fifth section presents test data on mixture condi-
tioning for time, temperature and traffic, and the final or sixth
section discusses additional study areas that are important to the
overall development of AAMAS.

2.1 FACTORS CONSIDERED IN AAMAS

For a mixture analysis system to simulate and, hence, predict
the behavior of the mixture in the field, it must consider the
production and construction processes, as well as the behavior of
the mixture under traffic and the environment. Ideally, AAMAS
should be able to predict in-place properties of the asphaltic
concrete in the laboratory during the mix-design stage. These
material properties must be related to the critical parameters
affecting the occurrence of pavement distress. In addition to
simulating, within reason, the production and construction pro-
cesses, a rational mixture design must predict performance as
soon as construction ceases, as well as after the mixture has
undergone many millions of load repetitions. This requires some
type of accelerated conditioning depending on the environment
and load repetitions.

There are six important components that must be included in
AAMAS. These are: (1) selection of mixture components, (2)
preparation of test specimens, (3) conditioning of test specimens,
(4) testing configurations and conditions, (5) performance pre-
dictions and evaluations, and (6) criteria for mixture selection.

This section reviews real world conditions that complicate a
universal mix analysis system.

2.1.1 Traditional Mix Design Procedures

By far the two most popular mix design procedures are the
Marshall and Hveem, with the former much more widely used
over the latter. The Marshall stability value is generally consid-
ered to be a measure of the mixture’s strength, but not a measure
of resistancg to shear stress. The flow index value, however, is
believed to represent a measure of resistance to creep or plastic
flow. The Hveem stability value is generally considered to be a
measure of its tensile strength. However, the Hveem cohesio-
meter value is a measure or indication of the tensile strength.

Both procedures have been extremely useful in designing good
mix designs over the past 40 years, although they are based on
empirical relationships. Present mixture design requirements are
much more severe than those Marshall and Hveem addressed in
their procedure developments. Most correlations between these
empirical values and engineering properties required in mathe-
matical models are too restrictive and limited. However, it is only
reasonable to expect that some of the concepts they proposed and
that have 40 years experience behind them can serve as a starting
point in AAMAS.

It has been found that neither the impact compaction of the
Marshall method nor the kneading compaction used in the
Hveem method simulate construction compaction. While this is
true, comparisons performed on samples compacted to compara-
ble air voids by the Marshall hammer and by the California
kneading compactor and tested by the Marshall procedure gave
comparable stability and flow values (27). This indicates that the
void relationships that have grown out of the Marshall procedure
may be useful in the AAMAS concept. If AAMAS can use a
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similar void analysis system to Marshall (or Hveem), the transi-
tion to, and eventual implementation of, AAMAS will be easier.
However, it is well recognized that test methods which measure
properties required to predict the distress mechanisms, discussed
below, must be used that are more rationally based than the
Marshall stability and flow tests and the Hveem stabilimeter and
cohesiometer tests.

2.1.2 Structural Design/Pavement Performance
Models

There are many models currently available that can be used
to evaluate and structurally design asphaltic concrete pavements.
Most of these use similar engineering properties, such as Pois-
son’s ratio, resilient modulus, tensile strength, and fatigue con-
stants. The key requirement of AAMAS is that it use or produce
material and engineering properties that are considered signifi-
cant or correlated to the input parameters for the structural
designs of pavements.

Certainly, the direct measurement of a critical material prop-
erty is always more accurate and is the preferred technique,
rather than measuring some other material factor or property
and predicting the required property using correlation or regres-
sion equations. Boundary conditions and other limitations then
play important roles in the application of the regression model
for mixture evaluation. In some cases, however, use of prediction
equations and measuring dependent variables are necessary be-
cause of the time requirement, variability, and inaccuracies of
some test procedures. For example, measuring the fatigue coeffi-
cients K, and K, at different asphalt contents considered in a
mixture design would be time consuming, expensive and is an
impractical approach, even though the coefficients are basic pa-
rameters required for predicting flexible pavement performance.
In these cases, measurement of the dependent variables in the
regression equation, such as resilient modulus for the fatigue
coefficients as recommended by Rauhut et al. (9), become the
preferred technique. Of course, in using regression equations,
accuracy, boundary conditions and limitations must be under-
stood so that the equation is properly used.

2.1.2.1 Design/Evaluation Procedures

The common structural design procedure used by most state
agencies is AASHTO. Therefore, the new AASHTO design pro-
cedures (6) should be closely tied to the outputs of AAMAS.
Unfortunately, for flexible pavements, resilient modulus is the
only material input that is used to select a layer coefficient for
asphaltic concrete. Resilient modulus by itself is no more accu-
rate than a Marshall stability value in predicting pavement per-
formance. (Chapter 3 provides more detailed discussion on de-
termining the structural coefficient from resilient moduli of
asphaltic concrete materials.)

There are many mechanistic “response models” using elastic
layer theory that predict the deflection of a pavement and stresses
and strains in the layers due to wheel loadings. There are other
models such as the VESYS series that combine response and
“distress” models to predict fatigue cracking, rutting or service-
ability loss with traffic. Table 6 lists those models that have been
evaluated for use in designing pavements. Although some of
these models are stochastic and consider variability of materials,
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Table 6. Analytical models and procedures for designing or evaluating
flexible pavements. Note that most of the analytical models use
elastic layer theory or finite element analysis to compute deflection,
stresses and strains in the pavement structure, and use empirical

formulas for estimating pavement performance or life. This table lists

some of the available models; numerous other models are also
available,

Type of Distress
Analytical Model Thermal
Fatigue Rutting Cracking

VESYS 1V (22) X X X
ILLIPAVE (23) X X X
Shell Method (8) X X
PDMAP (10) X X
POD (11) X X
Corps of Engineers (24) X X
OPAC (25) X X
WATMODE (26) X X
Rutting Subsystem (27) X
DEVPAV (28) X
Huschek Method (29) X
COLD (30) X
Program TC (31) X
ACOMDAS 2 (32) X
ACOMDAS 3 (33) X

the gross variations in material behavior and performance of
pavements, where fracture is the failure mode (fatigue and ther-
mal cracking) or where permanent deformations leading to pave-
ment roughness are involved, make predictions for a specific case
very unreliable.

2.1.2.2 Pavement Performance Measures

As “structural performance” is a rather general description,
it is necessary to relate specific pavement performance measures
to “functional failure” of flexible pavements. Functional failure
implies an unsatisfactory ride quality, unsafe conditions, or levels
of distress that warrant repair or rehabilitation. Most of the
original structural design work that has been sponsored as part
of FHWA and NCHRP project (10, 11) has recognized three
basic types of distress. These are (1) thermal or low-temperature
cracking, (2) fatigue cracking, and (3) rutting or pérmanent
deformations. However, other distress types can be equally im-
portant, but historically have received much less study. These
include reduced skid resistance, raveling, and bleeding. Recently,
stripping (moisture damage) has been discussed in the literature
as a distress, but it is not a distress manifestation in the traditional
definition, as are the other distresses. Stripping is, however, an
important distress mechanism that can significantly accelerate
the occurrence of other distresses. Thus, it must be considered
in AAMAS.

Pavement damage begins as soon as construction ends. Traffic
is usually a much more severe factor than are environmental
conditions, but for some distress mechanisms, e.g., moisture
damage, a combination of the two factors act to cause the dis-
tress. The AAMAS, therefore, should address both anticipated
traffic levels and environmental conditions.

Significant performance measures were established in other

studies to define material properties needed for long pavement
life (15) and for developing damage functions for cost allocation
(9). Although others could be considered, it is believed that
the following four types of distresses, resulting from load or
environmental conditions, are the most important with respect
to reduced serviceability and pavement performance: fatigue
cracking, thermal cracking, permanent deformation, and mois-
ture damage.

Asphalt hardening or aging is also very important to long-term
pavement performance. However, this is not considered a dis-
tress, but a factor that has an extremely important impact on
the distresses listed above. Thus, this phenomenon must also be
evaluated. Secondary consideration should be given to surface
deterioration in the form of raveling or disintegration and loss
of skid resistance.

2.1.3 Testing Requirements

In order to design mixtures relating to pavement behavior and
performance, it will be necessary to use a test method that will
provide the necessary engineering properties and characteristics
of the asphaltic concrete mixture. Some of the more conventional
tests that have historically been used for evaluating mixture
behavior, include the unconfined compressive strength, indirect
tensile strength, and stability tests. Other less common tests that
are required to evaluate pavement distress and performance by
many mathematical models (Table 6) include resilient modulus,
Poisson’s ratio, creep compliance, fatigue, and permanent defor-
mation.

To qualify as an acceptable test to measure the material and
engineering properties of a mixture for use in AAMAS, a test
must possess the following attributes: (1) reliability or accuracy,
(2) repeatability, (3) sensitivity to mixture variables, (4) effi-
ciency of testing, and (5) simplicity of testing.

In other words, testing procedures adopted for AAMAS must
be able to document mixture variable sensitivity, be efficiently
and reliably performed by laboratory personnel, and require a
reasonable number of replicate specimens to produce statistically
reliable results.

In general, there are three basic types of tests that have been
used to evaluate bituminous mixtures. Flexural tests have been
primarily used for fatigue and stiffness determinations; static and
repeated load triaxial compression procedures (with and without
confinement) have been used for stiffness, creep, and permanent
deformation determinations; and static and repeated load diame-
tral (indirect tension) procedures have been used for measuring
all of the foregoing properties. Flexural procedures are the more
complicated, specimens are more costly to prepare, and the re-
sults obtained are highly variable. Conversely, triaxial compres-
sion and indirect tension procedures are simple and specimens
can be easily prepared to measure different properties. Triaxial
compression is the more common, but testing cores from thin
lifts are problematical because of end effects.

Indirect tensile testing procedures are becoming more popular
and have been used to measure all properties commonly required
for mechanistic analysis models. Baladi (34), Kennedy et al. (35,
36, 37), Regan (1), and Whitcomb et al. (38), among others,
have found that results from the indirect tensile test are sensitive
to mixture components, a key requirement of AAMAS. Previous
studies have also found that material properties determined from
indirect tensile testing procedures are comparable to those deter-



mined from testing flexural specimens. Thus, triaxial compres-
sion and indirect tension samples were selected for initial use in
AAMAS.

2.1.4 Mixture Production/Construction
Considerations

For a mixture analysis system to simulate and, hence, predict
the behavior of a mixture in the field, it must take into consider-
ation the production and construction process. Of course, the
most obvious way to eliminate any differences between labora-
tory and plant production and between laboratory and field
compaction is to use material produced through a plant and
compacted in test strips for conducting the mixture design. How-
ever, this would be expensive and time consuming and was con-
sidered an impractical approach to performing mix designs on a
routine basis. While it is readily recognized that AAMAS should
simulate, as closely as practical, the compaction process obtained
during construction, differences exist between laboratory and
plant production of mixtures. These differences along with other
critical factors of mixture design are discussed below.

2.1.4.1 Mixture Production

Considerable differences exist between the asphaltic concrete
manufacturing processes used in the laboratory and those used
in a batch or drum mix plant. It is important to look at those
differences and understand how and why a mix design value,
characteristic, or property determined in the laboratory might
differ from that obtained from a plant prepared mix.

2.1.4.1.1 Aggregate. In the laboratory, the incoming aggre-
gates are sometimes washed before they are used. In other cases,
wet sieving instead of dry sieving is used to divide the aggregates
into various fractions. In the field, the materials are incorporated
into the mix as received from the aggregate supplier. If there is
a considerable volume of fines clinging to the coarser material
received, those fines are put into the “wrong” cold feed bin and
delivered to the drier or drum mixer. This change in gradation
does not normally occur in the laboratory, because the aggregates
are shaken through the sieves until most of the fines have been
broken loose and are retained on the proper screen. Thus, a
difference in gradation, from laboratory to field, can exist.

The aggregates used to make laboratory samples are com-
pletely dry; i.e., there is essentially no moisture in the materials.
For aggregates heated in a batch plant drier, it is possible to
reduce the moisture content to about 0.1 percent by weight of
the aggregates. In most cases, however, the moisture content in
the aggregates can be up to 0.5 percent. This value will vary
widely, depending on the amount of moisture in the incoming
aggregates, the production rate of the drier, and the discharge
temperature of the aggregates. In a few cases, the aggregates
passed through a typical drier will be completely dry. Thus,
there is a difference in moisture content during mixing between
the laboratory and plant.

In the laboratory oven, the aggregates are uniformly heated.
The coarse and fine portions of the aggregates will both be at
approximately the same temperature. In the asphalt plant drier
or drum mixer, the aggregates will generally flow through the
drum in about 3 to 4 min, depending on the length and slope of
the drum and on the amount of aggregate being heated. The

71

coarse aggregates are usually heated to a somewhat lower tem-
perature than are the fine aggregates. There is a distinct tempera-
ture differential between the two portions of the aggregates. In
a batch plant, the temperature is equalized during pugmill mix-
ing. In a drum mix plant, however, a heat balance is not obtained
unless the material is held in the surge silo for a period of time.

If a wet scrubber is used in either a batch or drum mix plant,
any fines captured in the exhaust gas air stream are carried out
of the drier or drum and wasted. These fines are no longer part
of the aggregate gradation. In some cases with particularly dirty
aggregates, up to 2 percent of the fines can be carried out of the
aggregates. If a baghouse is used as an air pollution control
device on either type of plant, most.or all of the gathered fines
can be returned to the plant and thus to the mix. This availability
or nonavailability of the fines can change the filler-bitumen ratio,
and thus the stiffness of the resulting asphaltic concrete mix.
The possible loss of fines is normally not taken into account in
the laboratory mix design procedure. If the material enters the
wet wash equipment, a significant change in the aggregate grada-
tion can also occur.

If the plant is equipped with only a dry collector (knockout
box), most of the fines returned will be larger than the number
200 sieve (75 micron sieve). With a fabric filter, particles as small
as 5 micron size (smaller than the asphalt cement film thickness
on the aggregate) can be reincorporated into the mix. These
ultrafine particles, which do not exist as separate pieces in the
laboratory, can act as extra asphalt cement, causing the mixture
to look greasy and become tender. Thus, a stable mix in the
laboratory can turn soft and tender in the field, if the baghouse
is sending ultrafine aggregate back into the plant. For a plant
equipped with a fabric filter, not only the quantity of the bag-
house fines needs to be known, but also the size distribution
(gradation) of those fines should be determined.

Both Marshall and Hveem mix design procedures are limited
to 1-in. maximum size aggregate. For larger size aggregates that
are typically used in dense-graded base layers, modifications to
the aggregate gradation or sample size must be made.

2.1.4.1.2 Asphalt Cement. In an asphalt cement storage tank
at the asphalt plant, the binder is held in bulk. It is usually
circulated in some fashion through the pump and meter system.
The amount of aging and hardening that occurs during storage
is minimal. In the laboratory, the asphalt cement can be heated
in an oven for various periods of time. It is usually handled in
small quantities in containers that are open to air. The material
is rarely, if ever, stirred. Some hardening has to occur during
the process. The degree of hardening, however, is much less than
that which occurs during mix production at the asphalt plant.

A drum mix plant may act like a horizontal refinery steam
distillation tower. Temperatures are high—at times over 800°F
at the point the asphalt cement is introduced into the mix. There
is much steam inside the drum from the moisture in the aggre-
gates. This steam and the high temperatures can strip the “light
ends” from the asphalt cement, causing a decrease in penetration
and an increase in viscosity in the binder material. This problem
can be particularly acute when a recycled mix is being manufac-
tured because the temperatures inside the drum are higher than
for an all-new aggregate mixture. The change in the binder prop-
erties may be severe enough to change the mixture stiffness
characteristics. Such a change does not occur, of course, when
preparing asphaltic concrete mixtures in the laboratory.

-2.1.4.1.3 Mixing Process. As the wet mix time increases in a
batch plant pugmill, the degree of aging of the asphalt binder
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also increases. For relatively short wet mix times (30 to 35 sec),

the average asphalt cement will decrease in penetration from 30 -

to 45 percent. For longer wet mix periods (up to 45 sec), the
decrease in penetration of the asphalt cement can be up to 60
percent. Mixing temperature is also very important in determin-
ing this drop.

The amount of hardening of the asphalt cement which typi-
cally occurs in a drum mix plant is less than that in the pugmill
of a batch plant. The degree of hardening is quite variable and
is a function of many factors. As the moisture content of the
incoming cold aggregate increases, as the volume of aggregate
in the drum increases, as the mix discharge temperature de-
creases, and as the production rate of the plant increases, less
hardening of the asphalt cement occurs during the coating pro-
cess. The change in penetration or viscosity of the asphalt cement
in the drum mixing process is not well documented. It is usually
less than that of the batch plant but is still much more than that
occurring in the laboratory-heated asphalt cement. Thus, the mix
stiffness of a material produced in the laboratory will probably be
less than for a plant manufactured mixture.

2.1.4.2 Mixture Compaction

The idea of any compaction process is to simulate, as closely
as possible, the actual compaction effort produced in the field
by the rollers. This comparison includes such factors as particle
orientation, total air void content, and void structure, such as
number of interconnected voids. Voids are critically important
because of their effect on the engineering properties, an effect
which has been substantiated by other research and testing stud-
ies (39, 40, 41, 42).

In the laboratory, the compactive effort applied to the samples
of asphaltic concrete is mostly vertical in direction, with the
exception of the rolling wheel type compactors. Further, the mix
being densified is confined in a mold and all of the compactive
effort is directed to the specimen. On the asphaltic concrete mix
placed on the roadway, however, the compactive effort applied
by the rollers is really a shear type loading, directed to the mix
at an angle as the roller moves forward and backward over the
mat. While most of the compactive effort of the rollers is applied
in a downward direction, some of the force is directed horizon-
tally, causing the mix to want to move forward and shove.

This shear loading can cause the mix to creep under the com-
paction equipment. The amount of the creep or shoving is typi-
cally the greatest under the static steel wheel rollers, such as
tandem and three wheel type equipment. The amount of creep
that can occur is usually reduced when a single or double drum
vibratory roller is used for breakdown compaction and normally
does not occur, except along a free edge, when a pneumatic tire
roller is employed to initially compact the asphaltic concrete
mat. Thus, a mix which is relatively stiff and unworkable in the
laboratory can exhibit an increase in workability under the action
of the compaction equipment. The degree of increase is depen-
dent of the type of roller used to compact the asphaltic concrete
mixture.

Because of the infinite variety of roller combinations, roller
passes, and roller patterns that can be used on a particular paving
project, it is very difficult to predict in the laboratory the air
void characteristics of a mix. The compaction process in the
laboratory is very quick, usually completed within a few minutes.
This is in direct contrast with the roller operation where final

density levels might not be attained until 10 to 20 min or some-
times much longer after the mix is placed by the paver. During
the laboratory compaction process, the mixture temperature is
relatively constant. On the roadway, the temperature of the
material is continually decreasing with time. The laboratory
compaction effort is usually completely applied before the mix
temperature declines to 240°F (Marshall) or 220°F (Hveem). In
the field the mix will cool to 175°F or less before the compaction
process is completed.

In the laboratory the asphaltic concrete mix is compacted
against a solid foundation. In the field a wide variety of base
types and stiffnesses are encountered. An asphaltic concrete mix
can be placed as the first layer on top of a soft subgrade soil or
as the final surface course on a thick full depth asphaltic concrete
pavement structure. The material can be used as an overlay on
an alligator cracked, pot-holed asphalt roadway or as resurfacing
on a portland cement concrete pavement. The ability to obtain
a particular level of density in an asphaltic concrete mixture may
depend, in part, on the rigidity of the base. The differences
between roadway support conditions and laboratory conditions
can be significant.

Some studies have been conducted for comparing mix design
values where different types of compaction devices were used to
compact samples to approximately equal air voids or densities.
One such study was conducted by Jiminez (43) for comparing
specimens compacted by a vibratory kneading compactor and a
Triaxial Institute compactor. Similarly, Finn et al. (44) com-
pared various test results on samples compacted with the knead-
ing compactor and Marshall hammer. However, any comparison
is complicated because air voids were not kept constant on simi-
lar samples.

Unfortunately, there have been very few studies comparing
the engineering properties of samples prepared in the laboratory
(using different types of compaction equipment) to samples com-
pacted in the field. Of the few studies documented, most indicate
that the mixture properties will vary with compaction equipment
(assuming identical sample size and air voids) (45). These differ-
ences may be a result of different particle or sample orientation,
or of the fact that some of the impact type compactors fracture
the material sooner than contact or roller type compactors.

2.1.4.3 Factors Affecting Compaction

There are a number of factors that affect the compatibility or
workability of an asphaltic concrete mixture both in the labora-
tory and field. These factors can be divided into four primary
areas: (1) properties of the aggregates, (2) properties of the as-
phalt cement, (3) properties of the asphaltic concrete mix, and (4)
conditions during the compaction process. Differences between
laboratory and field conditions were discussed above. The fol-
lowing subsection discusses the material-related properties that
have an effect on mixture compaction or workability.

2.1.4.3.1 Properties of the Aggregates. The shape of the indi-
vidual aggregate particles affects the degree of workability of the
asphaltic concrete mix. Aggregates that are rounded are more
easily moved or displaced by an applied load. Rounded materials
tend to “slide by” each other when subjected to load. Aggregates
that are angular will have a greater degree of interlock when a
load is applied and will be more resistant to displacement by that
load.



The smoother the surface texture of an aggregate particle, the
greater will be its degree of workability. An aggregate that has
a rough surface texture, similar to the particle with the angular
shape, will be more difficult to compact. Thus, the particles with
smooth surface textures will generally be more easily compacted
than will the aggregates with the rough surface textures.

A blend of coarse and fine aggregates that is uniformly graded
from the largest to the smallest particles will be more workable
than will a combination of particles which is gap graded. When
plotted on 0.45 power gradation graph paper, a blend of material
that follows the maximum density line (plots as a straight line)
will typically be the easiest gradation to compact because the
individual aggregate particles all “fit together” properly and
pack into the smallest space. In general, this combination of
aggregates will therefore have the lowest voids in mineral aggre-
gate (VMA) content.

Blends of aggregates that are finely graded are more workable
and easier to compact than are blends of material that are
coarsely graded. A blend of aggregates that is finely graded
contains a greater percentage of fine aggregate in the combina-
tion of materials. When plotted on the 0.45 power gradation
paper, this blend of material will fall above the maximum density
line, to the fine side of the line, with greater percentages of
material passing each particular sieve than for a coarsely graded
combination of aggregates. The latter material will typically plot
as a curved line located below the maximum density line. The
more fine aggregate in the mix, generally the more workable is
the blend of aggregates.

Aggregate blends that have a pronounced hump in the grading
curve, particularly in the fine aggregate portion of the gradation,
may be more workable than are mixes that are more uniformly
graded in the fine aggregate portion of the total gradation. The
hump occurs because a large amount of fine aggregate passes
one particular sieve, such as the No. 40 sieve, and is retained on
the next sieve in the series, such as the No. 80 sieve. The effect
of the hump on the compactibility of the aggregates depends on
the severity of the hump—the more pronounced the hump, the
more tender the mix and the easier it will be to compact the
blend of aggregates, in a confined laboratory mold. As discussed
below, however, the hump in the fine aggregate portion of the
total grading curve can make the same combination of aggregates
very difficult to densify on the roadway under the contractor’s
compaction equipment.

2.1.4.3.2 Properties of the Asphalt Cement. For the Marshall
mix design process, the selected mixing temperature and com-
paction temperature for the production of the asphaltic concrete
mix are determined by the viscosity of the asphalt cement. The
mixing temperature is selected as the temperature at which the
asphalt cement has a viscosity of 170 * 20 centistokes. The
compaction temperature is chosen as the temperature at which
the asphalt cement has a viscosity of 280 * 30 centistokes.
Using the viscosity to determine the mixing and compaction
temperatures for each particular asphalt cement is intended to
remove differences in workability among asphalt cements that
have different degrees of temperature susceptibility.

An asphalt cement that is highly temperature susceptible will
change viscosity more quickly with a change in temperature than
will an asphalt cement that is less temperature susceptible. In
the laboratory, however, because the mixing and compaction
process takes place relatively quickly, the effect of temperature
susceptibility on workability is probably small. The temperature
susceptibility of the asphalt cement has a greater effect on the
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compaction of the asphaltic concrete mix on the roadway be-
cause the densification process occurs over a longer period of
time.

2.1.4.3.3 Properties of the Asphaltic Concrete Mixture. To a
point, the higher the asphalt content in the mix, the more easily
compactible the mix should be. A low asphalt content in the mix
provides a mix that does not have enough lubrication to allow
the aggregate particles to be reoriented under the action of the
laboratory compaction device. A high asphalt content in the
mix, on the other hand, provides enough binder material to
obtain a relatively greater film thickness on the individual aggre-
gate particles and promotes the movement of the particles under
the applied compactive effort.

Too much asphalt cement in the mix, however, can signifi-
cantly increase the workability of the mix to the point that the
desired compaction cannot be obtained. This is less of a problem
with a laboratory prepared mix (because the sample is confined
during the compaction process) than for a high asphalt content
plant-produced mix placed and compacted on the roadway. If
the asphalt content is too high in the laboratory mix, the aggre-
gate particles are held apart by the excess binder material and
the unit weight of the mix will be relatively low, even though
the air void content of the mix will also be low.

In a laboratory-prepared asphaltic concrete mixture, the mois-
ture content of the aggregates is typically zero. This is because
these materials are held at elevated temperatures in an oven until
the time for mixing with the asphalt cement. During the heating
process, which can be as long as several hours or sometimes even
overnight, any moisture in the coarse and fine aggregates is
driven off. Both the surface moisture and any internal moisture
in the aggregates are removed and the aggregates are dry at the
time of mixing. If any moisture were left on the surface of
the aggregate particles, this moisture would contribute to the
increased workability of the asphaltic concrete mixture during
the laboratory compaction process. Essentially, the moisture
would act in a manner similar to additional asphalt cement in
causing an increase in the lubrication for the aggregate particles.

Probably the single most important factor that affects the
workability of an asphaltic concrete mixture under the compac-
tion equipment is the temperature of the mix at the time of
compaction. As an asphaltic concrete mixture cools, the viscosity
of the asphalt cement increases. As the viscosity increases, the
mix becomes stiffer and more difficult to compact. Essentially
all workability is lost by the time the temperature of the mix
drops to 175°F. Below this temperature, the viscosity of the
asphalt cement binder has increased to the point that the mix is
too stiff for the compaction equipment to be able to further
densify the mix.

The temperature of the asphaltic concrete mix changes with
time and is affected by a number of factors. The change in
temperature with time is a function of the initial temperature of
the mix at the time of placement, the thickness of the asphaltic
concrete layer, the ambient air temperature, the temperature of
the base being overlaid, the wind velocity, and the amount of
cloud cover. Because workability is directly related to the tem-
perature of the mix, factors that reduce the rate of cooling of the
mix increase the workability of the mix and allow more time for
the rollers to achieve the required level of density.

2.1.4.3.4 Conditions During the Compaction Process. The
more confined an asphaltic concrete mix is on the roadway, the
less workability of the mix will affect the ability of the compac-
tion equipment to properly densify the material. Confinement
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manifests itself in two ways—the degree of support from the
underlying pavement layers and the amount of support along
the longitudinal edge of the mat.

With the proper choice of compaction equipment, roller pat-
terns, and roller passes, the stiffness of the underlying pavement
layer does not affect the contractor’s ability to achieve the re-
quired level of density in the newly placed asphaltic concrete
layer. With an incortect choice, however, the contractor may
have difficulty achieving density when the underlying layers
are soft and yielding. If the base layers are moving under the
compaction equipment, the mix will become more workable and
move more under the rollers. This increase in the workability of
the mix can be so extreme as to preclude the contractor from
obtaining the desired density level, with the type and weight of
rollers, and roller patterns, being used.

The workability of the mix can also be a factor when the mix
is unsupported along a free longitudinal edge. A mix which is
relatively stable in the center of the mat where it is confined by
the mix around it can become tender and shove under the rollers
at or near the unsupported edge of the lift being placed. This
increase in workability due to the lack of confinement results in
the mix being displaced along that edge and'an increase in the
width of the layer being placed and compacted.

2.1.4.4 Time and Traffic Effects

The density obtained in the pavement layers during the rolling
process is not the ultimate density level that will occur in the
asphaltic concrete mix when subjected to traffic for a period of
time. Most mixes are designed at an air void content of 3 to 5
percent. Most pavement layers are constructed with air void
contents over 5 percent, and sometimes even over 10 percent.
These pavements, particularly those with high initial air void
levels, will become stiffer with time (due to asphalt hardening)
and will densify further under traffic. This air void reduction
process or one-dimensional vertical consolidation, often called
rutting, is dependent on a number of mix design, construction,
and environmental variables. In any case, in the laboratory,
the density value obtained after compaction remains constant.
Under traffic, the air void content of a pavement’s asphaltic
concrete mixture decreases with time. Some of these differences
can be dramatic.

Moisture, which is not accounted for in the laboratory during
the initial mixture design, is another variable that can have a
significant effect on the asphaltic concrete mixture properties
over a period of time. More important is the interaction between
moisture, traffic, and age hardening on the performance of as-
phaltic concrete mixtures. Current test procedures, such as
AASHTO T283, evaluate the effects of moisture on the mix, but
do not take into account the effects of asphalt aging. Most are
independent steps or conditioning methods, when in actuality,
the moisture, asphalt aging, and traffic densification occur simul-
taneously in the field. i

2.1.5 Summary

An asphaltic concrete laboratory mix design procedure should
duplicate, as closely as possible, the properties and characteris-
tics of the “same” mix manufactured in an asphalt plant and
compacted in the field. Significant differences can occur, how-

ever, between materials produced in a batch plant and in a
drum mix plant and between materials compacted over varying
structures and in varying environmental conditions. Any mix
design method selected for use should take into account as many
of the actual plant production and construction variables as
possible, and minimize the compromises which must be made
between the laboratory procedures and “real life.” Some of the
critical factors that must be addressed.in the final AAMAS
include hardening, mixing temperature, gradation, maximum
aggregate size, sample size, mixture workability, traffic densifica-
tion, moisture conditioning, and compaction.

In short, the needs and demands of an AAMAS are large.
However, the potential payoff of a rational mixture design proce-
dure is even larger. Only after the first step toward AAMAS is
taken can the second step, the evolutionary improvement of
AAMAS, take place.

2.2 MIXTURES SELECTED FOR STUDY

Nine different mixtures were used in developing the AAMAS
principles and mixture design methodology, and to establish
procedural guidelines and design criteria for selected parameters.
This section of the report discusses those materials and mixtures
selected for study and presents the traditional mix design param-
eters for each. It should be understood, however, that nine mix-
tures alone cannot verify the mixture design and analysis meth-
odology. Validation and support for its use can only come
through time. It is expected that the SHRP Long Term Pavement
Performance (LTPP) and Asphalt research programs will pro-
vide additional data that will support the procedures or may
suggest slight modifications.

Five of the nine mixtures were produced and placed on road-
ways to ensure that AAMAS would reproduce mixtures in the
laboratory with properties consistent with those placed on the
roadway. These mixtures were supposed to have good perform-
ance characteristics for heavy traffic, if properly produced and
placed. An additional four mixtures with inferior performance
characteristics were studied in the laboratory using the AAMAS
to provide supporting data that AAMAS would distinguish these
mixtures as borderline for heavy traffic.

2.2.1 Material and Mixture Properties

Mix design data and material properties for the AAMAS
mixtures were requested from each state highway agency. Infor-
mation obtained on each of these mixes is presented in this
section of the report. In a few cases, however, some data re-
quested were unavailable. Where information was unavailable
from project files, these data were measured.

2.2.1.1 Aggregate Blend

Grading analyses are discussed in detail in Appendix C. Gra-
dations from a wet sieve analysis for each of the aggregate stock-
piles used in the aggregate blend were measured from bulk sam-
ples and compared to construction records. Wet sieve analyses
were also performed on extractions of the bulk mixture sampled
from trucks at the plant. These gradations at various points in
the production process are provided in Appendix C, and com-



pared to the FHWA ““0.45 Power Curve.” Tables 7 and 8 summa-
rize the average aggregate gradations that were measured in the
laboratory from each project and the target job mix formula
(JMF).

As stated earlier in section 2.1, shape and surface texture of
the aggregate particles influence workability and strength of the
paving mixture. However, there is no ASTM or AASHTO test
method for directly measuring surface texture and particle shape.
There are procedures, such as ASTM D3398, “Index of Aggre-
gate Particle Shape and Texture,” which provide a quantitative
measure of the aggregate shape and texture characteristics.
McLeod and Davidson (46) have used this index value to evalu-
ate how changes in aggregate shape and texture can affect stabil-
ity and other properties. On the other hand, Baladi (34), among
others, uses subjective ratings or an index scale to categorize
different aggregate blends.

For the aggregate blends used in the AAMAS mixtures, Ba-
ladi’s aggregate angularity value was used to initially rank the
aggregate. The percentage of aggregate (based on dry unit
weight) retained on the No. 8 sieve with two fractured faces was
also estimated for each grading and mixture. These values are
reported on Tables 7 and 8 for each of the nine mixtures.

2.2.1.2 Asphalt Cement

Asphalt supplier and grade information for the different types
of binders used in these mixtures were initially obtained from
construction records. Either AC-10 or AC-20 viscosity graded
asphalt cements were used, with the exception of the Georgia
and Wisconsin mixes. An AC-30 was used in the Georgia mix
and an AC-5 in the Wisconsin mix. Penetration and viscosity
values were measured on the “virgin” asphalt sampled at the
plants. Table 9 summarizes these data, which have also been
plotted on the viscosity-penetration chart shown in Figure 25.
These asphalt characteristics were also compared to the require-
ments given in ASTM D3381, “Viscosity-Graded Asphalt Ce-
ment for Use in Pavement Construction.” The asphalts used in
the Texas and Wyoming projects are outside ASTM D3381-83
specification requirements.

Viscosity-temperature relationships were also determined for
each asphalt cement used in the field test sections (i.e., the first
five mixtures). These results are displayed in Figure 26. The
viscosity-temperature profile is essential for defining the com-
bined effects of temperature susceptibility and age hardening.
For purposes of AAMAS, temperature susceptibility is defined
as the rate of change of viscosity with temperature (Figure 26).
The Virginia asphalt had the highest viscosity at 140°F (60°C),
but the lower temperature susceptibility. The Michigan asphalt
had the better asphalt characteristics for resistance to cracking,
whereas, the Wyoming asphalt had the poorer characteristics.

2.2.1.3 Rice Specific Gravities

Rice specific gravities of the loose mix removed from the
sealed containers were measured in accordance with AASHTO
T209. Sufficient material was removed from each container to
conduct three separate tests. Mixtures from a minimum of three
containers were sampled from each field test section. These test
results are summarized for each project in Appendix D.

For all projects, neither the mean nor standard deviation of
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Table 7. Summary of gradations and asphalt contents used in each of
the mixtures placed on the roadway.

Colorado Michigan Texas Vixéinia Wyoming
€0-0009 MI-0021 TX-0021 VA-0621 WY-0080
JHF Extr. |JMF Extr. [JMF Extr. |JMF Extr. JMF Extr.

Aggregate
Property

Sieve
Size

2
1172 N el

nonNaCOOoWORO

No. 100
No. 200

Asphalt
Concrete,
Percent < 5.5 5.0
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u
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-

.56| 2.75 4.74*

Particle
Index 11.0 8.5 14.0 5.8 | =mee-

Aggregate
Angularit
Value(34) 3.2 2.8 3.8 3.8 3.0

Two
Fractured
Surfaces, 90 65 95 a5 75

JMF = Job Mix Formula Obtained from State Highway Agency

Extr. = Average Values from extractions of the bulk mixture samples at the
plant during production of the mix.

* Value measured from extractions of a recycled mixture. Thus, the
asphalt content may vary considerably along the project, depending upon
the variability of the RAP material.

Table 8, Summary of gradations and asphalt contents used in each of
the mixtures identified as inferior based on historical performance
observations.

california Georgia New York-R Wisconsin
Aggregate CA-0001 GA-0001 NY-0001 WI-0001
Property | JMF Drum Batch | JMF Drum ~| JMF  Batch | JMF Drum
Sieve
Size
11/2 - —-——- -— == -— -—= - ——— -—-
1 - - -—— 100 100 - - il -—=
3/4 100 100 100 92 89 -——— ———- 100 100
172 97 99 92 77 70 100 100 98 97
3/8 85 85 88 68 62 86 89 90 90
No. 4 61 61 64 54 52 57 56 69 69
No. 8 47 53 52 8 39 39 32 53 55
No. 16 35 39 41 26 26 33 28 —— 44
No. 30 25 27 31 19 19 26 20 —— 37
No. 50 16 18 20 13 14 14 10 23 25
No. 100 10 11 13 9 10 6 4 - 15
No. 200 8 8 9 5 7 4 3 9.4 11
Asphalt
Content,
Percent :| 5.3 4.76 5.95 5.5 4.33 6.0 5.08 3.1 5.21*
Particle
Index 11.7 14.8 9.2 15.5
Aggregate
Angularit
Value(34)| 3.0 4.0 2.5 3.8
TwO
Fractured
Surfaces,
% 90 95 68 92
JMF = Job Mix Formula Obtained from State Highway Agency.
Extr. = Average Values from Extractions of the Bulk Mixture Samples at the

Plant during Production fo the Mix.
* Value measured from extraction of a recycled mixture. Thus, the asphalt

content may vary considerably along the project, depending upon the
variability of the RAP material.

Rice specific gravities measured for each of the sample containers
was found to be statistically different. Therefore, the project
mean Rice specific gravity was used to calculate air voids for all
sections from each state. The mean values used are tabulated in
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State/  atleF
Project | Stokes
1,071
Michigan Marathon 1.025 127 806
MI-0021 120-150
Texas Exxon 1.025 57 1,896
TX-0021 AC-20
Virginia Chevron 1.035 7 2,250
VA-0621 AC-20
Wyoming Sinclair Oil 1.026 65 2,306
WY-0080 AC-20
California Shell Oil 1.030 56 1,490
CA-0001 AR-4000 48 1,900
Georgia AMOCO 1015 63 3,310
GA-0001 AC-30
New York - R EIf Asphalt 1.036 87 2,032
NY-0001 AC-20
Wisconsin Koch Asphalt 1.025 239 550
‘WI-0001 200-300 Pen

Table 10. Summary of Rice specific gravities measured for each
mixture and used in air void calculations.

Rice Specific Gravity

State/Project

Mean Standard Coefficient of

Value Deviation Variation, %
Colorado/000% 2.4759 0.01657 0.67
Michigan/0021 2.4748 0.01244 0.50
Texas/0021 2.4343 0.02498 1.03
Virginia/0621 2.7361 0.01871 0.68
Wyoming/0080 2.4516 0.01366 0.56
California 2.45% 0.01587 0.64
CA-0001
Georgia 2.511 0.00778 0.31
GA-0001
New York — R 2.4599 0.00212 0.09
NY-0001
Wisconsin 2.515 0.00721 0.28
WI-0001

Table 10. The Texas project (TX-0021) contained a much greater
variation in Rice specific gravity than any of the other projects
for some unknown reason. This project was also found to have
the greater variation in materials from truck-to-truck sampling.
This is the same project where a change in materials occurred
during the production process and the JMF was revised during
the day of construction for the AAMAS test sections.

2.2.1.4 Traditional Mixture Design Properties

Hveem (AASHTO T246-82) and/or Marshall (AASHTO
T245-82) mixture design procedures were used to determine the
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Figure 25. Relationship of penetration to viscosity for the asphalt
cements used on the AAMAS projects.
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Figure 26. Viscosity-temperature relationship of the AAMAS as-
phalts measured on 365°F TFOT residue, viscosity (simulation of
18-month age hardening).



design asphalt content for the aggregate blends presented in
Appendix C. All mixture design data and other information
obtained from construction records have been presented in Ap-
pendix E. Figures 27 and 28 summarize and compare the differ-
ent mixtures using Marshall mix design parameters. These in-
clude VFA, VMA, air voids, and stability. As shown, the
mixtures represent a wide range of material combinations. In
general, for aggregate blends with lower VMA contents, the
difference in air voids between the kneading and Marshall com-
paction was small. Conversely, for aggregate blends with higher
VMA contents there were large differences in air voids by the
two methods.

Figure 29 displays a comparison of Hveem and Marshall air
voids (Figure 29a) and stabilities (Figure 29b) for the same grad-
ing and asplall coulents. As anlicipated, no general correlation
was found between the two stabilities for the materials used in
the AAMAS projects. For each specific mixture, however, the
two stabilities are grossly related, with the exception of the Wyo-
ming mix. The Wyoming mixture’s VMA value was very low.
Table 11 provides a comparison of the mixture design values,
interpolated for the average asphalt content determined from
extraction tests of bulk mixture (Table 7), and design criteria
suggested in the Asphalt Institute’s Manual Series No. 2 (48).
As shown, none of the mixtures meet all criteria listed.

PERCENT VOIDS FILLED WITH ASPHALT, &

PERCENT VMA, %

ASPHALT CONTENT, %

Figure 27. Percent VMA and VFA for the combined grading.
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Mixture designs were also completed by each state highway
agency on the four supplemental mixtures, but only using the
individual agency’s design procedure. A graphical summary of
the results for each mix is provided in Appendix E. Table 12
summarizes the mix design values for the target asphalt content,
and the asphalt content actually measured for all mixtures sam-
pled during mix production. As shown, all mixtures, as designed,
exceed or meet the specifications stated in the Asphalt Institute
MS-2 manual (48). Unfortunately, many of these mixtures were
not placed as originally designed.

Table 13 gives the asphalt content during plant production
and the design asphalt contents based on Marshall and Hveem
mixture design procedures. Note in the table that the Marshall
procedure (50 blows) always resulted in a higher asphalt content
requirement than Hveem for similar aggregate blends, because
of the lower compactive effort (50 blows) applied to these spec-
imens.

The optimum amount of asphalt was also calculated using
a program entitled ASPHALT (2). The results from program
ASPHALT for each aggregate blend used is presented and com-
pared to the results from the standard mixture designs in Appen-
dix E. All projects were found to correspond reasonably close to
the calculations using this program. Figure 30 shows a compari-
son of the design asphalt contents using the above three proce-
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Figure 29. Comparison of typical Hveem and Marshall mix design variables as measured on the same

aggregate blend from different projects.

dures. As shown, the optimum values calculated with program
ASPHALT were generally below those determined by the Mar-
shall procedure and above those determined by the Hveem pro-
cedure,

2.2.2 Field Test Sections

One of the more important tasks in developing an AAMAS is
to define sample preparation techniques that yield in the labora-
tory, engineering properties that closely relate to those of the
field-compacted mixtures. For example, Nunn (45) found sub-
stantial differences in density and some differences in permanent
deformation characteristics between laboratory-compacted spec-
imens and field cores. Jimenez (43) also found differences in
stabilities and tensile strengths between specimens compacted to
similar air voids but using different compaction devices.

To examine sample preparation techniques, test sections were
selected in various states to obtain a range of environmental,
aggregate, and compaction conditions for mixing and placing
dense-graded asphaltic concrete mixtures (both surface and base
materials), and to obtain samples of the materials for laboratory
mixing. The intent of the field test sections was to reduce the
independent variables within a section of pavement to as low a
level as practical. )

Samples of the bulk mixture were obtained during production
and placement of the asphaltic concrete layers, and cores were
recovered immediately after compaction on the roadway. Speci-
mens were then compacted in the laboratory using different
compaction devices and tested using the same laboratory proce-
dures as were used for testing the field cores. Thus, any difference
in strengths or stiffnesses between the field cores and laboratory
specimens (assuming identical air voids and ignoring the reheat-
ing of laboratory-compacted specimens) can be related to com-
paction technique.

Five projects were initially selected for the field studies. These
included one project each from Colorado, Michigan, Texas, Vir-
ginia, and Wyoming. Two projects were added for follow-up
field studies to define the effects of aggregate size and to add a
recycling project. These include one recycled asphaltic concrete
mix in Virginia and one large aggregate base project in North
Carolina. This section of the report provides a description and
summary of each project. Table 14 summarizes information on
the materials that were used to build the first five projects.

2.2.2.1 Colorado (CO-0009)

This section of roadway consists of a two-lane rural highway,
designated as State Route 9, which runs north-south between
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Table 11, Summary of mixture design criteria at the average asphalt content
measured from extractions of bulk material. Note that shaded areas in the table
represent those mix design variables that do not meet the specifications listed.

State/Project
Mix Mix
Criteria Coloradoe |Michigan |Texas Virginia |Wyoming |Specification#*
Co-0009 MI-0021 TX-0021 |VA-0621 WY-0080 MS-2 Manual
Average
Asphalt
Content
from
Extractions 5.00 5.386 5.57 4.56 4.74 e
Avg. Alr
Voids from
Cores/% 8.19 3.74 B.75 5.85 5.77 ———
Marshall e = i -
VFA, % 56 67 56 58 59
Hveem z : i
VFA, % 63 80 6B 81 62 75-85
Marshall il
VMA, % 15.9 18.6 15.2 19.6 12.3
Hveem
VMA, % 15.5 15.8 e b B 15.2 10.4 >14.5%%
Marshall i
Air Voids, % 6.7 6.0 e 77 8.5 4.9 3-5
Hveem :
Air Voids, % 5.8 | 3.1 2.6 | 3.8
Marshall i
Flow, (0.01") 11 9.6 11. 14 20 B-18
Marshall
Stability 2700 1490 3460 1650 2250 >750
Hveem ' L
Stability 33 13 s 26 20 >35
* Specifications represent those generally accepted for a medium traffic
category.

*¢  Minimum Value dependent on the maximum size aggregate used in mixture.

For

simplicity of comparison only one value listed which is for a 3/4 inch
maximum aggregate size, and applicable for most of these mixtures.

Silverthorne and Kremmling. The actual test section locations
are in the northbound driving lane, adjacent to a portion of the
Green Mountain Reservoir, approximately 22 miles north of the
junction with TH-70.

This project was a major strengthening of the existing pave-
ment. The plans called for the placement of a leveling course,
averaging 1.5 in. in thickness. On top of the leveling course, a
nonwoven geotextile (Trevira) was laid. This was followed by
the placement of two lifts, each 1.5 in. thick of a Type C surface
course mix. The lower surface course layer was employed for
the construction of the compaction test sections.

The aggregates incorporated into the Type C asphaltic con-
crete mix were supplied to Flatiron Paving from the L.G. Everest
gravel pit. The mix consisted of 30 percent coarse aggregate and
70 percent fine aggregate. No mineral filler was used in the mix.
The asphalt cement was an AC-10 viscosity graded material, and
supplied by the Sinclair Oil Company. Pave Bond LP Liquid
antistrip agent was added to the mix at the rate of 0.4 percent,
by weight of asphalt cement.

The asphaltic concrete mix was produced in a new CMI drum
mix plant. The material was discharged into the haul trucks
from the surge silo at a temperature of approximately 280°F. A
Blaw-Know PF 220 paver was used to place the mix at a mini-
mum lift thickness of 1.5 in.

Each of the two test sections constructed was approximately
300 ft long. Test section 1-VB was compacted using two rollers.
The breakdown roller was a Tampo RS-166A double drum vi-
bratory roller. This equipment was operated at a frequency of

Table 12. Summary of traditional test results at the design asphalt
content selected by the state highway agency.

Design i

Asphalt Air Voids,
Mixture Content, 5o % Stability*
CO-0009 55 42 36-H
MI-0021 4.95 28 1,400-M
TX-0021 b ik 6.0 38-H
VA-0621 4.5 5.0 1,800-M
WY-0080 275 5.0 2,100-M
CA-0001 53 5.6 42-H
UA-UUUL 33 4.5 3,U50-M
NY-0001 5.7 4.0 1,500-M
WI-0001 31 22 2,200-M

H - Hveem Stability Value
M - Marshall Stability Value

2,200 vibrations per minute in low amplitude. The breakdown
roller made four coverages over each point on the pavement
surface. The finish roller, which made two coverages over the
mat, was a Hyster C 350 BT static tandem steel wheel machine.

Test section 2-PB was also compacted using two rollers. For
this test section, however, the breakdown roller was a Hyster C
530, a pneumatic tire roller. The pneumatic tire equipment made
four complete coverages of the roadway surface. Finish rolling
was accomplished through the use of the Hyster static tandem
steel wheel roller making two coverages over the mix.
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DESIGN ASPHALT CONTENT,

80

Table 13. Summary of selected asphalt contents using different procedures as compared to field extractions,
percent. Note that the Marshall procedure (S0 blows) always resulted in a higher asphalt content than
Hveem for similar aggregate blends, simply because of the lower compactive effort (50 blows) applied to

these specimens.

State/Project
Method
Colorado Michigan Texas virginia Wyoming | California Georgia New York Wisconsin
C0-0009 MI-0021 TX-0021 VA-0621 WY-0080* CA-0001 GA-0001 NY-0001 WI-0001
Hveem 5.4 4.9%x 5.3 4.2 2 5.3 ——— ——— ———
Marshall 5.9 5.7 6.0 5.4 6 —— 5.5 5.7 5.1
Program
“"ASPHALT" 6.0 5.3 5.8 4.8 2 4.6 3.3 6.4 4.8
JMF, Plant 5.5 4.95 5.5 4.5 .75% 5.3 5.5 5.7 3.1*
Extractions 5.00 5.36 5.57 4.56 .74 4.76 4.33 5.08 5.21
* Recycled Mix, the asphalt content listed only include the Virgin Material added during production. For

the extractions, the percent asphalt measured includes the RAP and virgin materials.

The average a

phalt content of the Wyoming RAP material was 4.34 percent and for the Wisconsin RAP was 5.4 percent.

% Hveem Stability values less than minimum value of 35, as recommended by the Asphalt Institute Criteria

published in MS-2; 1984 Edition.
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Figure 30. Selected or design asphalt contents determined by
Marshall and Hveem mix design procedures compared to the
optimum calculated with program ASPHALT.

2.2.2.2 Michigan (MI-0021)

Project MI-0021 was an overlay for a rural two-lane highway,
designated as State Route M21, which runs east-wet between
Flint and Owosso. The actual test section locations are in the
eastbound lane, between Serr Road and Vernon Road, starting
about 5 miles east of Owosso.

The coarse aggregate used in the asphaltic concrete mixture

consisted of crushed aggregate (%-in. top size) from the Spartan
Asphalt-Blakeley Pit. This coarse material made up 39 percent
of the total aggregate combination. Three different fine aggre-
gates, all natural sands, were blended together: 25 percent con-
crete sand from Blakeley Pit, 16 percent of a blend sand, and 20
percent 3CS sand from Fuoss Gravel Company. The asphalt
cement was a 120-150 penetration graded material supplied by
Marathon Oil Company. No additives (including liquid antistrip
agents) or mineral fillers were added to the mix. The asphaltic
concrete mix was designated Type 20 AAA.

The asphaltic concrete material was produced in a relatively
old CMI drum mix plant. The plant had been modified by length-
ening the drum and was equipped with a rotary center inlet to
handle reclaimed asphaltic concrete material to produce recycled
mixes. For this project, the contractor was feeding the coarse
aggregate and two of the sands through the normal cold feed
bins and into the mixing drum at the burner end. The third
sand was introduced into the drum mixer from the reclaimed
aggregate cold feed bin and through the rotary center inlet.

The asphaltic concrete mix was placed on M21 using a Blaw-
Know PF 180H paver. The thickness of the mat was 1.5 in. thick
throughout the project, except for the two AAMAS test sections.
In order to assure that cores were at least 1.5 in. in height, the
State and contractor agreed to increase the mat thickness in the
area of the test sections to 1.75 in.

Each of the two test sections constructed was approximately
300 ft long. Test section 1-VB was compacted using two rollers.
The breakdown roller was a Dynapac CC 42A double drum
vibratory roller. This equipment was operated at a frequency of
2,400 vibrations per minute in low amplitude. The breakdown
roller made four coverages over each point along the pavement’s
surface. The finish roller, which made two coverages over the
mat, was a Bomag S 812A static tandem steel wheel machine.

Test section 2-PB was also compacted using two rollers. For
this location, however, the breakdown roller was a Bros SP 3000
pneumatic tire roller. The pneumatic tire equipment made six
complete coverages over the roadway surface. Finish rolling was
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State Colorado Michigan Texas Virginia Wyoming
Project CO0-0009 MI-0021 TX-0021 VA-0621 WY-0080
Mixture Designation Type C Type 20AAA Type B Type B-3 ———
Plant Type CMI Drum CMI Drum Standard Havens |CMI-Caterpiller CMI Drum
Drum Drum
Coarse 30% Pit Run| 39% 5/8 35% 3/4" Crushed|60% Trap Rock 40% RAP
Aggregate Aggregate Crushed Gravel Chip|Limestone (#56) 40% Crushed Rock
Blend* Gravel, Glacial 33% 3/8" Crushed| 5% Trap Rock & Coarse Gravel,
Granite Deposits Limestone (#8) Alluvial (Granite,
Quarzite, Basalt)
Fine 70% Pit Run|25% Crusher|15% Limestone 20% Crushed 20% Fine Gravel,
Aggregate Crushed Sand Screening Fines (#10) Alluvial (Granite
Gravel, 16% Blend Quarzite, Basalt)
Granite Sand
20% 3Cs 17% Field Sand 15% Natural
Sand Sand
Asphalt Type Sinclair Marathon Exxon Chevron Sinclair (AC-20)
0il (AC-10)|(120-150) (AC-20) (AC-20)
Asphalt Amountw¥ 5.0 5.6 5.5 4.5 2.75%%%
Modifier/Additive Type Pave Bond -—= - ACRA 1000 Hydrated Lime
- Lp
Amount ’ 0.4%% 0.6%% 1.0%%%
Placement Temperature, 250 to 300 280 294 to 314 280 270 to 285
(Average) °F (280) (310) (275)
* Numbers are in Percent Based on Total Weight of Mixture
*% Percentage Based on Weight of Asphalt
LAAd . Percentage Based on Weight of Virgin Aggregate only.

again provided by the Bomag static tandem steel wheel roller,
operated to make four coverages over the entire pavement
surface.

The air temperature was over 90°F at the time of construction
of the test sections, making it impossible to cut the cores the
same day as the mix was placed. Because traffic could not be
rerouted, vehicles were permitted to run over the newly placed
asphaltic concrete mix within an hour or so of the time it was
laid. There was some glazing or flushing of the hot mix under
the suction action of the vehicle tires. This ‘“extra” asphalt in
the wheel paths of the roadway was evident the next day.

2.2.2.3 North Carolina (Vulcan’s Plant)

The North Carolina project was not a fully completed AA-
MAS section. Bulk samples of the aggregate, RAP, and asphalt
were not recovered, because this project was only used to verify
the effects of aggregate size in relation to sample size. In sum-
mary, Vulcan materials were used for building an entrance/haul
road for their plant’s operation. The maximum size aggregate
used in this mix was 2.5 in. Thus, only oversize cores (8 in. in
diameter) were cut for testing. All coring was performed by
Vulcan personnel.

2.2.2.4 Texas (TX-0021)

The Texas project was located in Burleson County on High-
way 21 just west of the Bryan/College Station area. This was a
major reconstruction project converting an existing two-lane
roadway into a four-lane divided highway. The AAMAS test
sections were in the westbound lanes; section 1-SB (standard
compaction train) was along the outside lane and section 2-VB
(alternate compaction train) along the inside lane. Paving was
done in opposite directions on the same day.

The thickness of the asphaltic concrete lifts used for the AA-
MAS sections varies transversely across the roadway from 2 to

3 in. Therefore, cores along the Texas project were not taken
at random, but along a specific line parallel to the roadway’s
centerline. The reason for taking the cores in a straight line was
to decrease the variation of lift/core thickness and resulting air
void distribution with lift thickness.

The aggregates used in the mixture consisted of crushed lime-
stone and field sand. The crushed limestone was obtained from
the Georgetown quarry and is considered to be an absorptive
type aggregate. The grading used for the AAMAS study was a
Type B grading, as per Texas State Department of Highways
and Public Transportation criteria (¥-in. nominal size aggre-
gate). The asphalt cement was an AC-20 viscosity graded mate-
rial obtained from Exxon Company located in Baytown, Texas.
The aggregate blend used consisted of 35 percent of a Type D
coarse aggregate (¥-in. limestone) and 33 percent of a Type F
coarse aggregate (¥-in. limestone). The fine aggregate consisted
of 15 percent limestone screenings and 17 percent field sand.

The type of plant that was used to produce the mix was a
standard Havens drum mix plant. A No. 3 diesel fuel was being
used as burner fuel during mix production. The temperature of
the mix at the plant varied from 300 to 330°F.

Two sections were constructed along Highway 21. These sec-
tions were in adjacent lanes and placed on the same date (July
22, 1987). The temperature of the mix received on the roadway
varied from 294 to 314°F. Test section 1-SB was compacted
with the standard compaction train used by the contractor. This
consisted of a static steel wheel roller for breakdown followed
by a pneumatic rubber-tired roller followed by a static steel wheel
for finish rolling. Test section 2-VB consisted of a vibratory
roller for breakdown followed by a static steel wheel for interme-
diate and finish rolling.

The steel wheel rollers consisted of an Ingram three-wheel
10-ton roller. The rear rollers provided 354 1b per linear inch
compression, while the front rollers provided 150 Ib per linear
inch compression. The pneumatic rubber-tired roller was an
Ingram nine-wheel 10-ton roller. Air pressures in the tires varied
from 75 to 90 psi. The vibratory roller consisted of a Rex Model
SP-848 vibratory roller. For this project high frequency (approxi-
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mately 1,800 vibrations per minute) and low amplitude were
used to compact the asphaltic concrete mix.

2.2.2.5 (Virginia, VA-0621)

The Virginia VA-0621 was a reconstruction project of a two-
lane highway located on State Highway 621 near Chantilly,
Virginia, which runs east to west. Test section 1-VB was along
the eastbound lane and test section 2-SB along the westbound
lane. The contractor for this project was Tri-County Asphalt.

The project consisted of placing 4 in. of an asphaltic concrete
base on top of an untreated aggregate base course. An asphaltic
concrete binder and surface course were to be placed on top of
the asphaltic concrete base mix. The base course lift was selected
as the AAMAS mix to be sampled and cored because of the
larger aggregate size.

The aggregates used in the mixture consisted of crushed trap
rock and sand. The grading used on the bottom lift, which was
sampled for AAMAS, consisted of 1-in. nominal size coarse
aggregate. The asphalt cement used in the mix was an AC-20
viscosity graded material that was supplied by CHEVRON, lo-
cated in Baltimore. The aggregate blend consisted of 60 percent
of a No. 56 crushed coarse aggregate, 5 percent of a No. 8
crushed coarse aggregate, 20 percent screenings or a No. 10 dust
material, and 15 percent concrete sand. An asphalt modifier,
ACRA 1,000, was used in the mix and added at a rate of 0.6
percent, by weight of asphalt cement.

The type of plant that was used to produce this mix was a
CMI-Caterpillar drum mix plant. Natural gas was being used as
the burner fuel during mix production and the temperature of
the mix was above 300°F.

Two test sections were constructed along State Highway 621.
These sections were in opposite lanes and built on the same
date. The temperature of the mix placed behind the paver was
approximately 280°F. Test section 1-VB was compacted with the
standard compaction train used by the contractor. This consisted
of a vibratory roller for breakdown rolling followed by a static
steel wheel for finish rolling. Test section 2-SB consisted of a
static steel wheel for breakdown rolling followed by a pneumatic
rubber-tired roller for intermediate rolling and a static steel for
finish rolling.

The vibratory roller was a B-44 Caterpillar, tandem drum.
Both drums were vibratory and used in the compaction process.
The pneumatic rubber-tired roller was a Dynapac, CP-15, Model
87 roller. This roller consisted of four tires followed by five tires.
The static steel wheel roller consisted of a Galion tandem 5-ton
roller.

2.2.2.6 Virginia (VA-0279)

This section of roadway consisted of the construction of two
new lanes of pavement in the eastbound direction to alter a
portion of US Route 60 from a two-lane roadway to a four-lane
divided highway. The majority of paving on this project was on
SR 279, but the compaction test section was actually built on a
portion of US 60 at the junction with SR 279. The inside, or
passing lane of the new construction section was used for the
test area.

The project consisted of placing 7 in. of an asphaltic concrete
base course on top of an untreated aggregate base course. An
asphaltic concrete binder and a surface course were to be placed

on the asphaltic concrete base mix. The second base course layer,
3.5 in. thick, was used for the test section. The mix placed was
a recycled asphaltic concrete containing 15 percent reclaimed
material (RAP).

‘The new aggregates incorporated into the recycled asphaltic
concrete mix were supplied by Lone Star Materials. The re-
claimed asphaltic concrete had been obtained from cold planing
jobs on various city streets in the Norfolk area. The mix design
for the project called for the use of 50 percent No. 57 granite
coarse aggregate, 10 percent No. 68 granite coarse aggregate, 25
percent concrete sand, and 15 percent reclaimed material. The
asphalt cement used was furnished by Seaview Refinery and was
an AC-20 viscosity graded material. An antistripping agent, Pave
Bond Special, was added to the mix at a rate of 0.5 percent, by
weight of asphalt cement. The asphaltic concrete was classified
as a Type B-3 mixture.

The recycled asphaltic concrete mix was manufactured in a
1972 Cedar Rapids 5-ton pugmill capacity batch plant. In order
to handle the reclaimed material, the dry mix time on the plant
was extended to 6 sec while the wet mix time was 28 sec. There
was a noticeable amount of dust carryout from the pugmill area
when the heated new aggregates and the ambient temperature
of the reclaimed material were emptied from the weigh hopper
into the pugmill and dry mixing started. The mix was produced
at a discharge temperature of approximately 280°F. The as-
phaltic concrete mix was placed on US 60 using a Cedar Rapids
BSF 530 paver.

Only one test section (compaction train) was completed on
this job. The primary reason for doing this project was to get
one additional test section which used recycled asphaltic con-
crete mix, using a large aggregate size in the mix. Breakdown
rolling was completed using a pneumatic rubber-tired roller. A
double drum vibratory roller, operating in the vibratory mode,
was used for intermediate rolling and in the static mode for finish
rolling.

The pneumatic tire roller was a nine tire Dynapac CP-15
machine. The equipment made approximately 5 coverages over
the surface of the asphaltic concrete base course mix. The num-
ber of coverages varied somewhat because of two major factors.
First, the paver was moving very slowly due to the thickness of
the mat it was placing and the lack of plant production. Second,
because of the time of year and the weather conditions, it was
desirable to start the compactive effort before the mix cooled too
much to be properly densified. Thus, for this project, rolling was
commenced before the paver had completely placed the whole
300-ft long test section. The roller was reversed within the length
of the test section and the number of coverages made by the
equipment was not consistent throughout the length of the test
section.

Finish rolling took place in two parts. A Bomag BW 151 AD
double drum vibratory roller made two coverages, in vibration,
over the test section pavement. This was done to assure that
adequate density was obtained along this section of pavement,
because it was in the middle of what would be a very heavily
traveled portion of highway. The same roller then made an
additional three coverages, in the static mode, to remove any
marks on the pavement’s surface.

2.2.2.7 Wyoming (WY-0080)

Project WY-0080 consisted of the recycling/overlaying of a



four-lane divided interstate highway, designated as IH-80, which
runs east-west between Rawlins and Rock Springs. The actual
test section locations are in the westbound driving (outside) lane,
about 2 miles west of the Town of Point of Rocks, which is
approximately 28 miles east of Rock Springs.

On this project, 4 in. of the existing asphaltic concrete pave-
ment in the driving lane in each direction was removed by cold
planing. This material was recycled back into the asphaltic con-
crete mix on a basis of 40 percent reclaimed material and 60
percent new aggregate. The recycled mix was placed back on the
interstate roadway in two 2-in. lifts, to bring the elevation of the
driving lane back to the same level as the passing (inside) lane.

The new aggregates incorporated into the recycled asphaltic
concrete mix were bank run gravel type materials that were
available from a state-owned pit. The coarse and fine aggregates
were used as a blend—only one new aggregate stockpile was
employed by the contractor. The reclaimed asphaltic concrete
material (40 percent of the total weight of the aggregate) was
obtained from the driving lanes of TH-80 within the limits of the
project. The asphalt cement used was an AC-20 viscosity graded
material supplied by the Sinclair Oil Company and was added
at a rate of 2.75 percent, by weight of recycled mix. One percent
hydrated lime, weight of new aggregate only, was added as an
antistrip agent. The asphaltic concrete mix was designated “Re-
cycled Hot Plant Mix Bituminous Pavement.”

The asphaltic concrete material was produced in a CMI drum
mix plant. The plant was equipped with a rotary center inlet
to handle reclaimed asphaltic concrete material to produce the
recycled mix specified for the IH-80 paving. The new aggregates
were fed into the drum mixes from the cold feed bins into the
burner end of the drum. The hydrated lime additive was blended
with the new aggregates in a small pugmill, located at the point
of entry of the aggregates into the mixing drum.

The asphaltic concrete mix was placed using a Blaw-Know
PF 180 H paver. The thickness of the mat was 2 in. and the
AAMAS lift was placed as the first of two layers in the trench
section created by the cold planing operation.

Each of the two test sections constructed was approximately
300 ft long. Test section 1-VB was compacted using two rollers.
The breakdown roller was a Hyster C 727 A double drum vibra-
tory roller. This equipment was operated at a frequency greater
than 2,000 vibrations per minute in low amplitude. The break-
down roller made three coverages over each point in the pave-
ment surface. The finish roller, which made two coverages over
the mat, was a Raygo Rascal double drum vibratory roller which
was operated in the static mode.

Test section 2-PB was also compacted using two rollers. For
this test section, however, the breakdown roller was a small
Ingram 9-2800 model pneumatic tire roller. Because of the size
of tires on this machine, the air pressure in the tires was limited
to only 60 psi. The pneumatic tire equipment made six complete
coverages of the roadway surface. It was evident that this equip-
ment was not heavy enough to get the desired level of density in
the mix. Two coverages over the roadway surface were then
made with the Raygo double drum vibratory roller operating in
vibration. Finish rolling was accomplished by the same Raygo
roller, operated in the static mode. The finish rolling was com-
pleted with three coverages over the whole pavement surface.

2.2.3 Materials Sampling Program

During the production and construction of each of the AA-
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MAS projects, bulk materials were sampled and cores were cut
from each test section. The sampling techniques used are pre-
sented and discussed in Appendix B.

2.2.3.1 Bulk Samples

Samples of each aggregate stockpile were taken and placed in
separate bags or metal 10-gal containers. In most cases, front-end
loaders were being used to transport the aggregate from the
stockpiles to the cold feed bins. Therefore, bulk samples were -
taken from the stockpile as the front-end loader removed mate-
rial from each of the stockpiles, with the exception of the Texas
and Michigan projects. For the Texas project (TX-0021), bulk
samples of each aggregate type were taken from the cold feed
bins, as the front-end loader put aggregate into the hoppers. For
the Michigan project (MI-0021), samples from each of these
stockpiles were taken by hand without the use of front-end
loaders.

Samples of the asphalt and other additives, when used, were
taken by plant personnel from the storage tanks. The asphalt
was placed in 1- or 2-gal containers, sealed and prepared for
transport.

The asphaltic concrete mixture was also sampled from trucks
and placed in specially sealed 10-gal. metal containers. The types
of containers and sampling procedures are presented in Appen-
dix B. Approximately 750 1b of bulk asphaltic concrete mixture
were obtained for each section (approximately 1,500 Ib from
each project).

2.2.3.2 Coring Program (After Construction)

A minimum of 21 cores were cut from each section within a
project. These cores were taken in most cases the following
day after construction. The Colorado, Michigan, and Virginia
projects received overnight traffic prior to core recovery. For the
Colorado and Virginia projects, this was very minimal traffic.

2.2.3.2.1 Core Recovery. Four-inch diameter cores were taken
on all projects. However, for the Virginia project (VA-0621),
oversize cores were taken to investigate the effects of sample
size as related to maximum aggregate diameter. Two additional
projects were added to study the effects of large size aggregates
on material properties. On these three projects, six to nine 8-in.
diameter cores were taken per test section.

It was the original intent of the experimental program to
dry-core all AAMAS test sections the same day after placement
and compaction. However, many of the projects were built in
very warm weather,.so the mix cooled very slowly. During the
Virginia project (VA-0621), dry ice was used in an attempt to
cool the asphaltic concrete mix to an acceptable level that would
allow cores to be recovered. Dry ice was applied to the pavement
surface; however, recovery of the entire core was still not possi-
ble. In fact, during testing some of those cores that were taken
the same day as mix placement and for which dry ice was used
had significantly lower indirect tensile strengths than the cores
that were taken one day after mixture placement. Apparently,
dry-coring the asphaltic concrete caused disturbance to the sam-
ple and may have affected the adhesion of the asphalt to the
aggregate. Therefore, on all remaining AAMAS test sections,
cores were taken using wet-coring techniques after the mix had
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Table 15. Summary of core thicknesses measured along each test
section immediately after construction.

Mean Standard | Coefficient
Thickness, | Deviation of Range,
State/Project | Section Inches Inches Variation, % Inches
Colorado 1-VB 136 0.188 13.8 1.0-1.7
CO-0009 2-PB 134 0.134 9.97 1.1-1.7
Michigan 1-VB 1.89 0.113 6.00 1.7-1.7
MI-0021 2-PB 170 0.125 7.34 1.5-19
Texas 1-SB 253 0.205 8.12 2.2-29
TX-0021 2-VB 3.12 0.247 791 2.7-3.6
Virginia 1-VB 4.03 0.347 8.60 3.74.9
VA-0621 2-SB 3.55 0279 6.70 3.2-3.9
Wyoming 1-VB 211 0.151 717 1.6-24
WY-0080 2-PB 225 0.114 5.06 2.0-24

been allowed to cool sufficiently so that core disturbance did not
occur.

After recovery, all cores were allowed to dry prior to wrapping
and sealing the cores for shipment. In some cases, cores were
left unwrapped for an additional day to ensure that all moisture
had evaporated.

2.2.3.2.2 Core Location. Locations for these cores were deter-
mined using random numbers for general sampling procedures
in accordance with the Asphalt Institute’s Manual Series No. 17.
Core locations were varied both transversely and longitudinally
down the paving width, with the exception for the Texas project
(TX-0021). Random locations were not used on project
TX-0021, because the lift used as the AAMAS section was along
a transition lane and its thickness varied transversely from one
paving edge to the other.

2.2.3.2.3 Core Thickness. After all cores were received in the
laboratory, thickness measurements were made on each core
in accordance with ASTM D3549, “Thickness or Height of
Compacted Bituminous Paving Mixture Specimens.” Measure-
ments of thickness were also made on quarter points of each core
and the average thickness determined. The average thickness for
each core is summarized in Appendix A. Table 15 summarizes
the average core thicknesses measured along each test site. As
shown, only the Colorado project (CO-0009) had an insufficient
thickness as compared to the required plan thickness previously
referred to. Some of the CO-0009 cores were less than 1.25 in.
in height and inadequate for indirect tensile testing.

2.2.3.3 Coring Program (After Traffic)

Cores were taken from each of the five initial projects approxi-
mately 2 years after construction. A minimum of 27 cores per
section were recovered. These cores were taken using the same
procedure initially used, as discussed above, with the exception
of two areas. The difference between these two time periods was
that at least six 6-in. diameter cores were recovered from every
section and the locations were varied only in the longitudinal
direction.

2.2.3.3.1 Core Location. Random numbers were used to locate
the cores along three longitudinal lines parallel to the centerline.
One line of cores was located in each wheelpath and the third
between the wheelpaths. Nine cores were located between the
wheelpaths and the remaining were located within the

wheelpaths. Transverse variation was not used, so that the air
voids of cores recovered within the wheelpath could be compared
to those recovered between the wheelpaths.

2.2.3.3.2 Core Thickness. After all cores had been received in
the laboratory, the same lift used for testing the original cores
designated “after construction” was removed from the other lifts
by sawing. The location of the AAMAS lift varied between the
projects. After separation, thickness measurements were made
on the AAMAS lift in accordance with ASTM D3549, and on
quarter points of each sample. The thickness of each sample is
given in Appendix A. The following is a summary of the mean
thicknesses measured along each test site, as compared to the
original measurements made after construction.

MEAN THICKNESS (INCHES)

AFTER AFTER 2
PROJECT SECTION CONSTRUCTION YEARS
CO0-0009 1-VB 1.36 1.36
2-PB 1.34 1.35
MI-0021 1-VB 1.89 1.75
2-PB 1.70 1.58
TX-0021 1-SB 2.53 2.58
2-VB 3.12 2.83
VA-0621 1-VB 4.03 3.73
2-SB 3.55 3.68
WY-0080 1-VB 2.11 1.99
2-PB 2.25 2.02

Some of the CO-0009 samples were less than 1.25 in. in height
and inadequate for indirect tensile testing.

2.2.4 Supplemental Mixtures

As stated in the opening discussion of section 2.2, four addi-
tional mixtures were selected for study to supplement the labora-
tory data used for developing the mixture design procedure based
on performance-related criteria. These four mixtures were pur-
posely selected with inferior performance characteristics to pro-
vide supporting data that AAMAS would distinguish those mix-
tures as borderline or inferior. Inferior was defined as a
dense-graded mixture which was restricted from use on high
volume roadways because of accelerated surface distress. These
type mixtures were selected from California, Georgia, New
York, and Wisconsin.

The same material sampling program discussed for the field
test sections was used to sample both the mixtures and individual
materials for the four inferior mixtures, with the exception that
cores were not recovered. Tables 8 through 10 and 16 summarize
information on the materials that were used to produce these
mixtures.

2.2.4.1 California Mix

The California mix was produced from two different plants at
the same time and for the same project along State Route 395.
These plants were an Astec drum mix and batch plant. Bulk
samples of the Type “A” mix were sampled from both of these
plants. The average temperature of the mix was provided by
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State California Georgia New York - R Wisconsin
Mixture Designation Type A Type B Type 6F Type A
Astec Drum/ Astec Drum 3-Ton Stansfield Astec Drum
Plant Type Batch Plant Mix Plant Batch Plant Mix Plant
Aggregate 20% Coarse 41% Crushed Rock|32% Crushed Dolomite|55% Crushed
Blend Crushed Gravel No. 57 (3/8" Stone) Gravel
Coarse 12% Medium 10% Crushed Rock|26% Crushed Dolomite 45% RAP
Aggregate Crushed Gravel No.10 (1/4" Stone)
Granite
Fine 35% Crushed (48% Crushed Fine 38% Natural Sand Crushed
Aggregate Fines (No.M10) 4% Mineral Filler Fines
33% Natural (Cement & Fly Ash)
Fines
Asphalt Type Shell 0il Amoco 0il Elf Asphalt Koch
{AR-4000) (AC-30) (AC-20) Asphalt
Asphalt Amount 4.76/5.95 4.33 5.08 (Ac-5)
5.21
Modifier/Additive Type -— Hydrated Lime — -—-
Amount, % —-— 1.0 —~— ——-
Production Temperature
F 280 270 325 275

California DOT personnel and was approximately 280°F. The
aggregates incorporated into this base mix were a local crushed
gravel supplied to Baldwin Contracting from Hillside Deposits
Inc. in Doyle, California. The crushed aggregates are highly
absorptive. The blend included 20 percent coarse and 12 percent
medium crushed fines, and 33 percent of natural fines. The
asphalt cement was an AR-4000 graded material, and supplied
by Shell Oil Company.

Department personnel expected that this mix would require
rehabilitation or an overlay in less than 10 years. This aggregate
blend is considered a “sensitive mix,” because slightly lower
asphalt contents result in a brittle mix and slightly higher asphalt
contents result in a plastic mix that is susceptible to distortion.
The design asphalt content for this blend was 5.3 percent. The
asphalt content measured from bulk samples, however, was sig-
nificantly different. The asphalt content of the mix produced
through the drum mix plant was 4.76 percent and 5.95 percent
for the batch plant.

2.2.4.2 Georgia Mix

The Georgia mix sampled for the project was a Type “B’ mix
that the Department has restricted from use on high volume
roadways. This mixture is susceptible to moisture damage and
permanent deformation, and degrades when subjected to heavy
traffic. The aggregates used in this mix are 100 percent crushed
material. The aggregate is a granite, high in micia content, and
supplied by Colwell Rock Quarry in Blairsville, Georgia. The
blend included 41 percent of a No. 57 and 10 percent of a No.
10 crushed granite and 48 percent of granite fines or a No. M10
material. Lime was added to the mixture at a rate of 1.0 percent
of the aggregate dry weight because of its susceptibility to mois-
ture damage. The asphalt cement was an AC-20 viscosity graded
material, and supplied by AMOCO Oil. The asphaltic concrete
base mix was used for an overlay project along Highway 129. It
was produced in an Astec drum mix plant to a temperature of
approximately 270°F for C.W. Matthews, Inc.

2.2.4.3 New York Mixes

Two different mixtures were sampled by the New York De-
partment of Transportation personnel. One of these mixtures is
placed on very high volume roadways with good results, and the
other is restricted from use on high volume roadways because
of its past performance characteristics. The mix with a good
performance history is identified as the “Prima” mix (Holtsville,
N.Y.), whereas the mix that is susceptible to rutting and surface
distortions is identified as the “Rason” mix (Farmingdale, N.Y.).

Both mixtures include the same type of fine aggregate (natural
sand) and asphalt. The difference between the mixes is the type
of crushed coarse aggregate. The Rason mix uses a crushed
Dolomite (trap rock) obtained from Hudson River Aggregates
(Clinton Pit) in Farmingdale, New York. The Prima mix uses a
crushed limestone supplied by Callanan in South Bethlehem,
New York. Mineral filler (portland cement and fly ash) was
added to both of the aggregate blends. The following listing
summarizes and compares the aggregate blend of both materials
for a Type 6F surface mix.

RAsoON

32%-Dolomite
26%-Dolomite

AGGREGATE PRIMA

30%-Limestone
27%-Limestone

% in. Stone
Y, in. Stone

Natural sand 39% 38%
(Brookhaven aggr.)

Mineral filler 4% 4%
Asphalt content 6.1% 6.0

The asphalt cement is an AC-20 viscosity graded material and
supplied by EIf Asphalt.

2.2.4.4 Wisconsin Mix

The Wisconsin mix is a recycled mixture and was produced
in an Astec drum mix plant. This mixture is restricted from use
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on high volume roadways because of the amount of rutting
that has occurred from past observations. The new aggregates
incorporated into the recycled asphaltic concrete mix are a
crushed gravel from the Thiesen pit in Madison, Wisconsin. The
aggregates used for this mix were divided into two stockpiles,
one for the crushed virgin materials and one for the RAP materi-
als. The blend included 55 percent crushed gravel and 45 percent
RAP. The new asphalt cement used in the mix was a 200-300
Pen asphalt (similar to an AC-5 viscosity graded material) and
supplied by Koch Asphalt Company.

2.3 MIXTURE COMPACTION AND AIR VOIDS

The compaction of an asphaltic concrete paving mixture on
the roadway is the single most important factor in providing a
durable pavement structure. It is well known that an asphaltic
concrete mixture that is compacted to a low air void content
will have increased fatigue life, reduced permanent deformation,
reduced distortion, reduced aging of the asphalt cement, and
reduced moisture damage than will the same mixture that is
compacted to a higher air void content. It is also well known
that air voids decrease with the number of traffic applications.
Thus, the air void level at which the engineering properties
are measured is critically important, especially for “sensitive”
mixtures. A sensitive mix is defined as one in which significant
changes in engineering properties occur with small changes in
asphalt content and density levels.

For some distress types, the critical air void is immediately
after construction, whereas, for other distress types, the critical
air void is after many thousands or millions of load applications.
This section of the report discusses mixture compaction in the
laboratory to simulate the initial and final air void levels. Specifi-
cally, it reviews the field compaction procedures used to compact
the five mixes placed on the roadway, the laboratory devices
used to compact specimens that match the field cores, and the
expected change in air void level caused by traffic for each of
the mixtures.

2.3.1 Fleld Compacted Mixtures

Five projects (see discussion in section 2.2.2) were selected for
evaluating mixtures placed in the field. These five mixtures were
used for comparing thé engineering properties of mixtures placed
in the field as compared to those compacted in the laboratory.
This section of the report discusses the compaction procedures
and resulting air voids of these mixtures placed in the field using
different types of compaction trains.

2.3.1.1 Compaction Equipment and Procedure

Two compaction trains were used on the first five projects.
Each compaction train represents a test section. The breakdown
roller used by the contractor over the entire project was always
used on the first section. This section was also always designated
as the standard, but in some cases the intermediate roller used
over the entire project was eliminated from the compaction train
used on the AAMAS section. For the second or alternate section,
a different breakdown roller and rolling pattern were used. The
number of test sections for each type of breakdown roller used

to compact the mixtures are as follows: double drum vibratory
breakdown—>5 sections; static steel wheel breakdown—2 sec-
tions; and rubber-tired, pneumatic breakdown—3 sections.

The compactive effort was not commenced for any section
until the paver had placed asphaltic concrete over the whole
length of the section. This was done to prevent the rollers from
having to reverse direction within the test section length, thereby
assuring the number of roller passes to be relatively constant
over the area to be cored.

The compaction trains and rolling patterns used to compact
each AAMAS test section are given in Table 17. These rolling
patterns were selected to compact and densify the mix to an air
void content in the range of 5 to 7 percent. The same target air

Table 17. Summary of rolling patterns used to compact the asphaltic
concrete mixtures for each project.

Type of Rolling
State -

Project Section Breakdown Intermediate Finish
Colorado | 1-VB/SS | 4 Coverages of a - 2 Coverages of a
C0-0009 Tampo RS-166A Hyster C 350 BT

Double Vibratory Static Tandem
Drum Steel Wheel
Frequency = 2200
Vibration/min.
Low Amplitude
2-PB/SS | 4 Coverages of a - 2 Coverages of a
Hyster C 350 A Hyster C 350 BT
Pneumatic Tire Static Tandem
Steel Wheel
Michigan | 1-VB/SS { 4 Coverages of a = 2 Coverages of a
MI-0021 Dynapac CC 42 A Bomag § 812§
Double Vibratory Static Tandem
Drum Steel Wheel
Frequency = 2400
Vibration/min.
Low Amplitude
2-PB/SS | 6 Coverages of a - 4 Coverages of a
Bros SP 300 Bomag S 812 A
Pneumatic Tire Static Steel Wheel
Roller

Texas 1-SB/PS | 1 Coverage of an 2 Coverages of an | 1 Coverage of an

TX-0021 Ingram 10 Ton Ingram 10 Ton Ingram 10 Ton
Static Three Pneumatic Static Tandem
Steel Wheel Rubber Tire Steel Wheel

Roller
2-VB/SS | 1 Coverage of a 2 Coverages of an | 1 Coverage of an

REX SP-848 Ingram 10 Ton Ingram 10 Ton
Single Vibratory Static Three Static Tandem
Drum Steel Wheel Steel Wheel
Frequency = 1800
Vibrations/Min.
Low Amplitude

Virginia | 1-VB/SS | 4 Coverages with a - 6 Coverages with

VA-0621 B-44, Caterpillar a Galion 5 Ton
Double Vibratory Static Tandem
Drum High Steel Wheel
Frequency, Low
Amplitude

2-SB/PS | 4 Coverages with 4 Coverages with | 4 Coverages with

B-44 Caterpillar a Dynapac CP-15 | a Galion 5 Ton
Double Vibratory | Model Pneumatic | Static Tandem
Drum in the Static | Tired Roller Steel Wheel
Mode

Wyoming | 1-VB/SS | 3 Coverages of a | 2 Coverages with

WY-0080 Hyster C 727 A a Raygo Rascal
Double Vibratory Double Vibratory
Drum Drum in the
Frequency = 2000 Static Drum
Vibration/min.
Low Amplitude

2-PB/SS | 6 Coverages with 2 Coverages with | 3 Coverages with
a Ingram 9-2800 a Raygo Rascal a Raygo Double
Model Pneumatic | Double Vibratory | Vibratory Drum
Tire Roller Drum in the Static
Mode




void was used for both test sections within a project. The original
plan called for “identical” voids between the test sections to
evaluate any differences caused by different compaction trains.
Unfortunately, some of the rollers used were not of sufficient
size to achieve adequate density, which resulted in significantly
different air void levels between the two sections of a project.

2.3.1.2 Establish Field Rolling Patterns

Both nuclear density gauge readings and cores were taken
from each section. Nuclear density gauges were used to deter-
mine when the density magnitude leveled off and cores were cut
to verify that air voids were adequate. It should be noted, how-
ever, that the Rice specific gravity was either assumed based on
prior knowledge of state highway personnel, taken from project
construction records, or measured in a field laboratory with
minimum samples. On two projects (Colorado, CO-0009 and
Texas, TX-0021), the maximum specific gravity measured in the
field was found to be significantly different from those measured
in the laboratory on bulk samples of the mixture. As a result,
air voids were found in some cases to significantly exceed 8
percent.

2.3.1.3 Air Voids

All field cores recovered from each of the projects and test
sections have been summarized in Appendix D. Air voids were
calculated in conformance with AASHTO T268, “Percent Air
Voids in Compacted Dense and Open Bituminous Paving Mix-
tures,” using the Rice specific gravity as the maximum theoreti-
cal specific gravity (MTG) of-the mix. The air voids calculated
for each core are included in Appendix D. Table 18 summarizes
the average air voids and statistical information for each AA-
MAS project and test section.

During the initial field work and coordination with each state
highway agency, the rolling pattern was selected to result in a
mean air void of 5 to 7 percent. The technique used to establish
the rolling pattern was discussed previously under section
2.3.1.2. Unfortunately, half of the test sections did not meet this
range (Table 18).

There are two primary reasons why some compacted mixes
had high air voids. The first was that an inadequate breakdown
rubber-tired roller was used in an attempt to compact the as-
phaltic concrete lift during placement of the second Wyoming
test section. The other reason was that an erroneous Rice specific
gravity value was used in the field for controlling air voids.
For the Texas and Colorado sections, a significantly lower Rice
specific gravity was used to establish rolling patterns than was
measured on bulk samples of the asphaltic concrete mixture
sampled during construction. On the CO-0009 project, it was
also later determined that the nuclear density gauge was not
operating properly.

The first section designated as the AAMAS test section was
compacted using the same breakdown roller as used along the
entire project. The second compaction train was the alternate or
second test section. In all cases, the lowest average air void was
measured in the first section where the standard breakdown
roller was used. Table 19 summarizes the actual mean air voids
measured on the field test sectionis as compared to the target or
design air void provided by the state highway agency. As shown,
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Table 18. Summary of air void information from the field cores taken
immediately after construction.

Compaction Train*
State/Project Variable VB/SS | SB/SS PB/SS
Colorado Mean - 8.19 - 8.98
CO-0009 Std. Deviation (n-1) 0.936 1.0939
' Coefficient of Variation 1142 - 12.18
Range 6.3-10.5 -~ 74-11.9
Michigan Mean 3.74 - 4.2
MI-0021 Std. Deviation (n-1) 0.942° - 0.630
Coefficient of Variation 2520 - 14.98
Range 2.6-7.6 - 3.4-6.0
Texas Mean 10.17 8.75
TX-0021 Std. Deviation (n-1) 1.160 0.966 -
Coefficient of Variation 1141 11.01 -
Range 8.7-13.4 7.1-10.9
Virginia Mean' 585 7.44 -
VA-0621 | Std. Deviation (n-1) 1.193 0.832
Coefficient of Variation 2040 11.18
Range 4.1-7.7 6.1-9.1 -
Wyoming Mean 5.77 - 83
WY-0080 Std. Deviation (n-1) 0.688 0.777
Coefficient of Variation 11.92 - 9.28
Range 4.8-7.4 - 6.5-9.9
. Definitions for Compaction Train are defined in Appendix C and Described in Table

17. The first two letters designate the type of breakdown rolier and the last two
designate the type of finish roller. Different intermediate rollers were used on the
different projects, which have not been designated in the project identifier.

Table 19. Design air voids from asphalﬁc concrete mix desigﬁ
compared to mean air voids measured from the field cores.

Initial Air Voids (Field Cores), %

Target or Section 1 Section 2
State/Project|Design

Air Void,%| Mean Range MSE Mean Range MSE
Colorado 42 8.19 6.3-10.5 16.8 8.98 7.4-11.9 24.0
€0-0009
Michigan 2.8 3.74 2.6~ 7.6 1.0 4.21 3.4~ 6.0 0.4
MI-0021
Texas 6.0 8.75 7.1-10.9 8.5 10.17 8.7-13.4 18.7
TX-0021
Virginia 5.0 5.85 4.1- 7.7 2.1 7.44 6.1- 9.1 6.6
VA-0621
Wyoming 5.0 5.77 4.8- 7.4 1.1 8.37 6.5~ 9.9 12.0
WY-0080

Section 1 was compacted using the same breakdown roller used by the
Contractor along the entire project.

Section 2 represents an alternate compaction train using a different roller
for breakdown.

MSE = Mean Squared Error (Using the Design Air Void as the Target Value

both the Colorado and Texas projects and the second section for
the Wyoming projects have significantly greater air voids than
the target value.

Mean squared errors (MSE) were also determined for each of
the test sections as compared to the target air void content
determined from the mixture design. These MSEs have been
provided on Table 19. Based on a review of these data (Tables
18 and 19), the Texas, Virginia, and Wyoming test sections are
different and must be treated as separate sections within the
same project. This means that separate compactive efforts had
to be used to compact the mix in the laboratory to the air void
level measured on the field cores.

2.3.1.4 Air Void Gradients

Selected cores were also used to measure the air void gradient
or change in air voids from the top to the bottom of the asphaltic
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concrete lift. Depending on the thickness of the lift, field cores
were sawed into three slices and the air voids calculated for each
slice in conformance with AASHTO T268. All air void gradient
data are provided in Appendix D. Tables D.4, D.5, and D.6 in
Appendix D summarize the average air void difference (MAX-
DIF), the normalized values of this difference, AD, and air void
ratio, ¥,,, respectively, for each test section used in the air
void gradient study. These values are defined below, and will be

discussed in greater detail in Chapter 3.

MAXDIF = Maximum difference in air voids as measured
through the sample (top to bottom).

AD = (MAXDIF/V,) X 100 @-1)
v, =V/V, (2-2)

where ¥, is air void of slice / for a particular sample, and ¥, is
mean air void value for the entire sample.

It is important to note that lower air voids or higher densities
were consistently measured in the center portion of the cores.
Hughes and Maupin (49) found a similar condition in comparing
air void gradients in both thick (9 in.) and thin (2 in.) lifts that
were compacted using different types of equipment. There seems
to be little difference in air void gradients or density distribution
caused by the use of different rollers.

2.3.2 Laboratory Compacted Specimens

Laboratory compaction should simulate, as closely as possible,
the actual compaction effort and effects produced in the field by
rollers. This simulation can be measured by such factors as
particle orientation, total air void content, and air void structure.
Voids are particularly important because of their effect on the
engineering properties, as substantiated by Kennedy (40) and

Powell (41), among others, through numerous research and test-

ing studies.

Current methods of asphaltic concrete mixture design and
materials evaluation are based on the use of mold-confined
laboratory-compacted specimens. There are many different pro-
cedures and types of compaction that can be used to prepare
specimens in the laboratory. In evaluating the engineering prop-
erties and response characteristics of asphaltic concrete mixtures,
compaction of the laboratory samples becomes very critical.
Although the Marshall hammer compactors are widely used for
laboratory compaction across the United States, it is doubtful
that they really simulate field compacted mixtures. An important
aspect of this study was to determine the most practical labora-
tory method that best simulates field compaction and the behav-
ior (fundamental engineering properties) of field compacted mix-
tures.

2.3.2.1 Laboratory Compaction Procedures

For the AAMAS projects five different types of laboratory
compactors were used to prepare specimens so that a comparison
of various properties between field and laboratory samples could
be made. Those compactors selected and used in this study
include: (1) the Marshall hammer, designated as MM/HC, to
represent an impact type compaction; (2) the California-

kneading compactor, CK/CC, to simulate a kneading type com-
paction; (3) the Texas gyratory shear compactor, MT/GS, to
simulate gyratory/kneading action; (4) the Arizona vibratory/
kneading compactor, AV/KC, to simulate the use of vibratory
type compaction; and (5) the steel wheel simulator, MS/WC, to
simulate a rolling type compaction. These five laboratory devices
were used only to compact those mixtures placed on the
roadways.

In order to keep the testing within reasonable limits, all five
compaction techniques were used to compact bulk mixture sam-
pled at the asphaltic concrete plant for three of the five AAMAS
projects. These were the Michigan, Texas, and Virginia projects.
For these projects, all laboratory specimens were prepared using
4-in. cylindrical molds. Limited testing was conducted on speci-
mens compacted with all devices, with the exception of the AV/
KC, for the Colorado and Wyoming projects. The AV/KC was
not used to compact any specimens from these two projects.

2.3.2.1.1 Mechanical Marshall Hammer. The mechanical
Marshall hammer was used to prepare laboratory samples to
simulate an impact type compaction. All specimens were com-
pacted in accordance with the procedure presented in AASHTO
T245-82, “Resistance to Plastic Flow of Bituminous Mixtures
Using the Marshall Apparatus,” with the exception of mixing
temperature and varying number of blows. As the materials were
sampled from trucks and allowed to cool prior to compaction,
the procedure presented in Appendix B was used to reheat the
mixture to the compaction temperature recorded behind the
paver.

To produce laboratory specimens with varying air voids, the
number of blows was varied from 10 to 100 on both faces of the
asphaltic concrete mix. The impact compaction was done with
a 10-1b sliding hammer raised and dropped 18 in. on to a plate,
as stated in the test standard. Figure 31 shows the reduction in
air void with the number of blows for each of the mixtures. All
specimens compacted with this device have been designated as
MM/HC.

2.3.2.1.2 California Kneading Compaction. The Cox and Sons
kneading compactor was used to simulate a kneading type com-
paction in this study. All specimens were compacted in accord-
ance with AASHTO T247-80, “Preparation of Test Specimens
of Bituminous Mixtures by Means of California Kneading Com-
pactor,” with the exception that the “leveling off”’ load was not
used. Kneading compaction methods apply forces to a portion
of a free face of an otherwise confined asphaltic concrete mix.
Compaction forces are applied uniformly around the free face.
The partial free face allows particles to move relative to each
other, creating a kneading action that densifies the mix.

For each of the asphaltic concrete mixtures, the number of
tamps was varied to select a compactive effort to compact labora-
tory specimens to the same air void level measured on the field
cores.

The compaction temperature used was the same as discussed
for the Marshall hammer above. Figure 32 shows the reduction
in air voids of laboratory compacted mixtures with the number
of tamps. All specimens compacted with the kneading device
have been designated as CK/CC.

2.3.2.1.3 Arizona Vibratory/Kneading Compactor. The vibra-
tory kneading compactor (VKC) was developed to densify labo-
ratory asphaltic concrete specimens using low contact pressures.
The diameters of these specimens have been varied from 2 in. to
17.5 in. Compaction is effected through the use of rapid impact
loadings on a specimen that is rotating about an axis that is tilted
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Figure 31. Compactive effort curves developed for each mix using
the mechanical Marshall hammer.

to the direction of the load. The standard compactive effort was
achieved with the following conditions: (1) load frequency =
1,200 cpm; (2) load due to eccentrics = 390 1b; (3) tilt to load
= 1 deg; (4) duration of kneading load = 2.5 min; and (5)
duration of leveling load = 0.5 min.

Variations in compactive effort have been obtained by chang-
ing the mass of the eccentrics and duration of kneading action.
Because the exact force of compaction is not known, relative
values of compactive effort are obtained as ratios of the products
of force due to the rotation of the eccentrics times the duration
of the kneading action. The compaction ratios used for different
specimen heights to yield the same density is obtained by varying
the duration of kneading compaction time in proportion to
heights.

Bulk material was shipped to the University of Arizona for
sample preparation using the VKS. Specimens were compacted
to a height approximately equal to the lift thickness of each
project. These specimens were labeled, properly wrapped and
protected, and returned for testing. Figure 33 shows the reduc-
tion in air void level with compaction ratios for the first three
mixtures tested. All specimens compacted with this device have
been designated as AV/KC.

2.3.2.1.4 Gyratory Compaction. The Texas State Department
of Highways and Public Transportation motorized gyratory
shear type compactor was used to simulate gyratory compaction.
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Figure 32. Compactive effort curves developed for each mix
using the California kneading compactor.

Gyratory compaction methods apply normal forces to both top
and bottom faces of the asphalt mix confined in a cylindrical
mold. These normal forces are supplemented with a rocking or
gyrating motion to work the mix into a denser configuration
while totally confined. The angle of gyration for this device is 6
deg from a vertical plane.

All laboratory specimens were prepared in accordance with
ASTM D4013-81, “Preparation of Test Specimens of Bitumi-
nous Mixtures by Means of Gyratory Shear Compactor.” The
ASTM D4013 procedure had to be modified to reproduce the air
void level measured from field cores. To determine the amount of
compactive effort required to match an equivalent air void level
of the field cores, many of the laboratory compaction variables
had to be varied for each of the mixes. These were number of
gyrations, gyration pressure, or end pressure.

Initially, the number of gyrations were to be reduced to define
the compactive effort to simulate the air voids of the field cores.
Unfortunately, three gyrations (the minimum that can be easily
used with the Texas device) resulted in significantly lower air
voids than the field cores. Therefore, gyration and end pressure
were varied for the minimum three gyrations to determine the
compactive effort for matching the average air void measured
from the cores. Figure 34 shows the reduction or change in air
void as a function of end pressure. All specimens compacted
with this device have been designated as MT/GS.
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Figure 33. Compactive effort curves developed for each mix
using the Arizona vibratory/kneading compactor.

In addition to the Texas gyratory compactor, the Corps of
Engineers gyratory shear compactor was used to compact labo-
ratory specimens for the traffic densification study. The Corps
of Engineers device, however, was not used in the initial compac-
tion study. All specimens were prepared and compacted in ac-
cordance with ASTM D3387-83, “Compaction and Shear Prop-
erties of Bituminous Mixtures by Means of the U.S. Corps of
Engineers Gyratory Testing Machine (GTM).” Figure 35 shows
the reduction in air void as a function of number of gyrations.
All specimens compacted with this device have been designated
as CE/GS.

2.3.2.1.5 Rolling Type Compaction. The mobile steel wheel
simulator was used to simulate a rolling type compaction of a
static steel wheel. The rolling type compaction applies a force to
a portion of the free face of an otherwise confined asphaltic
concrete mix, similar to the kneading type compactors. Compac-
tion forces are applied over the entire beam specimen using a
curved foot to simulate the rolling pattern of a steel wheel roller.
The partial free face allows the coarse aggregaté to move relative
to one another allowing the particles to orient themselves similar
to that in the field. The specific steel wheel simulator used to
compact laboratory specimens of each of the asphaltic concrete
mixtures was obtained from the Federal Highway Administra-
tion at the Turner-Fairbanks office. The piece of equipment
used is relatively unsophisticated in comparison to the typical
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Figure 34. Compactive effort curves developed for each mix
using the Texas gyratory shear compactor.

European type compactors that simulate the rolling action of a
steel wheel or rubber-tired roller.

Using the steel wheel simulator, all laboratory specimens were
compacted in accordance with Appendix F. The number of revo-
lutions of the steel foot was varied to determine the compactive
effort required to match the average air void measured from the
cores. Figure 36 shows the compactive effort curves for the steel
wheel simulator for each of the mixes considered. All specimens
compacted with this device have been designated as MS/WC.

2.3.2.2 Laboratory Compactive Efforts

As discussed previously, compactive effort curves were pre-
pared for each of the compaction devices to determine a reduc-
tion in air voids as a function of increase in compactive effort.
These compactive effort curves (Figures 31 through 36) were
used to select the compactive effort required for each device to
match the air void level measured from the field cores—thus
reducing any effect of differences in air voids in comparing the
engineering properties between the field cores and laboratory
compacted specimens.

The compactive efforts used for each of the mixes and each
compaction device are given in Table 20. As shown, there is a
significant variation in compactive efforts required for each of
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Figure 35. Compactive effort curves for the traffic densifica-
tion study using the Corps of Engineers gyratory shear com-
pactor.

the mixtures considered in AAMAS. More importantly, these
values are much less than those required in AASHTO and
ASTM test standards. However, air voids measured in the field
were also greater than those required in design (Table 19), as
expected.

2.3.2.3 Air Voids

The distribution of air voids of the laboratory specimens com-
pacted using each of these devices has been graphically compared
to the distribution of air voids measured on the field cores in
Figures D.1 through D.5 in Appendix D. The mean values,
standard deviation and coefficient of variation of air voids for
the field cores and laboratory compacted specimens for each
mixture are also summarized in Appendix D in Tables D.1,
D.2 and D.3, respectively. As expected, the laboratory prepared
specimens are much more uniform than the field cores.

2.3.2.4 Air Void Gradients

Selected specimens were used to measure the air void gradient
or change in air voids from one end of the specimen to the other.
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Figure 36. Example of compactive effort curves developed
Jor each mix using the mobile steel wheel simulator that
was obtained from FHWA.

Table 20. Summary of compactive efforts required to compact
laboratory specimens using different types of equipment to simulate
air voids measured on field cores.

Compaction Equipmentw
State/Project | Section
Arizona Marshall Cox Mobile Gyratory
AV/KC MM/HC CK/CC MS/WC MT/GS

Colorado 1 20 20(250) --~ 25(3)250
C0-0009 2 17 15(250) 25(3)250

Stn - 52 50(500) ~--- 50(3)500
Michfgan 1 0.06 26 32(500) 22 50(3)500
MI-0021 2 0.06 18 25(500) 16 25(3)500

Synw 0.06 13 6(500) 14 25(3)250
Texas 1 0.14 18 20(250) 15 25(3)0
TX-0021 2 0.06 14 14(250) 10 25(3)0

S8 0.48 55 24(500) 65 50(3)s00
virginia 1 0.44 55 40(500) 175 100(3)2,500
VA-0621 2 0.20 34 22(500) 90 50(3) So00

St 0.54 100 50(500) 250 150(6) 2,500
Wyoming 1 — 39 20(250) 50(3)250
WY-0080 2 —— 18 14(250) ——

St —— 54 26(250) --- 100(3) 250

* The numbers listed under Compaction Equipment are defined as follows:

Arizona, AV/KC - Compaction Ratio Number
Marshall, MM/HC - Number of Blows on both faces from the Marshall Hammer

Cox, CK/CC - D(E): D = Number of Tamps
E = Tamping Pressure, psi

Mobile, MS/WC - Number of revolutions or cycles of the specimen under
the steel roller.

Gyratory, MT/GS - A(B)C: A = Gyration Pressure, psi
B = Number of Gyrations
C = End Pressure, psi

Laboratory compactive effort required to compact specimens with a 5
percent air void level.
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All of the same air void gradient data measured for the field
cores (listed and defined in section 2.3.1.4) were also measured
on laboratory compacted specimens. These data are provided in
Appendix D and include air void difference, normalized differ-
ences and air void ratio. Results of the testing indicate that the
lower air voids of higher densities were consistently measured in
the center portion of the laboratory specimens, with the excep-
tion of those compacted with the AV/KC device.

2.3.3 Mixture Compaction Properties

Asphaltic concrete mixtures that can be easily densified under
the compaction equipment are said to be “workable.” Asphaltic
concrete mixtures that are difficult to compact are said to be
“stable” or “harsh.” Thus, the degree of workability of the mix
is a factor in the ability of the contractor to achieve the proper
density and air void content in the mix.

Table 20 summarized the compactive efforts required to com-
pact each of the different mixes to a standard air void content
of 5 percent. The Michigan mixture (MI-0021) has the greatest
workability, requiring less compactive effort, whereas the Vir-
ginia mixture (VA-0621) has the least workability. In general,
the coarser the mix, the greater the compactive effort required
to achieve the same level of air voids.

There is, however, no quantitative definition for the degree of
“workability” of an asphaltic concrete mixture. In fact, there are
some differences of opinions regarding the meaning of workabil-
ity. Thus, the term “compactibility” will be used in AAMAS.

2.3.3.1 Compactibility

Compactibility will be defined as the ease of densification of
the asphaltic concrete mix under some given compactive effort,
either in the laboratory or on the roadway during the compaction
of the mix by the rollers. Mathematically speaking, compactibil-
ity can be defined as the area under the compactive effort curve
(compactive effort vs. air voids). These curves (Figures 31
through 36) can be mathematically expressed by the following
equation:

V,=C—<QW,-V,)+V, 2-3)

where ¥, = air voids of the compacted specimen using ¢ com-
pactive effort; ¥, = air voids of the loose mixture, without any
compactive effort; ¥, = ultimate air voids of the mixture for a
specific compaction device; and ¢ = compactive effort applied
by a single device defined as:

Marshall hammer—number of blows, both faces
kneading compactor—number of tamps

gyratory shear compactor—number of gyrations
steel wheel simulator—number of passes of roller

and C,, C, = regression coefficients.

This equation simply represents the reduction in air voids with
an increase in compactive effort for each of the compaction
devices used in the compaction study. Coefficients for the com-
pactive effort equation for each of the mixtures and compaction
devices used were determined and are given in Table 21.

The air voids of the loose mix (¥,) are dependent primarily
on the aggregate properties (as discussed in section 2.1.4.3) and

Table 21. Summary of information and data related to the mixture’s
compactibility.

Compaction *

State/Project Device Compactibility <y c2 v, v,
C0-0009 AV/KC ——— R i tutntd —— -
MI-0021 1.4 0.60 5.071 8.0 0.5
TX-0021 5.2 0.82 2.534 13.0 2.0
VA-0621 5.2 0.67 2.039 14.0 2.0
WY-0080 —-—= m———— meee- —_— -
C0~0009 CK/CC 697 0.51 0.01670 13.0 2.7
MI-0022 338 0.69 0.03894 8.0 1.5
TX-0021 956 0.63 0.01987 13.0 5.0
VA-0621 811 0.46 0.02278 14.0 4.8
WY-0080 550 0.44 0.03386 11.0 3.0
C0-0009 MM/HC 537 0.83 0.02476 13.0 4.0
MI-0021 251 1.00 0.05412 8.0 2.2
TX-0021 555 0.89 0.03205 13.0 4.2
VA-0621 624 0.88 0.04973 14.0 5.5
WY-0080 490 1.00 0.03525 11.0 4.0
€0-0009 MS/WC 1294 1.00 0.04368 13.0 5.5
MI-0021 444 1.00 0.02560 8.0 1.0
TX-0021 1147 1.00 0.03014 13.0 3.0
VA-0621 1581 1.00 0.01816 14.0 5.6
WY-0080 1067 1.00 0.02297 11.0 2.7
C0-0009 MT/GS 1017 0.31 0.01992 13.0 5.0
MI-0021 457 0.29 0.00707 8.0 1.0
TX=-0021 1192 0.14 0.00891 13.0 5.4
VA-0621 1344 0.32 0.01160 14.0 5.2
WY-0080 826 0.12 0.00811 11.0 3.6
€0-0009 CE/GS 500 0.50 0.02212 13.0 1.1
MI-0021 604 0.85 0.02257 8.0 1.4
TX-0021 890 0.50 0.01873 13.0 3.1
VA-0621 1358 0.62 0.01291 14.0 3.6
WY-0080 944 0.74 0.01916 11.0 3.2
* Compactibility is defined as the area under the Compactive Effort Curve

(Air Voids versus Compactive Efort), within the following maximum
limits:

AV/KC = 1.0 Ratio
CK/CC = 150 Tamps
MM/HC = 75 Blows

MS/WC = 200 Revolutions
MT/GS = 150 psi
CE/GS = 200 Gyrations

independent of compaction device. The ultimate or refusal air
void content is dependent on both the aggregate and compaction
device. Refusal is defined as the air void level at which no signifi-
cant reduction in air voids is obtained with additional compactive
effort. The Arizona vibratory/kneading compactor (AV/KC)
provides the lowest estimate of the refusal or ultimate air void
content of each mixture. In other words, the vibratory/kneading
compactor is able to densify the particles into a more dense
arrangement than the other compaction devices.

The loose air void content for each of these mixtures has been
compared with two aggregate properties (see Figure 37); particle
index and Baladi’s (34 ) aggregate angularity value (see Table 7).
As illustrated, these aggregate properties were found to be at
least related to the ¥V, coefficient. The other coefficients (V,,, C,,’
C,) are dependent on the compaction device, aggregate size and
shape, gradation and asphalt content—all of which are interre-
lated.

The area beneath the compactive effort curves (represented in
Figures 31 through 36) were calculated, using Eq. 2-3, for each
of the compaction devices. To calculate the areas beneath the
curve, the maximum compactive effort value was set as the
practical limit for each compaction device. These areas are sum-
marized in Table 21. Review of Table 21 shows that the largest
area beneath the compactive effort curves occurred consistently
for the Virginia mix, with the exception for the kneading com-
pactor, CK/CC. Thus, all of the compaction devices provide a
similar relative measure or ranking of compactibility for different
mixtures.

The field or nuclear density growth curves (increase in density
with roller pass) were not measured for each compaction train
during construction. The number of roller passes were recorded
for each section, but the decrease in air voids with roller pass



was not measured. Only the final air void level of the mixture
was recorded. Figure 38 compares the air voids and number of
total roller passes for all sections where vibratory rollers were
used for breakdown. Although only the initial and final air voids
of the compacted lift are available, these data can be used to
provide a “gross” relative ranking of compatibility for each mix-
ture. It should be understood, however, that the specific vibra-
tory rollers used for breakdown and other rollers used for finish
rolling did vary between projects. A ranking for mixture com-
pactibility by compaction technique is shown as follows:

LABORATORY COMPACTION DEVICE

FIELD
Project CompAcTION CK/CC MM/HC MS/WC MT/GS
VA-0621 1* 2 1 1 1
TX-0021 2 1 2 3 2
CO-0009 3 3 3 2 3
WY-0080 4 4 4 4 4
MI-0021 5 5 5 5 5

* Number 1 represents the most harsh mixture and 5 represents the most
workable or compactible mixture. The gyratory and Marshall laboratory
devices gave identical rankings to the field compaction ranking.

2.3.3.2 Density Index

The compactive effort curves can also be used to determine
the air void content to be specified after construction to reduce
the occurrence of additional densification caused by traffic that
results in rut depths. Measuring a compactive effort curve for a
specific aggregate blend at different asphalt contents is time
consuming and requires a significant amount of material. Histor-
ically, an air void content range or minimum percentage of a
laboratory density has been used to control field compaction.

The air voids of any mixture, however, do not, in themselves,
furnish a direct measure of their behavior under load. For exam-
ple, of two mixtures at the same air void content, one mixture
may be in a dense state, whereas the other may be loose. Thus,
the relative density can be expressed numerically by a term called
the density index, I, which is mathematically defined as:

e —e
I, = —max (2-4)
emax - emm )

where e = actual void ratio of a compacted specimen,

e=V,/V, (2-5)
€max = void ratio of a mixture in its loosest state, e, = void
ratio of a mixture in the densest state, ¥, = volume of voids,
and V; = volume of aggregate or solids.

For dense-graded asphaltic concrete mixtures, the density in-
dex after compaction should approach a value of 1.0. Void ratio
(Eq. 2-5) is a volume quantity, and can be used to calculate the
air voids that a specific mix should be compacted to in the
field. The maximum void ratio, e_,,, is influenced by various
properties of the aggregate (such as gradation, shape, texture,
etc.), whereas the minimum void ratio, e, is strongly influ-
enced by the compaction device and technique. Additionally,
there is no standardized method that has been written for mea-
suring or defining the void ratio of an asphaltic concrete mixture
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Table 22. Density indices calculated for each test section of the
AAMAS project.

Mean Air Density

Project Section Voids, % Index
CO-0009 1-VB 8.19 405
2-PB 8.98 338
MI-0021 2-VB 374 645
2-PB 4.21 574
TX-0021 1-SB 875 429
2-VB 10.17 286
VA-0621 1-VB 5.85 784
2-SB 744 . 631
WY-0080 1-VB 577 670
2-PB 8.37 .337

in its loosest or densest state. Thus, the calculation of a density
index for asphaltic concrete mixtures involves some uncertainty.

For illustration purposes, however, the compactive effort
curves can be used to estimate the minimum and maximum void
ratios. The air void of the loose mixture and refusal air voids
given in Table 21 for the gyratory compaction device and defined
in Eq. 2-3 were used to calculate the minimum and maximum
void ratios of each mixture. Using the mean air voids and other
mixture properties (Table 7) measured on the field cores, a den-
sity index was calculated for each test section. These calculated
values are given in Table 22.

A density index greater than 0.65 will normally indicate that
adequate compaction has been achieved, and those values less
than 0.50 indicate that more compaction should have been ap-
plied in the field. Of course, any density index greater than about
0.90 after compaction may be susceptible to flushing or bleeding.
Thus, maximum and minimum air void levels can be estimated
for a particular aggregate blend, such that additional densifica-
tion does not occur that will result in excessive rut depths but
has sufficient air voids to reduce the probability for flushing or
bleeding. Figure 39 shows the change in density index as a
function of laboratory compaction for all mixtures using the
gyratory shear compactor.

2.3.4 Summary

Although comparisons have been made between each compac-
tion device used in the laboratory, the question that needs to be
answered is, which compaction device best simulates the com-
pactibility of the mix and the final air void content that will
occur in the field after millions of traffic applications? This
question, of course, cannot be answered for the specific AAMAS
projects, simply because of the time constraints involved. Histor-
ically, kneading compaction or 75-blows per face with the Mar-
shall hammer have been used for selecting the design asphalt
content under heavy traffic for an air void level of 3 to 5 percent.

Cores were taken from the original five projects after 2 years
of traffic to evaluate the change in mix density or air voids with
time. These data are presented and discussed in section 2.4.5.
Most of these 2-year values still exceed even the 5 percent level
of air voids (see section 2.4.5). Another more important question
that needs to be considered is how do the mixture properties
change as the mix approaches the refusal air void content or
density? Discussion on the effect of a reduction in air voids on
the mixture’s properties is covered in section 2.5.3.
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Figure 39. Density index as a function of the number of revolutions
of the gyratory shear compactor for the four inferior mixtures
studied in the laboratory.

2.4 MIXTURE TESTING AND EVALUATION

As stated earlier in section 2.1.3, the triaxial and indirect
tension testing techniques were selected for use in AAMAS.
These two types of tests are more commonly used and are the
ones recommended for use from NCHRP Project 1-26 and Fed-
eral Highway Administration studies (34). This section of the
report discusses the engineering properties measured on the field
cores and laboratory compacted specimens using the two testing
techniques.

2.4.1 Fleld Compacted Mixes

To determine the engineering properties of the mixtures as
initially placed in the field, indirect tensile testing techniques
were performed on cores selected from each test section. Those
engineering properties measured on the field cores include indi-
rect tensile strength, repeated load resilient modulus, creep com-
pliance, and permanent deformation parameters. The engi-
neering properties measured on the field cores recovered after 2
years of traffic are discussed in section 2.4.5.

2.4.1.1 Selection of Sample Sets

In evaluating the engineering properties of these mixtures, it
is of paramount importance to compare the properties at compa-
rable air voids. The compaction procedure used in the field
was monitored very closely to reduce air void variation in each
section. However, variation still exists with the coefficient of
variations ranging from 10 to 20 percent. The air voids measured
on these recovered cores are given in Appendix D. There is
sufficient variation within a test section to cause differences in
the test results; therefore, a specific procedure was used in select-
ing those cores for each sample set or cell to minimize air void
differences between sample sets.

To begin with, all of the cores were arranged in order of
increasing air voids. Three cores within each sample set were



then initially selected for testing. The selection procedure was to
use one core with relatively high air voids (with respect to the
average air void of all field cores), one core near the average air
void content, and another core with an air void content below
the overall average. Each set was selected for testing to obtain
an average air void for the field cores within each cell as close
to the overall mean of all the cores within the same test section.
This arrangement of field cores was conducted to minimize the
overall effect of air void differences between different sample sets
or cells.

2.4.1.2 Indirect Tensile Strength

Indirect tensile strengths were measured 1n accordance with
TEX-226-F (50) at three different temperatures (41, 77, and
104°F). A copy of test method TEX-226-F is included in Appen-
dix G. Although only one test temperature is specified (77°F),
two additional temperatures (41 and 104°F) were used to deter-
mine the effect of temperature on the mixture’s indirect tensile
strength. All indirect tensile strengths measured on the field
cores are included in Appendix H.

Table 23 gives the mean indirect tensile strengths and coeffi-
cients of variation (COV) calculated for each mixture. Figure
40 shows the mean indirect tensile strength as a function of
temperature. As shown, the Virginia mixture (VA-0621) is sig-
nificantly stronger than the other mixtures, and is the coarser
aggregate blend with the larger size aggregate. The CO-0009 and
MI-0021 mixtures are weaker (in terms of tensile strength) than
the other mixtures, and contain the smaller size aggregate and
finer blend.
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Figure 40. Indirect tensile strength as a function of test tempera-
ture for the VB/SS (vibratory breakdown rollers) test sections for
the AAMAS field projects.
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Table 23. Summary of indirect tensile test results for the field cores
recovered immediately after construction.

Indirect
State/ Temperature| Test Air | Tensile Resilient Strain at
Project *y Section|Voids| Strength, Modulus, Failure,
3 pei ksi Mils/in.
Mean Cov| Mean Cov | Mean Cov
Colorado 41 1-VB 7.56| 361 1.8| 1625 6.4 1.30 20.0
Cco-0009 2-FB B.41) 285 0.5| 1991 66.8 1.80 23.4
77 1-VB 8.30 S0 10.2 583 1l1.2 15.40 15.7
2=-FB 8.87 BB 4.7 460 14.9 13.17 2.2
104 1-vB 7.92 30 213.6 329 31.3 16.38 47.2
2-PB 9.63 27 37.5 15.40 13.9
Michigan 41 1-VB 3.42| 147 B.1]| 1473 29.0 6.40 12.8
MI-0021 2-FB 4.17| 382 5.5] 2379 8.9 4.51 24.0
7 1-VB 31.87 B4 7.0 420 11.1 15,17 16.8
2~PB 4.15 20 B.9 456 9.2 14.56 18.9
104 1-VB 3.50 23 9.2 161 10.8 18.89 19.8B
2-FB 4.325 34 20.8 158 16.8 13.70 9.6
Texas 41 1-58 9.27]| 318 5.6] 4480 42.7 1.21 24.8
TX-0021 2-VB 9.58| 291 14.9]| 1189 21.4 1.11 16.3
7 1-5B 8.15]| 119 3.7| 1287 11.0 2.01 12.0
a-vB 10.88| 106 29.85 708 29.1 11.23 30.5
104 1-58 9.16 3 1.5 242 1.5 11.01 5.5
2=-VB 10.50 32 17.3 267 19.8 16.12 19.0
Virginia 41 1-vEe 6.91| 424 11.3| 3449 17.4 2.38 - '82:1
VA=0621 2-5B 7.25]| 407 11.9| 1509° 26.7 3.35 41.7
77 1-vB 5.57| 224 7.3 925 22.9 6.96 5.2
2-58 7.68| 1B4 5.5 504 28.4 11.51 27.2
104 1-VB 5.75 99 6.6 252 19.3 3.45 17.3
2-58B 7.29 70 31.3 246 J19.9 10.75 22.9
Wyoming 41 1-vB 6.06| 398 27.0| 2062 74.2 0.95 15.7
WY=0080 2-PB B.07| 446 11L.6]| 1877 35.1 1.04 70.7
7 1-VB 6.03] 143 3.7 707 28.0 6.40 a8.3
2-PB 9.84] 102 9.3 197 11.2 5.29 14.2
104 1=VB 6.61 56 21.5 204 24.9) 10.14 3.6
2-pPB 9.12| 42 2.4 260 24.1 10.92 33.1

Figure 41 shows the effect of maximum aggregate size on
indirect tensile strength. As displayed, aggregate size has a more
distinguishable effect at the higher temperatures than at the
lower test temperatures. At 41°F, air voids, gradation, and prop-
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INDIRECT TENSILE STRENGTH, psi
"
8
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Figure 41. Effect of maximum size aggregate on indirect
tensile strength of different mixtures for the AAMAS
field projects.
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Figure 42. Tensile strain at failure as a function of test tempera-
ture for the VB/SS (vibratory breakdown rollers) test sections.

erties of the asphalt become more important relative to tensile
strength. Additionally, the relative effect of maximum aggregate
size on the indirect tensile strength is dependent on the gradation
and whether the asphalt content is above or below the optimum
value.

2.4.1.3 Tensile Strain at Failure

The strain at failure measured for each core is provided in
Appendix H, and the calculated means are given in Table 23.
This value represents the horizontal displacement or tensile
strain near maximum load, at the point where cracking begins,
and is recorded during the indirect tensile strength test. Figure
42 shows the change in tensile strains at failure as a function of
temperature. As can be seen, there are large differences in failure
strains between the mixtures at 41°F, but these differences de-
crease as the test temperature increases.

For the CO-0009 and MI-0021 mixtures, the strains at failure
measured at both 77 and 104°F are not statistically different. For
the Virginia mixture (VA-0621) the failure strains at 104°F were
found to be significantly less than those measured at 77°F. This
unexpected decrease in tensile strains may be related to the larger
sized aggregates used in the mixture.

At 41°F, all of the mixtures become much more brittle, as
expected. However, the failure strains measured at 41°F for the
CO0-0009, TX-0021, and WY-0080 mixtures are considered to
be critically low for surface mixtures. In summary, the Wyoming
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Figure 43. Repeated load resilient modulus as a function of test
temperature for the VB/SS (vibratory breakdown rollers) test
sections.

recycled mixture was the more brittle, whereas the Michigan
mix was the least brittle over the temperature regime used during
testing.

2.4.1.4 Resilient Modulus

The instantaneous resilient modulus was measured on the
same cores that were later tested for indirect tensile strength.
ASTM D 4123-82, “Indirect Tension Test for Resilient Modulus
of Bituminous Mixtures,” was used to determine the total and
instantaneous resilient modulus as recommended by the
AASHTO Design Guide (6). These instantaneous resilient mod-
ulus values are reported in Appendix H.

For cylindrical samples tested in compression, a modified ver-
sion of ASTM D 3497, “Dynamic Modulus of Asphalt Mix-
tures,” was used to measure the resilient modulus. The modifica-
tion included the use of a loading time of 0.1 sec with a rest
period of 0.9 sec for a loading frequency of 1 cps. These compres-
sion modulus values are provided in Appendix I.

Table 23 gives the mean instantaneous resilient moduli and
COVs measured for each mixture, in accordance with ASTM D
4123. Figure 43 displays the average resilient moduli as a func-
tion of testing temperature. The difference between the two test
sections of the same project is much greater for the resilient
modulus test results than for the indirect tensile strength data.
Unlike indirect tensile strengths, the resilient moduli do not
appear to be closely correlated to aggregate size. Air voids appear
to be more predominant in relation to stiffness. The coefficient
of variation of sample sets and test sections, however, did in-
crease as aggregate size increased for the higher temperature.



As stated previously, the AASHTO Design Guide (6) recom-
mends that the resilient modulus be measured at 68°F for use in
structural design. Although this temperature was not used in the
test program, values were interpolated for 68°F to determine the
layer coefficients for each mixture. The instantaneous resilient
modulus at 68°F and corresponding AASHTO layer coefficient
for structural design (in accordance with AASHTO design rec-
ommendations) are as follows:

INSTANTANEOUS AASHTO
RESILIENT LAYER
MoDuLUS COEFFICIENT
STATE at 68°F, ksi )
Colorado, VB/SS 740* 0.44
Michigan, VB/SS 560* 0.44
Texas, SB/SS 1,800* 0.44
Virginia, VB/SS 1,300* 0.44
Wyoming, VB/SS 880* 0.44

* Moduli values that exceed limits of correlation.

The Guide (6) cautions against using mixtures with modulus
values greater than 450 ksi at 68°F, because they are susceptible
to thermal and fatigue cracks. All of these resilient moduli values
are outside the range of the correlation between resilient modulus
and layer coefficient, but are typical values obtained when using
indirect tensile testing techniques. Experience with these mix-
tures and materials indicates that the TX-0021 mixture is suscep-
tible to raveling and cracking, while the MI-0021 and VA-0621
mixtures are the least susceptible to cracking. A more detailed
discussion of these results and the implications regarding struc-
tural design of flexible pavements is provided in Chapter 3,
section 3.7.1.

2.4.1.5 Poisson’s Ratio

Both vertical and horizontal movements were measured dur-
ing the static and dynamic (repeated load) indirect tensile tests.
Deformation ratios (DR) for each specimen tested are reported
in Appendix J, and the mean values are provided in Table 24.
Poisson’s Ratio’s, v, were calculated from these measurements
in accordance with ASTM D 4123. The calculated values are
reported in Appendix J and summarized on Table 25.

As shown, values less than zero, or negative (—), and greater
than 0.5 were calculated for all of the mixtures. These are unreal-
istic and impractical values for most pavement materials, as
compared to those values reported in the literature. The reason
for this is that it is a result of the mathematical formulation
given in ASTM D 4123, which is provided below for easy refer-
ence, and is based on the theory of elasticity:

v = 3.59 DR — 0.27 (2-6)

where DR is the deformation ratio measured during the indirect
tensile test and is equal to

Ag/A, @2-7)

in which A, is the recoverable horizontal deformation measured
during the indirect repeated load resilient modulus test, or the
total horizontal deformation measured during the indirect tensile
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strength test; and A, is the recoverable vertical deformation
measured during the indirect repeated load resilient modulus
test, or the total vertical deformation measured during the indi-
rect tensile strength test. '

Table 24. Summary of mean deformation ratios measured from the

t
indirect tensile test.

Static Dynamic

Compaction

State Method 41F 77P 104F
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Table 25. Summary of Poisson’s ratio calculated from data measured
during the indirect tensile strength test at a loading rate of 2 in. per
min,

Test Temperature, °F
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State Method 41 77 104

Colorado VB/SS
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MT/GS
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Deformation ratios less than 0.075 will result in negative val-
ues for Poisson’s ratio and deformation ratios greater than 0.215
will result in Poisson’s ratio values greater than 0.5. Negative
values have no physical meaning, and values greater than 0.5
mean that there is an increase in volume with the applied load.

Deformation ratios were found to be very low at 41°f, espe-
cially for the brittle mixtures, which means that the horizontal
movements are small when compared to the vertical displace-
ments (i.e., A is approximately 5 to 10 percent of A ). As the
temperature increased, the deformation ratios also increased.
For example, at 104°F the horizontal movement is approximately
20 to 30 percent of the vertical movement. In other words, the
relationship between A and A is not linear, but is temperature
dependent. At short loading durations, however, the dynamic
deformation ratios only increased slightly with an increase in
temperature. Thus, elastic layer theory may be a gross assump-
tion for some mixtures.

2.4.1.6 Creep Compliance and Recovery Curves

Indirect tensile creep compliance testing was conducted on
selected field cores from each test section, in accordance with
two test procedures. The first is an iterative procedure described
by Kenis (51), and the second is provided in Appendix K. The
iterative procedure includes the application of a static load over
a series of loading and unloading times, while the procedure in
Appendix K specifies only a one hour loading time and one hour
recovery time. Similar creep compliance values were measured
by both procedures at the same time intervals. Thus, the proce-
dure described in Appendix K was used, because it requires less
time to conduct the test.

Both creep and recovery or relaxation curves were measured
for the cores at temperatures of 77 and 104°F. The results of this
testing are reported in Appendix L. To describe the creep tests,
and for comparison of the different mixtures, five variables were
selected. These variables are the creep compliance at 120 and
750 sec, the slope and intercept of the creep curve, and the total
creep measured at 3,600 sec or at failure if the sample began to
crack prior to 3,600 sec. Table 26 gives the average values for
each test section, and Figure 44 displays the average creep modu-
lus curves (inverse of creep compliance).

At 77°F, the WY-0080 mixture has the smaller creep strains
(least susceptible to rutting or surface distortions), and the
MI-0021 mixture has the larger creep strains. However, at the
higher test temperature (104°F), the MI-0021 mixture had the
smaller creep strains in comparison to the other mixtures and
failed at a much longer loading time. Most of the CO-0009 and
TX-0021 cores failed during static creep testing at relatively
small tensile strains, indicating less susceptibility to distortions
but more susceptibility to fracture (i.e., low adhesion). The
MI-0021 mixture is the more flexible or ductile and the CO-0009
mixture the more brittle one.

2.4.1.7 Repeated Load Permanent Deformation

Repeated load permanent deformation tests were conducted
on selected cores at a test temperature of 77°F. The test results
for each core are graphically illustrated in Appendix M. The
average slope and intercept for each sample tested were calcu-
lated and are also provided in Appendix M. The slope and
intercept are used in the calculation of alpha, a, and gnu, u.

The alpha and gnu functions were originally developed by
Brademeyer et al. (52) to describe the permanent deformation
characteristics of asphaltic concrete mixtures. These two param-
eters are required for the VESYS (22) and modified ILLIPAVE
(23) programs. Both values are given in Table 27, and mathemat-
ically defined as follows:

a=1—m 2-8)

29

where m is the straight line slope of the logarithm of number of
load repetitions versus logarithm of the accumulated permanent
strain, €,; J is the intercept of the straight line slope (arithmetic
strain value) with the accumulated permanent strain axis, i.e.,
value at which number of load repetitions scale equals 1; and €,
is the resilient or recoverable strain.

These values are typically measured from testing cylindrical
compression samples. Rauhut (53) suggests that reasonable val-
ues of alpha and gnu can only be calculated from compression
samples after 100,000 load cycles. Kennedy (36), however, found
that using the indirect tensile test to calculate alpha and gnu

Table 26. Summary of creep-compliance test data measured at 77°F
for the field cores recovered after construction.

Creep-Compliance
Intercept D(t) x 104
Slope of of Creep

State/Project Creep Curvew Curve t=120 t=750 t=3,600
Colorado 0.535 0.157 174.1 573.6 974.3%%
C0-0009,VB/SS

Michigan 0.363 0.490 307.0 736.9 1219.7%*
MI-0021,PB/SS

Texas 0.633 0.085 109.9 316.6 816.0%#*
TX-0021,58/PS

Virginia 0.391 0.550 221.3 478.8 860.0
VA-0621,VB/SS

Wyomin 0.412 0.123 93.3 232.6 613.3
WyY-0080,VB/SS,

* Slope of Creep Curve was calculated in the steady state range.

Ll Indicates that all of the cores failed during the Static Creep test.

Table 27. Summary of alpha and gnu values calculated from
indirect tensile repeated load permanent deformation test data
measured at 77°F.

s Instantaneous Resilient [~ -
State/Project " Modulus, ksi %" |, Alpha Gnu

Colorado 287 25 13
CO-0009
Michigan 215 : 41 .16
MI-0021

Texas 173 27 07
TX-0021
Virginia 136 34 13
VA-0621
Wyoming 167 ) 35 03
WY-0080
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Figure 45. Alpha-gnu relationship as compared to pavement per-
Sformance in terms of rutting (54).

during the first 10,000 (10 percent) load cycles gave results
comparable to the compression loading after 100,000 cycles. Use
of 100,000 load cycles (typically a 28-hour test) for mixture
design is impractical.

Von Quintus (54) has also used the indirect tensile test to
measure permanent strains at 10,000 load cycles to compare the
use of different asphalt grades over a range of asphalt contents.
These results are shown on Figure 45. Baladi (34) also concludes
that the indirect tensile test can be used to measure permanent
deformation characteristics of mixtures for rutting analyses.
Therefore, the indirect tensile test was used to calculate alpha
and gnu for each of the mixtures (Appendix M).

All permanent deformation test results are presented graphi-
cally in Appendix M. Figures 46 and 47 compare the alpha and
gnu values for the AAMAS mixtures to those that have been
reported in the literature. As shown, the alpha values for all of
the AAMAS mixtures are extremely low relative to the majority
of those reported in the literature and are characteristic of those
mixtures that have provided poor rutting performance. This
assumes that the cyclic indirect tensile test is applicable for
measuring permanent deformation characteristics of asphaltic
concrete mixtures. Conversely, performance records of similar
mixtures indicate that the VA-0621 mix is resistant to rutting.
Thus, validity of the indirect tensile test for rutting predictions
is of special concern and will be discussed in greater detail in
section 2.6 and Chapter 3.

2.4.1.8 Comparison of Field Test Sections

2.4.1.8.1 Effect of Air Voids. As discussed above, air void
variation within a sample set was of extreme concern in setting
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Figure 46. Relationship between alpha and gnu (84).

Figure 47. Alpha and gnu values calculated using the steady state
portion of the permanent strain versus load application relation-
ship for the AAMAS mixtures.

up the testing program because of the few number of samples
tested within each cell. Mean air voids and coefficient of varia-
tion (COV) were calculated for each sample set or cell tested.
Figure 48 shows a comparison of the COV based on air voids
with the COV for three types of tests. As shown, there are no



clear trends. There was less variation within the indirect tensile
strength test data than for the strain at failure or resilient modu-
lus test results.

2.4.1.8.2 Effect on Breakdown Roller. From an air void analy-
sis, the two test sections constructed in Colorado and Michigan
are not significantly different, whereas the Texas, Virginia, and
Wyoming test sections are different. Thus, each of the two test
sections within the latter three projects must be considered as
independent projects.

For the Colorado and Michigan projects, there does not ap-
pear to be a significant difference in engineering properties be-
tween the different test sections compacted using different break-
down rollers. Only slight differences in engineering properties
were found between the Wyoming test sections, even though the
air voids were significantly different. For the Tcxas and Virginia
projects, there is a difference in the engineering properties be-
tween the different test sections. Evaluation of these differences
is complicated by the extremely large differences in air voids
between the two adjacent test sections and the larger aggregates
used in these mixtures. Thus, no conclusions are warranted.

Figure 49 provides a comparison of indirect tensile strengths
and repeated load instantaneous resilient moduli for the different
materials and compaction trains used in the initial five AAMAS
projects. For the mixtures with different amounts of crushed and
uncrushed gravels (CO-0009, MI-0021, and WY-0080—as in
Figure 49), the relationship between indirect tensile strength and
instantaneous resilient moduli appears to be similar between
all projects even though significantly different air voids were
measured on the field cores from each test section. This suggests
that the relationship may be independent of air voids. These data
are more scattered for the crushed stone mixes (Figure 49b).

Figure 50 shows a comparison of strain at failure and repeated
load resilient moduli for the same cores. As shown, strain at
failure and resilient moduli are not well correlated, or are more
material dependent than strength versus modulus. For the finer
graded mixes (or smaller aggregates) with crushed and un-
crushed gravels, the variation between test data is much smaller,
when compared to the mixes with the larger crushed stone aggre-
gates.

There does appear to be a slight difference between the materi- ’

als compacted using different types of breakdown rollers, as
shown in Figures 49 and 50. Evaluating these small differences
is complicated by varying air voids and other mixture properties
(i.e, gradation and asphalt characteristics) between samples.
Thus, no valid statistical statement can be made regarding the
effect of different breakdown rollers on material properties. Van
Grevenynghe (56) summarized the results of studies conducted
in France, Switzerland, and Germany and reported little to no
effect on engineering properties of mixtures compacted using
different types of breakdown rollers, assuming similar air voids
in the final compacted mixture. The trend from the AAMAS
data indicates similar findings, although the AAMAS data are
minimal.

2.4.2 Laboratory Compacted Specimens

Both indirect tensile and uniaxial compression testing tech-
niques were used to measure the mixture properties of laboratory
compacted specimens. The indirect tensile testing technique was
used to determine the engineering properties of laboratory speci-
mens compacted with different devices in order to compare the
results to field cores. The uniaxial compression testing technique
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Figure 48. Comparison between coefficient of variation deter-

mined for air voids and the variation of test values measured in
the laboratory.

was used to determine those engineering properties required to
evaluate a mixture’s resistance to distortion.

2.4.2.1 Indirect Tensile Properties

The indirect tensile properties measured on laboratory com-
pacted specimens include those same properties measured on the
field cores, discussed in section 2.4.1.

Tables 28 and 29 summarize the average tensile properties
measured, which include indirect tensile strength, tensile strain
at failure, resilient modulus, and creep compliance. The indirect
tensile resilient modulus and strength test data are provided in
Appendix H, and the static creep test data in Appendix L. These
properties were measured using the same procedures and temper-
atures as used for the field cores.

2.4.2.1.1 Air Void Consideration. As discussed for the field
cores, air void variations within the sample sets of each compac-
tion device were also of extreme concern in setting up the testing
program and comparisons. Therefore, the same type of proce-
dure used to select samples to be tested within each sample set
for field cores was also used for selecting laboratory compacted
specimens. Basically, specimens within each sample set included
the upper, lower, and mean range of air voids of all specimens
compacted with each device.

2.4.2.1.2 Effects of Compaction Device. Without question, the
mechanical Marshall hammer is the most common compaction
device used by state highway agencies (3 to 1 over the kneading
compactor). Therefore, the specimens compacted with the me-
chanical Marshall hammer were selected as the base value for
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Table 28. Summary of indirect
tensile testing data of specimens
compacted with different
laboratory equipment.

Indirect Instant.
Mean | Tensile Resilient | Strain at
State, Air Strength, Modulus, Failure,
Project, |Temperature|Compaction{Voids psi ksi Mils/in.
Section ‘F Device % |Mean Cov|Mean Cov |Mean Cov
Colorado 77 MM/HC 8.39| 103 35.9(---- ———
€0-0009 AV/KC ———] ——— RO PR
1-vB CK/CC 8.22| --- 12.0
MT/GS 8.66| 100 27.1
MS/WS 9.08| ~-- 18.1
104 MM/HC B T ey ——
AV/KC B e I el Rt -—--
CK/CC 8.22| === ==== 233 10.4|=---- -———=
MT/GS 7.22| === ==== 215 28.5|---- ——
MS/WC B T ] [T P ——
Michigan 41 MM/HC 4.53] 393 5.3| 3776 39.1| 3.73 4.0
MI-0021 AV/KC 3.90| 387 5.8| 2386 67.0| 3.90 40.0
2-PB CK/CC 4.10) 347 3.3 3154 25.3| 4.16 21.7
MT/GS 4.39] 356 2.6 2217 34.2| 4.68 0.0
MS/WC P T L Bt ———
77 MM/HC 4.20f 103 6.7 683 19.9] 9.19 6.5
AV/KC 4.10 90 13.9 579 29.9(11.05 27.8
CK/CC 3.93 94 1.6 633 21.6| 9.01 21.9
MT/GS 4.17 84 2.1 483 20.7|14.56 6.2
MS/WC 4.61 89 7.4 424 5.0[15.67 6.2
104 MM/HC 4.15 44 2.3 224 5.7| 8.58 5.2
AV/KC 4.06 41 4.9 211 59.9(13.46 18.0
CK/CC 4.17 37 8.7 185 45.0(|13.26 5.2
MT/GS 4.14 30 3.9 178 35.4|16.30 1.8
MS/WC 4.79 29 9.1 148 9.4(27.68 11.8
Texas 41 MM/HC 9.28]| 357 4.2 3502 17.4| 0.43 34.9
TX-0021 AV/KC 8.30| 463 11.4| 3070 13.4( 0.69 37.7
1-SB CK/CC 9.26| 349 22.9( 3616 17.7( 0.88 15.7
MT/GS 9.22| 296 7.5| 2856 14.6| 1.13 35.1
MS/WC [ I e R o T
77 MM/HC 9.13| 172 5.8| 1874 47.9] 3.81 7.9
AV/KC 8.64| 170 1.4 771 61.4| 3.84 37.2
CK/CC 9.23| 147 12.3 554 32.0f 7.37 26.9
MT/GS 8.32) 129 5.7 601 2.71 9.01 8.8
MS/WC 9.80| 172 7.4 621 28.7) 6.89 15.6
104 MM/HC 9.32 66 7.0 285 25.8f 6.24 0.0
AV/KC 8.89 74 5.5 486 14.7| 7.02 19.6
CK/CC 9.56 45 19.9 255 15.1§11.27 7.0
MT/GS 9.11 44 9.1 263 8.2(15.69 . 10.7
MS/WC 9.58 62 10.7 324 22.7(12.17 11.8
virginia 41 MM/HC 5.65 426 4.4)|3945 19.8| 2.25 35.3
VA-0621 AV/KC 5.31 1463 4.1(1769 57.1] 2.44 30.7
1-VB CK/CC 6.10 {388 5.8(2609 27.9| 3.21 16.9
MT/GS 6.34 {394 6.2(3048 20.4| 2.77 47.2
MS/WC el D B i ey ——-
77- MM/HC 6.00 (153 9.711713 25.4| 5.55 15.1
AV/KC 5.15 (213 9.9| 477 28.5| 3.862 30.7
CK/CC 5.85 (127 7.0] 620 12.4| 8.32 16.5
MT/GS 6.17 (114 9.31 759 20.5| 7.97 3.8
MS/WC 6.10 [149 3.4| 734 9.8| 9.12 7.8
104 MM/HC 5.93 77 8.2| 310 24.2| 6.24 14.4
AV/KC 5.89 1153 16.4| 364 41.1|11.79 32.5
CK/CC 5.97 51 4.9| 193 8.1 4.51 26.6
MT/GS 5.99 74 31.5| 250 19.1]/10.40 10.0
MS/WC 5.32 85 12.5| 279 26.0|10.83 9.2
Wyoming 77 MM/HC 5.19 |161 6.5 933 5.9 ===~ ———
WY-0080 AV/KC m——— - | m——— inninind Sutnintetsl -
1-VB CK/CC 6.19 |=--- ——==] 661 14.9 | ===-~ —_—
MT/GS 6.88 :¥3 8.1} 656 12.7 | ===~ —-——
MS/WC 6.41 |=-=~- -—==1 729 17.8|-=--= ————
104 MM/HC B e T B Bty ——--
AV/KC - B it -——-
CK/CC 6.84 178
MT/GS 6.06 237
MS/WC —— -

comparing the engineering properties of specimens prepared

with the other devices.

Figures 51 through 55 show a comparison of those properties,

noted above, for all laboratory compacted specimens. As may
be seen from the figures, there are consistent differences when
comparing these data measured on specimens compacted with
the five different compaction devices. Indirect tensile strength is
the least affected by the type of device used. These differences
are evaluated in much greater detail in Chapter 3 and compared
to the test results from the field cores.

Figures 56 and 57 show the material property relationships
between the compaction devices for each project. Figure 56 pro-
vides a comparison of the indirect tensile strengths and repeated

load resilient moduli. As shown, a similar type of relationship
was also obtained for the field cores (Figure 48)—namely, that
as the aggregate size increased in the mix, the variability of test
values also increased. Since air voids varied between mixtures,
these data also suggest (in concurrence with the test results on
the field cores, Figure 49) that the relationship may be indepen-
dent of air voids. In summary, the type of laboratory compaction
device used appears to have no consistent effect on this rela-
tionship.

Figure 57 provides a comparison of the tensile strain at failure
and repeated load resilient moduli for specimens compacted with
each of the different devices. As for the indirect tensile strength
data, the variation or dispersion of tensile strain at failure in-
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Table 29. Summary of creep compliance, D(t), test data for laboratory
compacted specimens using different compaction devices (test temperature =

T7°F).
State Slope of|Intercept
Project Compaction| Creep of Creep| Creep Compliance, D{t), x10-6
Section Device Curve* Curve 120 Sec 750 Sec 36000 Sec
Colorado MM/HC 0.440 0.077 48.1 105.9 277.3
Cco-000% AR | === i —— e ————
CK/CcC 0.483 0.081 B87.5 228.0 926.0%%
MT/GS 0.480 0.101 107.2 344.8 800.3
Ms/We 0.482 0.153 117.2 280.5 710.8
Michigan MM/HC 0.282 243 105.8 197.4 613.25
MI-0Q021 AV/EC e rm—— 109.3 232.8 770.1
CEK/CC 0.478 .163 134.6 327.3 1668.1
MT/GS 0.454 213 209.8 558.3 1417 .2%%
Ms/WC 0.470 200 201.0 488.7 1302.7
Texas MM/HC 0.360 - 076 32.3 6l.4 128.0
TX-0021 AV/KC et | ¥ meepenton 15.1 43.8 121.5
CK/CcC 0.445 0.091 50.4 110.2 273.7
MT/GS 0.519 0.107 85.7 234.6 656.8
MS/WC 0.530 0.076 £6.0 137.3 377.3
Virginia MM/HC 0.305 0.147 42.3 76.6 17754
VI-0621 AV/KC — e T
CK/CC 0.376 0.1863 72.6 142.6 399.4
MT/GS 0.428 0.135 71.7 154.5 320.2
MS/WC 0.401 0.080 38.4 7.1 141.3
Wyoming MM/HC 0.276 0.054 24.3 39.2 67.0
WY-0080 AV/KC ———— ————— ———— mm—mme= | mmemee
CE/CC 0.393 0.080 59.8 129.2 33z.o
MT/GS 0.450 0.054 40.1 91.6 193.8
MS/WC 0.457 0.113 L 70.3 159.6 360.0

* Slope of Creep Curve was calculated in the steady state range.

kR Indicates that
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RESILIENT MODULUS, psi
({Specimens Compacted with MM/HC)

20

Figure 51. Comparison of resilient moduli values measured on
specimens compacted with different laboratory devices.

creased as the aggregate size increased. In fact, as for the cores,
the failure strains at 104°F were, in some cases, less than those
measured at 77°F. Unlike indirect tensile strength, however, fail-
ure strain appears to be slightly affected by the type of laboratory

specimens failed during the Creep Compliance Test.
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Figure 52. Comparison of indirect tensile strengths measured from
specimens compacted with different laboratory devices.

compaction device, but the relationship, between failure strains
and resilient modulus is mixture related (Figure 57).

2.4.2.1.3 Comparison of Mixtures. Table 30 summarizes the
average indirect tensile properties for all mixtures, including
those with inferior performance characteristics. As shown, the
California, Colorado, Texas, and Wyoming mixtures are the
more brittle at the lower test temperature (41°F). The California
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Figure 53. Comparison of tensile strain at failure mea-
sured on specimens compacted with different laboratory
devices.
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Figure 55. Comparison of the slopes of the creep curves measured
under static load on specimens compacted with different labora-
tory devices.
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Figure 54. Comparison of creep compliance values measured at
different times on specimens compacted with different laboratory
devices.
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repeated load resilient modulus of laboratory compacted spec-
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Table 30. Summary of indirect tensile strength and resilient modulus
test results for all mixtures.

Indirect Instantaneous | Strain at

Test Tensile Resilient Failure

Designation Temp.,| Mean Air | Strength, psi |Modulus, ksi Mils/In.
Mixture F Voids, % Mean COV | Mean cov Mean COV
Colorade 41 7.6 361 1.8 | 1,625 6.4 1.30 20.0
Michigan 41 4.4 56 2.6 2,217 4.2 4.68 i
Texas 41 9.2 296 7.5 | 2,856 14.8 1.13 35.1
Virginia 41 6.3 394 6.2 | 3,048 20.4 2.77 47.2
Wyoming 41 6.1 398 27.0 | 2,062 74.2 0.95 15.7
California 41 6.3 480 8.8 3,867 6.3 1.89 24.4
Georgia 41 6.5 423 16.7 2,606 5.2 2.98 6.9
New York 41 6.3 307 24.1 2,449 10.5 4.62 12.9
Wisconsin 41 6.2 159 8.9 | 2,407 10.1 4.65 4.6
Colorado 77 8.7 lo0 3.2 510 7.1 15.40 15.7
Michigan 77 4.2 B4 2.1 483 20.7 14.56 6.2
Texas 77 8.3 129 5.7 601 2.7 9.01 B.8
Virginia 77 6.2 114 9.3 758 12008 7.97 3.8
Wyoming 77 6.0 143 3.7 656 12.7 6.40 28.3
California 77 6.3 243 6.8 | 1,893 4.0 5.58 6.0
Georgia 77 6.1 125 19.5 B16 21.0 F.28. '33.3
Hew York 77 6.3 79 5.3 IS 15.3 | 14.0%5 12.6
Wisconsin 7 6.2 112 4.7 568 13.4 9.89 22.5
Colorado 104 7.2 30 23.6 215 28.5 | 16.38 47.2
Michigan 104 4.1 30 3.9 178 35.4 | 16.30. 1.8
Texas 104 9.1 44 9.1 261 8.2 15.69 10.7
Virginia 104 6.0 T4 31.5 250 26.0 | 10.40 10.0
Wyoming 104 6.6 56 21.5 237 10.4 | 10.14° 3.8
California 104 7.1 a3 4.7 702 7.9 | 16.52 15.1
Georgia 104 6.1 52 18.4 352 42.6 | 10.48 25.3
New York 104 6.5 23 13.6 118 20.0 | 24.73 15.4
Wiscensin 104 4.8 45 15.7 164 19.3 10.79 29.8

Table 31. Summary of uniaxial compressive strength test results of

RESILIENT MODULUS, psi x10°
@
i

all mixtures.

! Unconfined I 1 Strain at

 Test Compressive _ Resilient: Failure

Mixture Temperature ‘Mean Air Strength, psi: | Modulus, ksi Mils/In.
Designation By Voids 6 Mean  COV | Mean COV | Mean COV
Colorado L 4.5 946 44 909 225 2803 148
Michigan T 13 939 29 566 19.8 3518 &84
Texas 77 45 1,744 5.9 741 256 2542 31
Virginia 77 4.6 1,109 63 690 118 3629 21
Wyoming 7 2.6 1061 28 1,457 227 1725 328
California 104 53 7 74 2,310 204 1880 26.1
Georgia 14 3.7 155 293 719 842 2228 114
New York 14 13 110 3.9 916  B5.6 1735 26
Wisconsin 104 16 165 146 459 545 2376 14

Table 32. Summary of uniaxial compression creep test results of all

mixtures,

Test Creep Curve Creep Percent

Mixture Temp., | Mean Air 1 P Modulus @ 3,600 | R bl

Designation E Voids % Slope.  (Mils./In) sec,, ksi Creep, %
Colorado 77 4.4 0.240 113 125 18.8
Michig: 77 13 0.302 0.14 104 23.6
Texas 77 4.3 0.342 0.104 134 13.5
Virginia 77 4.6 0.224 0328 18.4 374
‘Wyoming 77 6 0.295 0.498 15.6 25.5
California 104 5.3 0.333 1.97 20.3 154
Georgia 104 7 0249 239 8.0 204
New York 104 1.5 0.279 232 33 14.8
Wisconsin 104 1.6 0.366 235 3.0 209
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Figure 57. Relationship between tensile strain at failure and re-
peated load resilient modulus of laboratory compacted specimens.

mix is the strongest and stiffest, whereas the Michigan and New
York mixtures are the more flexible. None of the indirect tensile
properties discussed earlier indicate that the California, Georgia,
New York, and Wisconsin mixes would be inferior to the other
mixtures tested. It should be noted, however, that the mixtures
used in the field test sections (the first five mixes) may also be
susceptible to premature distress under heavy traffic. Thus, it
may be inappropriate to make a one-to-one comparison of prop-
erties between the field sections and those mixtures that are
supposed to have inferior performance characteristics.

Figures 58 and 59 provide a comparison of the mean material
property relationships between the different mixtures compacted
with the same laboratory device (MT/GS). As shown, all mix-
tures have the same type of relationship.

2.4.2.2 Uniaxial Compression Properties

Unconfined compressive strengths and one-dimensional com-
pressive creep tests were also performed on laboratory com-
pacted specimens. Unconfined compressive strengths and uniax-
ial resilient moduli data are provided in Appendix I and the
compressive creep data in Appendix N. These two properties
were not measured on the cores because the lifts were too thin.
Thus, they were not used in any of the comparisons between
field cores and laboratory compacted specimens. Tables 31 and
32 give the average values measured for each of the mixtures
tested. Uniaxial compression test results will be discussed in
greater detail in section 2.5.3.
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RESILIENT MODULUS, psi x 105

INDIRECT TENSILE STRENGTH, psi

Figure 58. Comparison of indirect tensile strength versus resilient modulus for the nine

different mixtures.

2.4.3 Effects of Storage Time

The time from sampling the material on site to preparing
specimens in the laboratory, in some cases, exceeded one month.
This brings up the question of whether properties of the mixture
components changed significantly, and if so, could this change
have an effect on the engineering properties of the field cores
and laboratory compacted specimens? Therefore, both asphalt
cement and gradation tests were performed at various points in
the production and testing process.

2.4.3.1 Asphalt Aging Characteristics

One of the important factors in determining how properties
of an asphaltic concrete mixture will vary with time is the hard-
ening of the asphalt cement. Specifically, as the mixture is re-
heated in the laboratory during recompaction, the asphalt ce-
ment hardens, which has some effect on the strength and creep
properties. These differences become extremely important when
making comparisons between data sets that have been compacted
at different points in time. To determine if the asphalt cement
could be causing consistent differences of test results between
cores and laboratory compacted specimens, asphalt was recov-

ered from both cores and laboratory compacted specimens at
various points in time.

Both viscosity and penetration tests were performed on the
recovered asphalt. These data are summarized in Table 33. The
data identified as *‘Before-Construction” were measured from
samples of the *“virgin” asphalt cement (see Table 9). After the
bulk material was received in the laboratory, enough material
was removed from three containers, selected at random, for
extraction tests.

Both penetration and viscosity values of the recovered asphalt
were measured for each sample to determine the amount of
hardening caused by production and a short storage time. These
data are given in Table 33 as “After Production.” As may be
seen, there was a decrease in penetration and an increase in
viscosity as expected, with the exception for the Wyoming mix-
ture, WY-0080. The reason for the lower viscosity is unknown
at this time, but was also verified by the Wyoming Department of
Transportation which reported similar test values for acceptance
testing.

To evaluate any effects on reheating the bulk material for
compacting laboratory specimens, additional replicate extraction
tests were performed on both cores and laboratory compacted
specimens after testing and after one-year of storage. As the
reheating process and compaction temperature were the same for
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TENSILE STRAIN AT FAILURE, Mils/inch

Figure 59. Comparison of tensile strain at failure versus resilient modulus

Jfor the nine different mixtures.

all compaction devices for a particular project, only specimens
compacted with the Marshall hammer and Texas gyratory shear
were used for extraction tests. The reason for using specimens
prepared with these two compaction devices was that there was
a greater difference in engineering properties (Figures 51 through
55) between these specimens. These data have been summarized
in Table 33, and are identified as “After Testing” and “After
1-Year Storage.”

From the penetration data, asphalt recovered from the
TX-0021 laboratory specimens, after testing, were found to have
a much lower penetration value than for the field cores after
testing. However, only the Virginia material was found to have
a significant difference in viscosity between the cores and labora-
tory compacted specimens after testing. In summary, there are
differences, as expected, but there does not appear to be a consist-
ent difference between the asphalt cement properties of labora-
tory compacted specimens as compared to field cores.

Even though differences in penetration and viscosity values
between cores and laboratory specimens appeared to be minor,
the reheating process definitely affected the compactibility or
compactive effort required to achieve a certain air void level.
For example, for the Virginia material a compactive effort curve
was initially established using material that had been removed
from one of the 10 gal containers. After the compactive effort
curve was determined, unused material was allowed to cool to
room temperature. This material was then reheated in the oven
to the same compaction temperature used to develop the initial
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Table 33, Summary of penetration and viscosity data of recovered

asphalt.
State/Project
Time of Colorado Michigan Texas Virginia Wyoming
Teast Co-0009 MI-0021 TX-0021 VA-0621 WY=-0080
Type of Asphalt AC=-10 B5=100 AC-20 AC-20 AC-20
PENETRATION DATA
Before Const. 85 127 57 91 65
After Production 44 107 47 68 L g =N
After Testing:
Core -— 61 36 52 -
Specimen - G - 60 30 a7 —
Specimen - M s 67 27 53 0 ee——
After l-Year
Storaga:
Core 35 &7 52 54 46
Specimen -G a4 53 ia B4 65
Specimen - M — 75 30 I8 —
After 2 Years on
Roadway 30 85 21 a1 55
VISCOSITY DATA
Before Const. 1071 B06 1896 2250 2306%
2649%%
After Production 1198 1013 2568 3489 2089
After Testing:
Core = 2166 3698 4194 e
Speciman - G —_— 2144 4388 9255 ————
Speciman - M m—— 1772 4470 6000 2 me———
After 1-Year
Storage:
Core 4918 2734 3131 6452 3341
Specimen -G 1567 3687 JB4B 4407 2789
Specimen - M - 2082 6887 41086 R R
After 2 Years on
Roadway 3450 1318 6453 6458 3713

* 0O

*

Marshall Specimen

Virgin Asphalt
Extractions of RAP Material

= Gyratory Specimen
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compactive effort curve. Specimens were then recompacted using
various number of blows of the Marshall hammer to determine
the effect of reheating on the number of blows required to match
the field air voids. As expected, additional compactive effort was
required to obtain the same level of air voids from the initial
compactive effort curve. Approximately 10 to 15 percent addi-
tional compactive effort was required after reheating. Thus, after
material had been removed from the containers, reheated, and
allowed to cool, it was not reused in any of the compaction
studies.

2.4.3.2 Aggregate Degradation

Aggregate degradation is defined as the breakdown (grinding
and/or fracture) of coarse aggregate particles into small particles
through the physical process of laboratory and field compaction.
Although aggregate degradation is not considered to be a dis-
tress, it can significantly increase raveling and water absorption
(moisture damage). Goetz and Moavenzadeh (57, 58) among
others have studied this factor both in the laboratory and the
field to determine its impact on pavement performance and how
changes in gradation, caused by plant production, affects mixture
design properties.

Degradation can occur during various parts of the construc-
tion process. These include stockpiling, transporting the material
from the stockpile to the mixing drum, movement of the aggre-
gate through the asphalt concrete plant, and field compaction.
Degradation can also be caused by traffic, and is dependent
on the tire inflation pressures and axle loads. Thus, aggregate
degradation is another property that must be considered when
comparing and evaluating mixture properties.

Materials were sampled at various points during the construc-
tion process to determine if significant changes of the gradations
were occurring at various points in the construction sequence.
Using bulk material that was sampled from trucks after produc-
tion, sieve analyses were performed on the aggregates from ex-
traction tests. These test results have been discussed and summa-
rized in Appendix C. Sieve analyses were not performed on
extractions conducted on the field cores, because the coring
operation cuts a significant portion of the coarse aggregate and
block samples were not taken.

Sieve analyses were performed on the aggregate recovered
from laboratory compacted specimens during the mix design
process. These gradations have been summarized in Appendix
E for each mixture. In summary, there is no detectable difference
that can be attributable to aggregate degradation between com-
paction in the laboratory, as compared to production of the mix
through the plant. It should be noted that the L.A. abrasion
values for these aggregates were less than the maximum value
specified (40 percent) by ASTM D-692, “Coarse Aggregate for
Bituminous Paving Mixtures.” L.A. abrasion values were ob-
tained from state highway agency personnel, or construction
records, in all cases.

2.4.4 Mixture Performance Predictions

Most of the mechanistic models given in Table 6 use similar
engineering properties—such as Poisson’s ratio, resilient moduli,
tensile strength, and fatigue coefficients. The key requirement of
AAMAS is that it use or produce material and engineering

properties that are considered significant to the input parameters
for the structural design of pavements.

One of the more common design procedures used by most
state highway agencies is in the AASHTO Design Guide. The
new AASHTO design guide uses resilient modulus which has
been previously discussed in some detail. The objective of
NCHRP Project 1-26 is to develop mechanistic models or equa-
tions that can be used to evaluate and design asphaltic concrete
pavements. Thus, it is critically important that AAMAS and
NCHRP Project 1-26 be tied closely together.

NCHRP Project 1-26 was in progress during the 9-6(1) study,
so the mechanistic procedures were unavailable to be initially
incorporated into AAMAS. Therefore, the VESYS IV program
was initially used to compare pavement performance predictions
(rutting, fatigue cracking, and thermal cracking) for the test
results from each of the AAMAS projects. ACOMDAS 2 and 3
were used to predict the moisture damage for each mixture.
Results from the moisture damage evaluation are included in
Appendix O and discussed in section 2.5; therefore, they are not
included in this section of the report. Additionally, as there
are no known mechanistic models that can be used to predict
disintegration (raveling, flushing, and loss of skid resistance),
that is not discussed in this section of the report.

2.4.4.1 Rutting and Permanent Deformation

The VESYS IV program was used to predict rutting (one-
dimensional consolidation) as a function of time or traffic for
each of the mixtures. Although different values can be used to
evaluate rutting, alpha and gnu are the properties required by
VESYS IV. Thus, those values identified in Appendix M were
used for this comparative study.

All mixtures were predicted to develop relatively high to se-
vere levels of rutting under moderate traffic levels (3 million
ESAL'’s within 20 years) because of the low alpha values (Figure
47) measured from permanent deformation tests. The following
summarizes those predictions based on permanent deformation
properties using indirect tensile testing techniques:

Rut DEPTHS PREDICTED AT 10 YEARS BASED ON
CHANNELIZED TRAFFIC; I.LE., NO LATERAL DISTRIBUTION,
INCHES

TYPE OF ENVIRONMENT

CoLD WARM
PRrOJECT (MICHIGAN) (AUSTIN)
CO-0009 >5 >5
MI-0021 1.4 1.6
TX-0021 1.1 1.2
VA-0021 0.5 0.6
WY-0080 0.6 0.6

Gyratory shear values are another measure of shear strength
and indirectly a measure of lateral flow. The gyratory shear
stress values for each of the mixtures under the traffic densifica-
tion process are discussed in section 2.5, and indicate significant
shear reductions in the CO-0009 and TX-0021 mixtures; moder-
ate reductions for the MI-0021 and WY-0080 mixtures; and no
change in the VA-0621 mixture.



2.4.4.2 Fatigue Cracking

Fatigue tests were not performed in this study, simply because
of the time requirement and typical variations associated with
fatigue tests. Instead, the relationship between the fatigue coeffi-
cients (K, and X)), temperature and resilient moduli, which
Rauhut et al. (9) recommended for use, was used for predicting
the amount of fatigue cracking for each mix. The K, and K,
coefficients and the VESYS IV program were then used to com-
pare each mixture in terms of fatigue cracking. The following
summarizes the year at which the damage index (amount of
fatigue cracking) exceeds 1.0:

YEARS PREDICTED To FATIGUE CRACKING

TYPE OF ENVIRONMENT

CoLp MODERATE WARM
PrOJECT (MICHIGAN) (VIRGINIA) (AUSTIN)
CO-0009 12 7- 5
MI-0021 10 5 3
TX-0021 8 7 6
VA-0621 20+ 20 12
WY-0080 18 11 7

Using the Rauhut et al. (9) fatigue relationship or the relation-
ship developed by Finn et al. (10), it was found that the lower the
resilient modulus, the more fatigue damage per 18-kip equivalent
single axle load. Thus, the mixes with higher resilient moduli
(VA-0621) should have a longer fatigue life than those mixes
with lower resilient moduli (MI-0021). As shown above, the
VA-0621 mixture had the better fatigue characteristics and the
MI-0021 mix the poorest, as predicted by VESYS IV. This state-
ment is only valid, of course, if the fatigue coefficients are directly
related to resilient modulus.

2.4.4.3 Thermal Cracking

A pavement analysis computer program developed at the Uni-
versity of Florida, entitled “CRACK3,” was used to evaluate
the combined effects of thermal and load stresses. The pavement
section was purposely selected to produce high stresses at the
lower temperatures, because the results are for comparative pur-
poses only. They do not relate to the structural support provided
by layers other than the asphaltic concrete on the five projects.
Thermal stresses were assumed to be low primarily because the
pavement cooling was stopped at 32°F in performing the
CRACK3 analyses. However, the differences between asphalts
in load stresses, stress ratio, and fracture energy ratio make it
apparent that the crack resistant ranking of the different asphalts
are:

Michigan—most resistant
Virginia

Colorado and Texas
Wyoming—Ileast resistant

Although these analyses and comparisons are indicative of
low temperature behavior of the mixtures, there are other key
factors that must be included in any thermal/fatigue cracking
analysis to realistically represent pavement cracking potential.
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Layer thicknesses and layer moduli for each project including
variations in moduli (e.g., caused by subgrade moisture varia-
tions) and wheel loading characteristics (e.g., overloads, high
tire pressures, etc.) are essential to define load-induced stresses.
The rate of cooling or cooling curve is critical in evaluating
thermal contraction stresses and may have a more substantial
effect on applied energy than on load stress applications.

Prior analysis of the six Penn DOT test road sections by Ruth
at the University of Florida illustrated that a rapid rate of cooling
over a short time period at a sufficiently low temperature (high
asphalt viscosity) would increase stresses and energy, rapidly
resulting in fracture energy ratios increasing from the 0.35 range
to 1.00 (failure) in 3 to 5°C. Therefore, thermal stressing condi-
tions can not always be appraised by comparing asphalts of
different temperature susceptibilities unless one consistently has
a greater viscosity throughout the exposure temperature range.

2.4.5 Change in Mix Properties with Time

After 2 years of traffic, each of the original five field projects
were recored to evaluate the change in properties with time.
Indirect tensile strengths, resilient moduli, tensile strains at fail-
ure, and creep tests were performed on cores recovered from
each of these test sections after 2 years in service. In addition to
the engineering properties, air voids were measured on each of
these cores and penetration and viscosity tests were measured
on the recovered asphalit.

2.4.5.1 Air Voids

Air voids were measured on all of the cores recovered after
two years under traffic. A summary of these results, both means
and standard deviations, are presented in Table 34 and compared
to the original as-constructed condition. The data are presented
for both in the wheelpaths and between the wheelpaths for the
2-year cores. As shown, there is a significant difference between
the as-compacted sections and after 2 years of traffic. On the
other hand, there is little difference between those cores recov-
ered at 2 years from the location between wheelpaths as com-
pared to those taken in the wheelpaths.

Table 34, Summary of air void data measured on the field cores at

different times. N
Mean Air Void Level, %

Percent

Project Section 2 Years of 2 Years of Decrease
At Traffic Between |  Traffic In %

Construction ‘Wheel Path Wheel Path

CO-0009 VB/SS 8.19 5.76 6.61 193
PB/SS 8.98 5.87 6.65 1259
MI-0021 VB/SS 3.74 246 220 411
PB/SS 4.21 2.76 2.99 29.0
TX-0021 SB/SS 875 7.01 7.12 18.6
VB/SS 10.17 945 930 86
VA-0621 VB/SS 5.85 525 5.25 103
SB/SS 7.44 5.68 6.14 17.5
WY-0080 VB/SS 57 4.89 4.42 234
PB/SS 837 6.59 6.42 233
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2.4.5.2 Engineering Properties

As stated earlier, the indirect tensile strength, strain at failure,
resilient moduli, and creep modulus values were measured for
each of the projects after 2-years of traffic. These results are
summarized on Tables 35 and 36. In most cases, the indirect
tensile strength and resilient moduli increased with time, whereas
the tensile strains at failure and creep compliance values de-
creased, as expected. Figures 60 and 61 provide a comparison
between the indirect tensile properties measured on the cores
recovered from the two different time periods.

There were a few cases, for example, mixtures CO-0009 and
VA-0621, where the indirect tensile strengths actually decreased
with time. The aggregates used in both of these mixtures are
susceptible to moisture damage from past performance observa-
tions. In addition, during construction of the CO-0009 project,
the mixture became wet because of rains prior to and during the
compaction process.

The most significant change in properties was the decrease in
tensile strains at failure of these mixtures at a test temperature
of 77°F. A comparison of the test results between the two time
periods is provided Figure 61. In summary, there was only a
small change in failure strains at 41°F, but a dramatic decrease
at 77°F. At a test temperature of 104°F, the failure strains de-
creased on the average of about 20 percent. Those mixtures that
resulted in the greatest change with time were those with the
higher air voids and aggregates with higher absorptions. It is
expected that the magnitude of change of the indirect tensile
strains at failure with time are related to asphalt aging and
absorption.

2.4.5.3 Material Properties

After each of these cores was tested, asphalt and aggregate
were recovered from the test specimens. Penetrations and viscos-
ity tests were performed on the recovered asphalt, and a sieve
analysis was performed on the aggregate sample. The penetration
and viscosity data are summarized in Table 33, as compared to
the original values after production. As shown, there was a
decrease in penetration and an increase in viscosity for all mix-
tures, as expected. The MI-0021 and WY-0080 mixtures had the
least change in values with time, whereas the CO-0009 and
TX-0021 mixes had the greatest change in values. The CO-0009
and TX-0021 sections have the higher air voids.

Results of the gradation tests are provided in Appendix C, as
compared to the original values measured during construction.
In summary, all mixtures were found to have a slight increase
in percent passing each sieve. The TX-0021 mixture had the
greatest change in gradation (increase in finer materials),
whereas the VA-0621 mixture had the least change in gradation.
The coarse aggregate used in the TX-0021 mix is a crushed
limestone and susceptible to some degradation with time.

2.5 MIXTURE CONDITIONING

Another important question facing pavement and bituminous
engineers today is, how does one simulate in the laboratory 10
to 20 years of traffic and time to determine their effects on the
mixture’s behavior and performance? Traffic and environmental
conditioning can be subdivided into three areas: (1) moisture

Table 35. Comparison of indirect tensile strength test results for
cores recovered at different times.

Instantaneous Indirect Tensile Strain
Resilient Tensile @ Failure

Modulus, ksi Strength,psi Mils./in.

State/ Temp. Const. 2-Year Const. 2~Year Const. 2-Year
Project Section (F) Cores Cores Cores Cores Cores Cores
Colorado 1-VB 41 1,625 3,715 361 358 1.30 1.50
C0~-0009 77 583 577 980 70 15.40 1.17
104 329 279 30 25 16.38 11.54
2-PB 77 460 670 88 77 13.17 1.13
Michigan 1-VB 77 420 804 84 89 15.17 5.94

MI-0021

2-PB 41 2,379 1,796 382 283 4.51 5.64
77 456 444 90 87 14.56 5.90
104 168 157 34 32 13.70 8.79
Texas 1-SB 41 4,480 4,156 316 486 1.21 0.88
TX-0021 77 1,287 1,489 119 249 9.01 2.18
104 242 434 a3 75 11.01 9.56
2-VB 77 709 1,116 106 196 11.23 1.66
Virginia i-VB 41 3,449 2,139 424 429 2.38 1.68
VA-0621 77 925 1,245 224 183 6.96 1.48
104 252 3s7 99 58 3.458 8.70
2-SB 77 504 876 184 113 11.51 1.59
Wyoming 1-VB 41 2,062 3,267 398 477 0.95 1.19
WY-0080 77 707 1,086 143 184 6.40 1.39
104 204 311 56 62 10.14 9.13
2-PB 77’ 197 487 103 141 5.29 1.47

Table 36. Comparison of the indirect tensile creep test results from
cores recovered at different times.

Slope of Curve Load Creep Modulus, ksi
Time,
Project Const. 2-Year S‘ec. Const. 2-Year
Cores Cores Cores Cores
CO-0009 0.535 0.553 10 202 250
100 5.5 74
1,000
MI-0021 0.363 0395 10 9.6 112
100 34 5.0
1,000 1.0 1.7
TX-0021 0.633 0.550 10 59.8 1286
100 107 34.5
1,000 1.9 9.1
VA-0621 039 0.490 10 20.1 110.0
100 6.6 378
1,000 22 11.5
WY-0080 0412 .602 10 64.6 365.8
100 15.5 97.5
1,000 4.8 25.4

damage, (2) age-hardening (both plant and long-term environ-
mental aging), and (3) traffic densification.

Each of these areas has received some study to establish guide-
lines and procedures to be used during mixture design. Histori-
cally, these three areas have been considered separately or as
independent occurrences. Of course, under actual conditions, all
three occur simultaneously in the field, and one may severely
compound the effects of another. As an example, age hardening
of the asphalt cement can significantly increase the moisture
damage of a mixture under traffic loads. Each area is discussed
below in more detail, as related to the test results for the AAMAS
test sections.

2.5.1 Moisture Conditioning

Moisture damage testing on each mixture was done in accord-
ance with AASHTO T283, “Resistance of Compacted Bitumi-
nous Mixture to Moisture Induced Damage.” The procedure
suggested for use by Lottman in NCHRP Report 246 (59) was
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also used on the first five mixtures or those included in the field
compaction study. The procedure suggested for use by Tunnicliff
and Root (39) was considered, but not used for the initial mois-
ture conditioning of these specimens. All moisture damage test
results are provided in Appendix H.

Specimens conditioned and tested were prepared and com-
pacted in the laboratory using bulk mixture sampled from the
trucks (i.e., cores were not used). As for other tests, specimens
were designated for testing in the moisture damage study to
reduce the effects of air voids on the engineering properties of
the mixtures. Only the Wyoming specimens had a sufficiently
wide enough air void range to indicate some effect of air voids
on the test results. Figure 62 illustrates this condition. However,
the air void effect on indirect tensile strengths is still considered
minimal.

Figure 63 shows the relationship between indirect tensile
strength and resilient moduli for each of the mixes tested. As
shown, this relationship is similar to the test results of uncondi-
tioned samples (Figure 56). It is also interesting to note that the
same relationship was found for both the dry and wet conditions
(unconditioned versus moisture-conditioned specimens). Mois-
ture seemed to have little to no effect on the relationship between
resilient modulus and indirect tensile strength. The only differ-
ence in data noted for this type of relationship (besides mixture
differences) was found for the different loading rates used be-
tween the two procedures. This difference caused by different
loading rates was expected. The effect of loading rate is discussed
in a later section, 2.6.4, of this chapter.

Moisture damage potential can be evaluated by different fac-
tors, including percent stripping, moisture content susceptibility
(full versus partial saturation), mechanical property ratios (ten-
sile strength ratio and resilient moduli ratio), and predicted field
wet life as compared to a theoretical all-dry life. Table 37 summa-
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Figure 62. Effect of air voids on indirect tensile strength after
moisture conditioning the WY-0080 mixture.

rizes the moisture damage susceptibility findings. Both the wet
and dry life of these materials were predicted by the ACMODAS
2 and 3 programs (developed at the University of Idaho), and
these results are provided in Appendix O. ACMODAS 2 is for
cracking predictions and ACMODAS 3 is for rutting.

2.5.1.1 Comparison of Conditioning Procedures
Figures 64 and 65 show a comparison of percent stripping and

indirect tensile strength ratio (TSR) and resilient modulus ratio
(MRR) measured using both AASHTO T283 and the NCHRP
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Figure 63. Relationship between indirect tensile strength and
resilient modulus for different moisture conditioning tests.

Project 4-8(3) procedure (NCHRP Report 246). As shown, the
Lottman moisture conditioning procedure is much more severe
than the procedure specified in AASHTO T283. Poor correlation
was found between percent stripping and the TSR or MRR value
when using either conditioning procedure (Figure 66). However,
the TSR ratio calculated from the NCHRP Report 246 condi-
tioning procedure seemed to be more closely correlated to per-
cent stripping.

Three of the initial five AAMAS projects (CO-0009, VA-0621,
and WY-0080) contained some type of additive or modifier (see
Table 38). MI-0021 and TX-0021 were the two mixtures without
additives or modifiers, because severe stripping has not been
observed with the use of these aggregates. Conversely, historical
experience with the CO-0009, VA-0621, and WY-0080 mixtures
suggests that moisture damage or stripping is the reason why
additives were added to these mixes.

To evaluate any change in moisture damage susceptibility
in these mixtures without additives, identical specimens (same
gradation, asphalt content, and air voids) were prepared in the
laboratory, with the exception that the additive was omitted.

Table 37. Summary of moisture damage ‘evaluation.

STATE/ TEST
PROJECT DESIGNATION |3STRIP 3SWELL TSR MRR WET LIFE
COLORADO S5 FS 12 .18 .65 .73 9.8
C0-0009 77 PS 9 .02 .82 .57 16.3
MICHIGAN 55 FS 38 .19 .70 .67 11.8
MI-0021 77 PS 25 .05 .89 1.03 12.7
TEXAS 55 FS 9 o .80 .82 11.5
TX-0021 77 PS 1 .13 1.16 1.06 23.2
VIRGINIA 55 FS 2 .35 .88 .89 12.9
VA-0621 77 PS [} .08 1.02 .92 27.0
WYOMING 55 FS 15 .03 .85 1.00 9.9
WY-0080 77 PS 12 .08 .86 .92 11.6
— —-—
CALIFORNIA 77 PS 32 - .61 .69 9.3
GEORIGA 77 PS o -— .98 1.16 11.8
NEW YORK,
RASON MIX 77 PS [ —- 1.06 .94 14.2
WISCONSIN 77 PS 9 - 1.02 .64 11.4
Loninns— —
Notes: 1. 55 FS means a test temperature of 55°'F at full saturation; 77

PS means a test temperature of 77°F at partial saturation.

2. Wet life is the' relative field performance life, and is to be
compared to a 15 year, theoretical, all-dry field life.

3. TSR = Tensile Strength Ratio between wet and dry values.

4. MRR = Resilient Modulus Ratio between wet and dry values.
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Figure 64. Comparison of percent stripping values from different
moisture conditioning procedures.

These additional specimens were conditioned and tested using
the same procedures as those specimens prepared with the addi-
tives. These test results are provided in Appendix H, and Table
38 summarizes the TSR and MRR values calculated for each
condition. As summarized, AASHTO T283 is the least damaging
conditioning procedure, both with and without the additives. A
larger difference between the TSR and MRR values was found
when using the NCHRP Report 246 conditioning procedure
between the same mixes, but with and without the additives.
Similarly, there is a greater consistent difference between the
wet and dry condition (smaller TSR and MRR values) when
using the NCHRP Report 246 conditioning procedure (Table



Table 38. Comparison of TSR and MRR values using different
conditioning procedures on mixtures with and without additives.

Moisture Moisture Mixture Designation
Damage Conditioning Additive g
Value Procedure Used €O-0009 VA-0621 WY-0080
TSR T283 Yes 81 1.02 0.86
No .80 0.72 0.68
MRR Yes 0.57 0.92 0.92
No 0.58 0.69 0.95
TSR Rpt. 246 Yes 0.65 0.88 0.85
No* 0.51 041 0.46
MRR Yes 0.73 0.89 1.00
No 0.36 0.29 045

Table 39. Summary of failure strains measured on the moisture
conditioned specimens.

Moisture'Damage
Failure Strain, Mils./In. Ratios®
Mikture i j
Moisture .
Unconditioned | Conditioned FSR TSR MRR
California 743 5.65 .76 .61 .69
Georgia 7.60 4.60 61 98 1.16
New York 13.70 10.60 .77 1.06 94
Wisconsin 8.40 8.77 1.04 1.02 .64

. FSR = Failure Strain Ratio
TSR = Tensile Strength Ratio
MRR = Resitient Modulus Ratio

37). However, there are some differences of opinion in the indus-
try regarding the severity of this conditioning procedure. It has
been suggested that NCHRP Report 246 is an extreme procedure
that may be unduly damaging the specimen prior to testing.

Review of the TSR and MRR values in Table 37 for the
NCHRP Report 246 conditioning procedure (55 FS) indicates
some moisture damage of all mixtures, but experience with the
MI-0021, TX-0021, and VA-0621 (with antistripping additive in
the Virginia mix) mixtures would indicate only minor moisture
damage, especially for the Texas mixture. Use of the AASHTO
T283 procedure for these same mixtures indicates only slight to
minor stripping. Thus, the procedure documented and described
in AASHTO T283 was used to identify those mixtures that are
susceptible to changes caused by moisture.

2.5.1.2 Moisture Damage Potential of Mixtures

The procedure described in AASHTO T283 was used to evalu-
ate the moisture damage potential of these mixtures. Analysis of
the data in Appendix H and summarized on Table 37 indicates
that the California mix shows the most dominate moisture dam-
age of all the mixes tested. The California and Michigan mixtures
have the greater percent stripping, but both the Colorado and
Wyoming mixes also show signs of stripping and moisture dam-
age. The Texas mix shows the least moisture damage of all
mixtures tested. ‘

The ACMODAS 2 and 3 programs were used to evaluate the
relative moisture damage of all mixtures tested. These results

TSR - MRR RATIOS
NCHRP 4-8(3) CONDITIONING/TEST PROCEDURE
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Figure 66. Relationship between percent stripping and the strength
(TSR) and resilient moduli (MRR) ratios.

are provided in Appendix O. In summary, the relative moisture
damage of these mixtures using AASHTO T283, in decreasing
order, is as follows.
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SEVERE MODERATE Low 10 NO
MOISTURE MOISTURE MOISTURE
DAMAGE DAMAGE DAMAGE

California Wyoming Virginia

Wisconsin Michigan New York

Colorado Georgia
Texas

The strains at failure were also recorded during the indirect
tensile strength test, but only for the four mixtures that were
added to the study. These failure strains measured on the uncon-
ditioned and moisture conditioned specimens are listed in Ap-
pendix H, and the average values in Table 39, along with the
failure strain ratio (FSR). The FSR value is calculated in the
same manner as the TSR and MRR values.

As shown, the failure strain decreased in all cases, with the
exception of the Wisconsin mix. This means that after moisture
conditioning most mixtures became more susceptible to fracture.
Both the Georgia and New York mixtures also had a much
greater change in failure strains than for strength and stiffness
(i.e., the FSR value is significantly less than the TSR and MRR
values). Thus, there was a significant change in at least one
property of each mixture. The California mix is most susceptible
to moisture damage (cracking, rutting, and raveling). The Wis-
consin mix after moisture conditioning is more susceptible to

fatigue cracking, and the Georgia and New York mixes more -

susceptible to fracture and raveling after moisture conditioning
than before.

2.5.2 Age Hardening

Asphaltic concrete mixture properties are time-temperature
dependent. The temperature-dependent characteristic is related
to temperature susceptibility of the asphalt and can be measured
directly in the laboratory. Viscosity as a function of temperature
was measured for each asphalt, as previously shown in Figure 26.
The engineering properties of the mixture can also be measured
directly in the laboratory for different temperatures (for example;
refer to Figures 40 through 44). The time-dependent characteris-
tic, however, has to be predicted.

One critical factor that affects how properties of the mixture
will vary with time is hardening of the asphalt cement. Thus,
AAMAS has to be capable of predicting both short and long-
term properties of the asphalt cement and mixture. This time
effect can be estimated by placing the asphalt cement and com-
pacted mixture in an accelerated weathering test to simulate
plant aging, as well as long-term environmental aging. Long
term for AAMAS is defined as 10 years.

2.5.2.1 Production Hardening Simulations

One of the questions to be resolved is at what temperature
should the asphalt be heated to simulate the hardening that
occurs during the production process, prior to compacting labo-
ratory specimens. The two tests commonly used to estimate the
approximate change in properties of asphalt during conventional
hot-mixing are the thin film oven test (TFOT) and the rolling
thin film oven test (RTFOT). The TFOT (AASHTO T179) was
used to determine the change in penetration and viscosity values
of the asphalts used in the first five AAMAS projects over a

temperature range. The TFOT was selected because of similar
work being conducted by Ruth (60).

Table 40 summarizes the percent penetration retained and
absolute viscosity ratio as a function of oven temperature for
different asphalts. These test results are graphically presented in
Figures 67 through 69. The recovered penetration and viscosity
values from extraction tests were used to determine the labora-
tory oven temperature needed to harden the asphalt so that the
penetration and viscosity values of laboratory-aged materials
would match those measured from plant-produced materials. As
expected, the oven temperature is dependent not only on the
type of asphalt, but also on the type of test (penetration versus
viscosity measurements.)

Table 40. Summary of asphalt aging test results.

State/Project
Asphalt Colorado | Michigan Texas virginia Wyoming
Property C0-0009 MI-0021 TX-0021 VA-0621 WY-0080
Asphalt Supplier Sinclair Marathon Exxon Chevron Sinclair
& Grade 0il ac-20 85-100 AC-20 AC~-20 oil
Specific Gravity 1.015 1.012 1.025 1.035 1.026
Penetra-|Original 85 127 57 91 65
tion at |325F-TFOT 51 84 40 54 3s¢e
77°F 365F~TFOT 42 67 34 42 37
Retained
Penetration (325F) 60.0 66.1 70.2 59.3 54.8(a)
Visco- Original 1071 806 1896 2250 2306
sity at |325F-TFOT 2637 1741 3829 6580 5388
140°F - |365F-TFOT 4758 2701 5893 14288 10433
Poises
Visco- 325F-TFOT 2.46 2.16 2.02 2.92 2.34
sity 365F-TFOT 4.44 3.35 3.11 6.35 4.52
Ratio 365F/325F 1.80 1.55 1.54 2.17 1.94
(a) Questionable Results
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Figure 67. Relationship between oven temperature for the TFOT
and percent penetration retained and absolute viscosity ratio for
the CO-0009 mixture.

For all practical purposes, however, the TFOT temperature
of 285°F appears to do a reasonable job of estimating the percent
penetration retained and viscosity ratio of the recovered asphalts
after mix production through drum mix plants on the AAMAS
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Figure 69. Relationship between oven temperature for the TFOT and percent penetration retained and absolute viscosity

ratio for the VA-0621 and WY-0080 mixtures.

projects. It should be noted that plant discharge temperatures
were similar for all projects, so only minor differences were
expected. If discharge temperatures were different, a different
TFOT temperature would likely be required to simulate plant
hardening (i.e., below 270°F or above 310°F).

Although the TFOT can be used to simulate hardening of the
asphalt during production, an excessive number of tests need to
be conducted so that a sufficient amount of asphalt can be aged
in the laboratory for mixture design purposes. This becomes
somewhat impractical and time consuming. Additionally, hard-
ening the asphalt prior to mixing can affect absorption, de-
pending upon the aggregate characteristics. Therefore, materials
were mixed and blended in the laboratory and then placed in an
oven to simulate the production process. The temperature used
for this production simulation was 275°F.

Samples were placed in a forced-draft oven and removed at
various time intervals. These time intervals included 8, 16, and

24 or 36 hours. Figures 70 through 72 illustrate the change in
penetration and viscosity values for different times of heating.
As can be seen, large variations did occur, but a heating time
interval of 3 to 14 hours did reproduce the penetration and
viscosity values measured on the recovered asphalts after pro-
duction. Table 41 summarizes the extended time of heating the
loose mixture, in a forced draft oven, to match the penetration
and viscosity values measured on asphalt recovered from bulk
mix sampled immediately after production.

The CO-0009 and VA-0621 mixtures were found to have sig-
nificantly greater extended heating times (6.2 to 13.5 hours).
These two mixtures are the only ones that contained an antistrip-
ping additive. The simulated aging time for the remaining mix-
tures varied from 1.8 to 4.6 hours of heating.
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Figure 70. Change in asphalt properties during construction and
with different laboratory heating time intervals for the CO-0009
mixture.

2.5.2.2 Long-Term Environmental Aging Simulation

Simulating the environmental aging over a period of time
becomes much more difficult. Specifically, extrapolation is re-
quired for the AAMAS projects because test results over a period
of 5 and 10 years simply do not exist. Therefore, historical data
and 2-year cores from the initial five AAMAS projects were used
to predict percent penetration and absolute viscosity values with
time. These predicted values were then compared to values mea-
sured on the extracted asphalts from specimens subjected to
different accelerated weathering procedures.

2.5.2.2.1 Laboratory Simulations. Accelerated procedures
considered in the test program were initially studied by Chari
(61) and Ruth (60) at the University of Florida. Based on these
reports, use of the forced-draft oven appeared to consistently
provide the more severe age hardening of various asphalt ce-
ments. It should be péinted out, however, that different tech-
niques had varying effects on different asphalts. Regan (I) with
the Corps of Engineers also recommended that the forced-draft
oven be used to simulate 10 years of environmental aging on
asphalt cements. Thus, use of the forced-draft oven was initially
selected for use in AAMAS.

For the forced-draft oven, two different temperatures and time
intervals were used to age laboratory compacted specimens. A
set of six specimens was placed in a forced draft oven set at 140°F

ViscosiTy / 3

Table 41. Comparison of plant simulated aging time in the laboratory
using a forced draft oven, :

Simulated Aging Time, Hrs.;
Plant Based on
Project B Mix
Teap, °F Viscosity Penetration
Colorado, Drum * 280 8.1 13.5
Michigan, Drum 280 3.0 35
Texas, Drum 310 4.0 10.5
Virginia, Drum* 280 6.2 11.0
Wyoming, Drum 275 . .
California, Drum - 4.6 32
California, Batch 280 2.1 1.8
Georgia, Drum 270 21 2.0
New York, Batch 285 21 23
Wisconsin, Drum 275 18 25
* Designates mixtures which contain anti-stripping additive.

= Penetration values increased and viscosity values decreased from virgin asphalt after
plant production, indicating possible contamination.

for 2 days. After 48 hours, three specimens were removed and
three were left in the oven for an additional 5 days with the
temperature elevated to 225°F. All laboratory compacted speci-
mens were rotated or repositioned in the oven from the fan at
the midpoint of the aging process so that consistency of specimen
hardening was obtained between the specimens. Ruth (60) found
that asphalt aging (changes in penetration and viscosity values)
varied according to where the specimens were placed in the oven.
The specimens closer to the fan were aged more severely than
those farthest from the fan.

An additional technique, Oregon’s oxygen bomb or chamber
(62), was considered to simulate environmental aging. A set of
three specimens was placed in the oxygen chamber for a period
of 5 or 10 days. Five days were used to simulate 5 years of
environmental aging and ten days to simulate 10 years.

To evaluate these aging effects on the asphalt cement proper-
ties, penetrations and viscosities were measured on the recovered
asphalt. These aged values are given in Table 42 for each set of
specimens. Both aged and unaged values from Table 33 are
included for a direct comparison. In summary, the forced-draft
oven caused more hardening of the TX-0021 asphalt; whereas,
for the MI-0021 asphalt, the oxygen chamber caused slightly
more hardening. For some unknown reason, 5 days in the oxygen
chamber hardened the VA-0621 asphalt more than 10 days did.

Figure 73 shows the approximate number of years simulated
by each method using a regression equation developed by Shahin
(31). This relationship was used to predict the penetration values
of recovered asphalts with time. As shown, large differences do
exist between the projects.

Indirect tensile strengths and repeated load resilient moduli
values were measured at 77°F for each specimen used in the
laboratory accelerated aging study. The test results are reported
in Appendix F and are summarized in Table 41. Use of the
forced draft oven resulted in greater indirect tensile strengths
and much lower failure strains than use of Oregon’s oxygen
chamber.

2.5.2.2.2 Comparison to Field Cores. Both penetration and
viscosity tests were measured on the recovered asphalts from
2-year cores. Table 33 shows these data as compared to the
original values after production. These values are summarized
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in Table 41 for a comparison to the long term aging simulations  Table 42. Summary of indirect tensile test data for specimens
used in the laboratory for the initial five mixtures. Indirect tensile ' conditioned using different accelerated age/hardening techniques.
strength, strain at failure, and resilient moduli were also mea- Indirect|strain |Instant.
sured on each of these cores as compared to the laboratory- state/ |"“Aging | ¢ |penetration|viscosity|serengeh|Failure| Hodulus:
prepared specimen after aging simulations in the laboratory. Project | Methed lpavel @7H) aen pol [Mhie/fny kol
. . Michigan|Unaged 0 60 2144 84 14.56 482
Table 42 also summarizes the comparison of the unaged, Wi-0021 |Mfter
laboratory-conditioned, and 2-year cores for each of the test prw—
parameters. As shown, the indirect tensile strain at failure pro- oi;::n 5 63 3884 11 | 24.04 480
vided a more consistent comparison between the laboratory con- Bomb 10 43 7542 123 [ 12,13 | se2
ditioned and field core test results. Figures 74 through 76 provide Forced ol 2 ”e 2512 120 P
a comparison of indirect tensile strains at failure for each of the Forced | v 5897 o | ese | -
test conditions. Use of the 7-day forced-draft oven more closely ——
matched the strain at failure at 2 years than any of the other Cores | s 1318 87 5.90 | 444
methods used in the accelerated long term aging simulation. Texas ~|Unagea ° 30 4388 129 | s.01 | 601
2.5.2.2.3 Mixture Evaluation. The forced draft oven with 7 Production
days of heating (2 days at 140°F followed by 5 days at 225°F) was oxygen . .5 2488 151 e.ss | 738
also used to temperature condition the four additional mixtures. Oxygen 10 " 2822 167 | s.es | ess
Both indirect tensile strength and static creep tests were per- rorced
formed on these mixtures at 41°F after accelerated conditioning. roraft ovenl 2 37 5654 200 | sd1 g oms
A Joading rate of 0.05 in. per min was used for measuring the braft oven| 7 30 9904 241 28|
indirect tensile strength. These test results, summarized in Table 2 mear el = 453 208 | 2.18 | 1,480
43, can be compared to the unaged properties given in Tables 31 virginia|unaged o o 194 11e | 7.07 | 738
and 32. In summary, the resilient modulus increased slightly, e tion
but there was a significant decrease in failure strains with the va-0621 |oxygen
aging simulation, similar to the changes discussed above for the onpaon s 32 28021 128 | 10.23 4 869
flrSt ﬁve mixtures. Bomb 10 35 25021 121 10.66 431
Forced
Draft Oven 2 47 4401 146 5.37 -
F;:::: oven 7 27 7910 177 2.69 Rl
2.5.3 Traffic Densification 2 yoar - " Py ™ Tas | 1,245
ores

Traffic densification of asphaltic concrete mixtures is defined

Table 43. Summary of indirect tensile test results of environmentally
aged specimens (test temperature = 41°F).

Aging Simulation (27), ' - ”
Mixture ging Simulation (27), years Mixture Designation
Forced Draft Oxygen Chamber
2 days _ 5 days | 5 days . 10 days Type of Test o . New York ) )
T — - — — California Georgia Rason Wisconsin
1.5 "‘;::‘z“ 0.5 E ] & Instantaneous 4,260 3,140 2,731 3,065
I 2 2 Resilient Modulus,
1.4 WY-0080 = P = = ksi
1.3 Indirect Tensile 4458 214.1 175.1 209.5
. Strength, psi
percent 12 Tensile Strain at 115 119 4.08 247
PENETRATION 1.1 Failure, Mils/In.
ReTaIneo Creep Modulus at 810 38.1 41 103
1.0 3,600 Sec., ksi
0.9 Slope of the Creep 0.106 0.157 0.356 0.235
Curve
0.8
Percent Recoverable 69.4 56.5 355 51.6
0.7 *\ \ Creep, %
0.6 [\
0.5 \ \\ \ Texas
. \
A}
0.4 ‘\\\
e N — Michi simply as an additional reduction in air voids after initial com-
0.3 E— sichigan . . - IR
0.2 ~ ~ [ =—jatizginia | paction. This additional reduction in air voids normally occurs
. = Fad . . .
Wyemng. o] during the summer months and increases at a decreasing rate
0.1 with time. It is caused by one-dimensional consolidation and
0 o 1 > . p . plastic flow.
* After 10 In mixture design, consolidation is typically defined as an
Placement increase in unit weight through the removal of fluid caused by

TIME, YEARS . . .
external pressures (or loads) applied to the mixture. For asphaltic

Figure 73. Expected decrease in penetration (77°F) for each of concrete, however, consolidation refers to an increase in unit
the mixtures based on historical data collected by Shahin (31). weight by the removal of fluid (reduction in total voids or VMA)
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Figure 77. Change in the gyratory shear values with number of
gyrations using the Corps of Engineers GTM.

or only a reduction in the air voids. For some mixtures, as the
air void volume is reduced, pore pressures in the void space
increase, forcing the binder to flow, depending on the
temperature-viscosity relationship of the binder.

The amount and rate of traffic densification (consolidation) is
dependent on many different factors. Some of these include the
environment (long-term aging); traffic loads, rate of wheel load
applications, and tire pressures; aggregate and asphalt character-
istics; and initial air voids of the compacted mix. Aggregate
degradation (reducing the size and altering the gradation of the
aggregate), in combination with traffic, can also cause additional
densification. Degradation caused by wheel loads, defined in
section 2.4.3.2, is a result of concentrated pressures developed
at the points of contact between particles.

Reorientation of particles after initial compaction produces a
grinding effect that rounds off corners and edges (or even causes
particle breakage), which permits the particles to fit more closely
together (i.e., a reduction in air voids). This relocation of parti-
cles can only occur after friction between the particles is over-
come. In fact, some mixes that have adequate internal friction
and cohesion at the time of construction can become overlubri-
cated (through a reduction in air voids) due to additional densifi-
cation, or consolidation caused by traffic. From this densifica-
tion, the strength and shear properties of the mix can be greatly
reduced.

2.5.3.1 Gyratory Shear Mixture Evaluation

The Corps of Engineers gyratory testing machine (GTM) was
used to study the effects of traffic densification. The GTM is the
only device that can monitor the mixture’s behavior during the
densification process. Using the other compaction devices, test
specimens must be initially compacted and then tested sepa-
rately.

Aggregate samples from each project were mixed at selected
asphalt contents (usually conforming to Marshall mix design)
and compacted using the Model 6B-4C GTM with an air-roller.
Initial compaction was achieved using either 12 or 18 revolu-
tions. The GTM settings for compaction were a 3-deg angle, 100
psi ram pressure, and an air roller pressure of 10 psi.

The compacted specimens were allowed to cool prior to being
placed in an oven set at 140°F. The GTM was set at a 2-deg
angle, 100 psi ram pressure, and 13 psi air-roller pressure (ap-
proximately equivalent to 20 psi in the Model 4C GTM). The
mold check heater was set at 140°F and traffic simulation tests
were performed up to a maximum of 300 revolutions. Initial
sample height readings were obtained prior to densification and
concurrently with air roller pressure readings at 25, 50, 75, 100,
150, 200, 250, and 300 revolutions. Gyratory shear values were
computed for each pressure reading. In some cases mixture re-
sistance reduced excessively before reaching 300 revolutions. An
excessive reduction in air roller pressure and increase in angle
of gyration warranted stopping the test.

These results are presented in Figure 77 for all of the mixtures.
The shear resistance of the CO-0009, New York-Rason,
TX-0021, and Wisconsin mixtures was found to significantly
decrease with an increase in number of gyrations, indicating
mixtures sensitive to traffic loads. The gyratory shear value of
the California, MI-0021, and WY-0080 mixes decreased, but at
a more gradual rate with number of gyrations. The California,
Georgia, MI-0021 and VA-0621 mixtures should have good re-
sistance to densification under traffic, even though there was a
consistent reduction in shear resistance with number of gyrations
for the MI-0021 and California mixtures.

The Colorado and Texas mixes can be expected to densify
appreciably under traffic, simply because of the high air voids
in the mix after construction. In fact, the air voids were so high
in the Texas mixture that those specimens tested did not provide
sufficient shear resistance during densification; therefore, the test
was terminated. The Colorado, New York-Rason, and Wiscon-
sin mixtures became plastic during testing, indicating that these
mixtures are susceptible to lateral flow.

Two similar mixtures were tested from New York. One is
identified as Rason, which is restricted from use on high-volume
roadways. The other one, identified as Prima, has performed
adequately under heavy traffic. Results of the gyratory shear
analysis indicate that the Rason mix became plastic (significant
reduction in shear stress) around 170 revolutions. However, the
Prima mix maintained adequate shear throughout the test, even
though there was a slight reduction in shear stress at the begin-
ning of the test.

The Michigan mix can be expected to experience flushing of
the asphalt. In fact, additional densification with the gyratory
shear compactor and rolling wheel compactor caused the
MI-0021 mix to flush or bleed at air voids below 2 percent.
Flushing also occurred in both of the New York mixes. The
Wyoming mix will experience rutting with time under heavy
traffic because of the gradual reduction in shear resistance with



number of gyrations. The following summarizes and compares
the mixtures’ rutting potential (note in the table that the mixtures
are listed in order of increasing rutting potential (i.e., the Wiscon-
sin mix is the one most susceptible to surface distortions):

RUTTING POTENTIAL

Low MODERATE HiGH
Georgia New York (Prima) Colorado
Virginia Wyoming Texas
Michigan New York (Rason)
California Wisconsin

2.5.3.2 Effect of Roller on Gyratory Shear Values

There are three different rollers that can be used with the
Corps of Engineers GTM to compact the test specimens. These
are a fixed roller, oil-filled roller, and air roller. When using a
fixed roller, the GTM is just a compaction device and the gyra-
tory shear strength can not be monitored and, therefore, will not
be discussed in this section.

Both the oil-filled and air rollers were used to measure the
gyratory shear strength of the four inferior mixtures. Results of
the gyratory shear evaluation using the air roller were discussed
previously and were also shown on Figure 77. Test specimens
were also monitored and tested using the oil-filled roller identical
to those prepared using the air roller. The compacted specimens
were allowed to cool prior to being placed in an oven set at
140°F. The GTM was set at a 2-deg angle and a 120 psi ram
pressure was used during the densification process. The mold
check heater was set at 140°F and traffic simulation tests were
performed to a maximum of 300 revolutions. Sample height
readings were obtained prior to densification and concurrently
with oil-filled roller pressure readings. Gyratory shear values
were computed for each of the pressure readings. An excessive
reduction in oil-filled roller pressure and an increase in angle of
gyrations warranted stopping the test.

Figures 78 and 79 provide a comparison of the results for the
air and oil-filled rollers. As shown, there are differences in the
magnitude of the gyratory shear values. The oil-filled roller con-
sistently measured higher gyratory shear values than the air
roller after initial compaction. Thus, the two numbers are not
interchangeable. Of those mixtures that became plastic during
the traffic densification process (New York and Wisconsin
mixes), the gyratory shear values measured using the oil-filled
roller decreased substantially, once the shear values began to
decrease. Although the magnitudes of the gyratory shear values
are different, use of both rollers identified the same mixtures as
being plastic during traffic densification and those that were not
plastic. Thus, the end result of the traffic simulation test using
both of the rollers gave the same result, but actual values mea-
sured are different.

2.5.3.3. Refusal Air Void Content

2.5.3.3.1 Effect of Roller. The air void contents at the end of
the traffic simulation process were measured on the specimens
densified using both the fixed roller and air roller for each of the
mixtures. The oil-filled roller was used on only five of the mix-
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tures. A comparison of these values is shown on Figure 80. Use
of the fixed roller mode almost always resulted in a higher air
void content at refusal. The Michigan mixture was the only one
that resulted in a lower air void content using the fixed roller.
Thus, there are also consistent differences in the final air void
content in specimens compacted using the different rollers.

2.5.3.3.2 Effect of Ram Pressure. The Texas gyratory shear
compactor was used to compact specimens of the four additional
mixtures using different ram pressures for defining the refusal
air void content. Three ram pressures were used. These were 25,
50, and 75 psi. The results of the specimen densification using
the different ram pressures are summarized in Figures 81 and
82. The effect of ram pressure on defining the refusal air void
content for a specific mix was very minimal. In effect, the air
void content at refusal was achieved for the higher ram pressures
at a lower number of revolutions. It is anticipated that this will
be the case for all mixtures, unless the higher ram pressures
begin to fracture the aggregate resulting in a different gradation
or until a plastic condition is reached. Thus, ram pressures are
not critical in measuring the air void content at refusal.

2.6 SUPPLEMENTAL ANALYSES AND STUDY
AREAS

This section of the report presents and discusses various topics
that relate to the development of AAMAS.
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Figure 80. Comparison of air voids measured at refusal using
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2.6.1 AASHTO Design Parameter—Resilient
Modulus

As noted earlier, the resilient modulus at 68°F is used to
estimate the AASHTO layer coefficient for pavement thickness
design. Resilient moduli can be measured on cylindrical speci-
mens tested in compression (ASTM D 3497) and in indirect
tension (ASTM D 4123). It has been shown through previous

studies that consistent differences do exist between resilient mod- .

uli measured from testing cylindrical compression specimens
and diametral specimens at higher temperatures and at lower
frequencies. For example, Figure 83 shows some of the differ-
ences that can occur between these two test procedures.

The AASHTO Guide (6) recommends that ASTM D 4123 be
followed to measure the resilient modulus for pavement thick-
ness designs. In addition to the type of test, however, there are
other factors which can also have a significant effect on resilient
modulus. These include the testing device, sample size, and re-
covery time or frequency. Each of these areas is discussed in
more detail in the remainder of this section.

2.6.1.1 Testing Device Differences

Three different holding or testing devices were used to mea-
sure resilient moduli. These included; the Retsina device, Ba-
ladi’s indirect tensile holder (64), and the holder used and re-
ferred to by Kennedy, et al. (35). This last device will be referred
to as the standard in the remainder of this report. In order to
reduce variability of the test results between different samples,
the same specimen was tested along three different axes using
each device. These data are presented and summarized in Appen-
dix H by sample number and axis.

The use of Baladi’s holder permits the measurement of speci-
men movement in three directions. Poisson’s ratio and resilient
modulus are then calculated using these three displacements.
However, this requires at least 3 channels for monitoring the
movement in each of the three directions. Because this would
have required modifications to the monitoring equipment, dis-
placements were monitored only along the vertical and hori-
zontal diametral axis. The equations applicable for these two
directions were then used to calculate resilient modulus and
Poisson’s ratio.

With the Retsina device, only horizontal deformations are
measured for computing resilient moduli; whereas for Baladi’s
and the standard holder, both vertical and horizontal deforma-
tions were measured. Deformation ratios were, therefore, deter-
mined and Poisson’s ratio calculated for the latter two holding
devices. These values are recorded in Appendix L. Figure 84
shows a comparison of Poisson’s ratio as computed from mea-
surements using Baladi’s and the standard holding devices. It
can be seen from the Figure that negative values were generally
obtained using Baladi’s holder, whereas positive values were
obtained using the standard device at 77°F.

The horizontal displacements measured using Baladi’s device
and the standard holder were very similar. The large differences
in measured displacements were in the vertical direction. Only
two reasons could have caused this substantial difference in test
results. The first is specimen rotation during load application in
the standard loading frame. All specimens were positioned very
carefully so the effect of load eccentricity or specimen rotation,
if any, would be minimal. The second reason is the difference in
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Figure 84. Comparison of Poisson’s ratio as measured on identical
samples with different holding devices.

preload applied to the specimens. A larger preload was applied
to the specimens in Baladi’s device because of the loading head’s
weight. The larger preload used with Baladi’s device could have
caused more vertical movement in relation to the horizontal
movements.
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Figure 85 provides a comparison between resilient modulus
values measured from all three devices. Very large differences
were obtained even though identical axes and load levels were
used for each device. Standard deviations and COVs for the
resilient moduli measured on the same specimen for each device
are summarized in Table 44.

The COV is generally larger for the CO-0009 mixture. One
reason for this larger dispersion of moduli is probably related to
specimen thickness. The CO-0009 cores were thinner and below
the minimum thickness requirement of 1.5 in., because the
thicker cores were used for other testing.

Another particular item to note is the large variation of values
measured along the different diametral axes on the same speci-
men (Appendix H). The test results for the MI-0021 mix had
the least dispersion of moduli values and contains the smaller
aggregates. In general, the COVs were larger for the mixes with
the larger coarse aggregate, with the exception of the CO-0009
mix, which was explained in the previous paragraph.

For the standard holder, COVs were measured for each and
compared to the COVs measured with the other devices on that
same sample. Figure 86 shows a comparison of COVs on resilient
moduli measured between each device. The Retsina device was
found to produce the greater variation in test results, whereas
Baladi’s holder consistently resulted in more uniform measure-
ments.

2.6.1.2 Nominal Aggregate Size

Of interest, also, to pavement and bituminous engineers is the
effect of nominal aggregate size on resilient moduli and other
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Table 44. Summary of resilient modulus variations measured using
different testing/holding devices.

Testing Device
Mixture Average E T -
Value Standard Baladi - Retsina

CO-0009 Std. Deviation 107 224 220

Coefficient of

Variation, % 40 37 48
MI-0021 Std. Deviation 1 14 73

Coefficient of

Variation, % 0.3 4.0 23
VA-0621 Std. Deviation 103 1 k73

Coefficient of

Variation, % 33 0.6 37
WY-0080 Std. Deviation 39 25 114

Coefficient of

Variation, % 20 14 58

engineering properties using a standard sample size for the indi-
rect tensile test. In other words, as the nominal aggregate size
of an aggregate blend increases, should the sample size increase
accordingly? To evaluate this question on what effect, if any,
nominal aggregate size has on resilient moduli using ASTM D
4123, oversize cores were taken on all projects where the nominal
aggregate size exceeded a 1-in. diameter. This included the North
Carolina and both Virginia projects.

The oversized cores were first tested along three different axes
of the same sample. Each field core was then recored in the
laboratory to a smaller diameter and the resilient moduli was
measured along the same three axes. The results of this testing
are summarized in Appendix F and graphically presented in
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Figure 85. Comparison of resilient moduli measured on cores using different sample holding devices and test equipment.
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Figure 87. As can be seen, the resilient moduli increased with
decreasing core diameter. Thus, the resilient moduli measured
in the laboratory is affected by the nominal size aggregate in
relation to sample diameter. Additionally, as the sample diame-
ter decreased in relation to aggregate size, the variation in test
results also increased.

2.6.1.3 Recovery Time—Instantaneous vs. Total

The ASTM D 4123 test procedure, recommended in the
AASHTO Design Guide for measuring resilient moduli at 68°F,
provides two equations for calculating the resilient modulus of
elasticity; the Guide does not, however, state which one is to be
used. One value relates to the instantaneous resilient modulus
and the other to the total resilient modulus of elasticity. The
question then becomes, is there a significant difference in resilient
moduli at 68°F between the instantaneous and total resilient
modulus, and if there is, which one should be used?

As complete load-deformation time traces were recorded dur-
ing repeated load resilient modulus testing, both of these values
were calculated for selected samples. Table 45 summarizes the
differences between resilient moduli obtained from each equa-
tion. As shown and expected, larger differences occurred at
104°F; whereas smaller differences were found at 41°F because
of the difference in creep and recovery properties between these

127

20

10

RESILIENT MODULUS, psi x 105

SAMPLE/AGGREGATE DIAMETER RATIO, DR

Figure 87. Effect of the specimen/aggregate diameter ratio on
resilient modulus.

two temperatures. These results are very similar, if not identical,
to those findings by Von Quintus and Kennedy (63).

Table 45 also summarizes the resilient moduli measured prior
to and after the repeated load permanent deformation tests.
Significant differences were found because of the changing plas-
tic strains with load repetitions.

2.6.2 Applicability of the Indirect Tensile Test

The indirect tensile test has been used by numerous agencies
for evaluating dense-graded asphaltic concrete mixtures. The

Table 45. Summary of the difference between the instantaneous and
total resilient modulus at different test temperatures,

. Modulus Ratio®*, Eg,/En E_**, | Madulus Ration,
Mixture o it 04F *915' : Epp"*/Ent
CO-0009 88 7 67 255 A4
MI-0021 82 .65 58 216 67
TX-0021 90 81 60 173 27
VA-0621 88 78 58 137 27
WY-0080 92 82 65 234 35

. Modulus Ratio = Eg,/Ey,
Eg =1 us Resilient Modulus, as defined by ASTM D 4123
Em = Total Resilient Modulus, as defined by ASTM D 4123

W = Total Resilient Modulus at a Test Temperature of 77F, as Defined by
A?FM D 4123, but Measured After the Permanent Deformation Testing
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AASHTO Design Guide (6) recommends that ASTM D 4123
or the indirect tensile test be used to measure the resilient modu-
lus of asphaltic concrete materials for use in structural design.
Use of the indirect tensile test has become widespread because
of some very practical reasons. Probably, the most important
has to do with testing field cores recovered from thin lifts (less
than 4 in. in thickness).

One of the major disadvantages of using a triaxial type test to
measure the compressive resilient modulus of elasticity has to
do with the length to diameter ratio that is required by some
procedures. Typically, the thickness of asphaltic concrete layer
or lift placed in the field will be much less than that required for
adequate uniaxial compression testing. Another reason is that
the tensile properties of a mixture are required for evaluating
fracture failures. However, there has been some controversy over
the applicability of the indirect tensile test at higher temperatures
(i.e., greater than 100°F).

One point of concern regarding the applicability of the indirect
tensile test has to do with measuring Poisson’s ratio. It has been
reported by numerous agencies that both negative values and
values greater than 0.5 for Poisson’s ratio are typical when using
the indirect tensile test. Obviously, values less than 0 have no
physical meaning regarding elastic layer theory, and values
greater than 0.5 imply an increase in volume with load applica-
tion. There can be two reasons for these values to exist. The
first has to do with “slop” in the equipment such that larger
movements are being measured than are actually being applied
to the specimen, and the second is that the simplifying assump-
tions used in the indirect tensile test are inappropriate for some
asphaltic concrete materials, (i.e., the equations may be inappro-
priate or the specimen is not responding as an elastic material,
which is an assumed condition).

The purpose of this section is to review the indirect tensile
testing procedures recommended and those that have been used
for evaluating asphaltic concrete materials and provide some
recommendations as to their applicability within the temperature
regime used in most test programs. First considered is a review
of the equations provided in ASTM D 4123 for calculating the
indirect tensile properties of dense-graded asphaltic concrete ma-
terials. The instantaneous resilient modulus is calculated by:

Eg; = P(vg; + 0.27)/hHy,; (2-10)
where Ep; is instantaneous resilient modulus of elasticity, psi;
vpy is instantaneous resilient Poisson’s ratio (Eq. 2-6); P is re-
peated load, Ibf; 4 is thickness of the specimen, in.; and Hp, is
instantaneous recoverable horizontal deformation, in.

The resilient modulus of elasticity can be calculated using an
assumed Poisson’s ratio or an actual measurement. If an assumed
value is used it should be temperature-dependent, although the
procedure (ASTM D 4123) does not require that different values
be used at different test temperatures. Poisson’s ratio values of
0.25, 0.35, and 0.40 were used to calculate the resilient modulus
at test temperatures of 41, 77, and 104°F, respectively, for the
AAMAS mixtures. By using Eq. 2-10, an increase in Poisson’s
ratio will increase the resilient modulus, and a decrease in Pois-
son’s ratio will decrease the resilient modulus.

Substituting Eq. 2-6 into Eq. 2-10 yields the following formula:

HRI
Eg; = P|3.59(=2) — 027 + 027 |/hHy,
VRJ

EBor= P[3 59(@)]/}11{
R RI
Vri
Thus,
3.59P @-11)
RI= 30— e

If Poisson’s ratio is not assumed, the resilient modulus of
elasticity can simply be calculated using the recoverable vertical
displacement. However, it is more common to actually calculate
a Poisson’s ratio (Eq. 2-6), so that inappropriate values of v
(negative values) are not unknowingly used to calculate the resil-
ient modulus.

For these equations to be applicable, Poisson’s ratio should be
constant for different loading rates and recovery times (instanta-
neous and total resilient modulus). However, it has been shown
by numerous agencies that the relationship between vertical and
horizontal movements is not linear. Figure 88 shows typical test
results for three test temperatures. As the vertical movement
increases at a constant rate (2 in. per min. in Figure 88), the
horizontal movement increases, but at an increasing rate. Obvi-
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ously, none of the relationships are linear, so Poisson’s ratio (or
the horizontal to vertical deformation ratio) will vary with load-
ing rate, loading time, and recovery time.

Figure 89 compares the horizontal deformations that have
been normalized, using the horizontal deformation measured at
peak load, to the deformation ratio, DR. The deformation ratio
is used to calculate Poisson’s ratio (Eq. 2-7). In Figure 89, it is
seen that the deformation ratio varies with time (or vertical
deformation) and exceeds the value of 0.215 that will result in a
Poisson’s ratio of 0.50 prior to peak load, especially for the
higher test temperatures.

The problem is that most asphaltic concrete mixtures are
viscoelastic or inelastic, and there can be a time delay before the
horizontal movement is measureable after the vertical load is
applied. This was illustrated by the horizontal versus vertical
movement relationship in Figure 88. The following summarizes
the mean time delays for the three test temperatures that have
been measured from the vertical and horizontal deformation
traces with time.

MEAN TIME DIFFERENCE
BETWEEN INITIATION OF

TEST VERTICAL AND HORIZONTAL
TEMPERATURE, °F DEFORMATION TRACES, SEC
41 0.376
77 0.290
104 0.126

At higher temperatures, the indirect tensile test is believed to
overestimate the actual modulus of elasticity because of the time
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delay and other inelastic properties in the material response.
For weaker or tender mixtures, compressive displacements are
occurring between some of the aggregate, rather than horizontal
displacement (i.e., more like a triaxial type test).

It should also be noted that when cracking begins to occur
during an indirect tensile test, an increase in specimen volume
occurs because of the internal separation of materials. Thus,
Poisson’s ratio values greater than 0.5 should be expected once
these internal cracks start to develop (i.e., after initial yielding).
This is illustrated in Figure 89. In either case, for use in routine
mixture design, Poisson’s ratio should be assumed and caution
should be used in measuring the resilient modulus of elasticity
and other properties at the higher test temperatures using indi-
rect tensile testing techniques.

2.6.3 Specimen Height

One of the major disadvantages of using the uniaxial compres-
sion test for evaluating the compression properties of a mixture
is the height to diameter requirement. Historically, a height-to-
diameter ratio of 2 has been preferred for testing. Thus, 4-in.
diameter cores are required to have heights of 8 in. This is
impractical in testing field cores of the same material, because
most lifts are less than 3-in. in thickness. There have been tech-
niques used, such as “stacking” cores on one another, to achieve
the required minimum height. In other cases, cores or Marshall
specimens have been “glued” to meet the height requirement.
The question becomes, is a height-to-diameter ratio of 2 required,
and for practicality, will stacking or gluing specimens together
result in the same compressive property of a continuous intact
specimen.

DR

DEFORMATION RATIO,

0 1

NORMALIZED HORIZONTAL DEFORMATIONS, PERCENT OF DEFORMATION AT PEAK LOAD

Figure 89. Typical indirect tensile test results comparing the deformation ratio to normalized

horizontal deformations.
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Figure 90. Comparisons of resilient modulus measured on speci-
mens with and without Teflon tape, and between intact and
stacked specimens.

TOTAL RESILIENT MODULUS, psi x105
{

LENGTH/DIAMETER (L/D) RATIO

Figure 91. Comparison of resilient moduli measured on specimens
with different heights.

To evaluate the sample height effects on the resilient moduli,
6-in. diameter by 8-in. high specimens were compacted in the
laboratory. Each specimen was marked with two perpendicular
lines on opposite sides, so that each could be repositioned, exactly
as initially used in the test program, after sawing the specimens
into two or more parts. The resilient modulus of the intact
specimens was first measured both with and without Teflon
tape. Teflon tape was used to determine if differences would be
obtained with different end effects. Figure 90 shows the differ-
ences in resilient moduli results comparing values measured on
specimens with and without Teflon tape for different height-to-
diameter ratios. It is noted that there can be a significant differ-
ence between the two end conditions. In addition, as the height-
to-diameter ratio decreased, the difference between the resilient
modulus measured on specimens with and without Teflon tape
increased.

After initial testing, each of the large specimens was sawed in
half and each of the halves was retested using the same testing
procedure. The results of this testing are shown on Figure 91.
The resilient moduli decreased substantially as the height of the
specimen decreased. The reason for this decrease in stiffness is
believed to be a result that any “slop” in the testing apparatus
becomes magnified as the specimen’s height (or vertical deforma-
tion) decreases.

After testing, each of the sawed specimens was stacked along
the same orientation line and the resilient moduli were measured
on the stacked specimens. The results of this testing are included
on Figure 90. A difference can be seen between the taller and
shorter specimens. However, there is much less difference be-
tween the intact and stacked specimens than between the taller
and shorter specimens.

2.6.4 Particle Orientation

The importance of particle orientation and its correlation to
the material properties has been recognized and studied by previ-
ous researchers. Some of these previous studies have included
Lee and Markwick (65), W.H. Goetz (66), Hennes and Wang
(67), Puzinauskas (68), and Lees and Salehi (69). With the excep-
tion of the Lees and Salehi study, none of these studies defined
numerically the orientation of particles and determined if differ-
ences existed between compaction methods. In the Lees and
Salehi study, the angle of orientation of aggregate particles visible
on a cut face was measured to determine if the particles were
aligned at random or oriented in a preferred direction. Lees
concluded that preferred orientations were measured and that
the angle of orientation varied between compaction devices.

In order to describe a stale of packing, it is nccessary to know
where every particle is—in terms of size, shape, location and
space, and its orientation in space. If these factors can be defined
in numerical terms, it is possible to describe the state of packing
of an assembly of particles by an array of vectors in a matrix
form. The size of a particle can be numerically described by the
equivalent diameter of a sphere of the same volume. The shape
of a particle is more complicated to describe numerically. Meth-
ods exist for expressing quantitatively such shape characteristics
as roundness and sphericity, angularity, and surface texture.

2.6.4.1 Measurement of Orientation

Two methods were recognized by Lees (69) for the measure-
ment of orientation. These are (1) the least projection method,



and (2) the center of area method. In the least projection method,
elongation direction is the direction of the two parallel lines with
the minimum amount of separation that can be drawn tangent to
the particle projection. In the center of area method, elongation
direction is the direction of the longest straight line that can be
drawn through the center of area of the projection. The center
of area is considered to be a two-dimensional equivalent of the
center of mass that is the point about which the particle pivots
when suspended in a fluid.

The method used in this study to evaluate particle orientation
is based on examining the longest dimension of the particle
visible on a given plane (i.e., two dimensional). It is simple in
calculation and, as far as the investigation has been conducted,
reveals the nature of orientation patterns. It is also the least
time consuming method, without a significant loss of accuracy.
However, the method can be extended to a three-dimensional
analysis by measuring particle orientation projections on mutual
perpendicular and parallel planes.

Step 1 of the method used is to define the projections of the
particles on a given plane. For this purpose, the specimen whose
orientation pattern is being investigated is cut into one or more
sections. The orientation direction of the particles visible on the
cut sections is then determined by finding the direction of the
longest line that can be drawn along each particle.

2.6.4.2 Laboratory and Field Orientations

Selected cores and laboratory compacted specimens using the
five different devices (AV/KC, CK/CC, MM/HC, MS/WC,
and MT/GS) were cut perpendicular to the pavement’s or speci-
men’s surface to evaluate the angle of orientation of particles
visible on the cut face. This evaluation process included the
combination of video imaging and an AUTOCAD system. The
video imaging consisted of a standard VCR camera, a Targa
video imaging board, and a software driver to interface the Targa
Board to the microcomputer operating system to generate an
AUTOCAD overlay. The AUTOCAD system was used for map-
ping or tracing the aggregate particles visible on the cut face.

Almost 200 cores and specimens were sawed vertically to
evaluate orientation of the particles. Basically, an angle for each
particle was determined by finding the direction of the longest
line that could be drawn for each particle. Figure 92 shows a
cumulative frequency diagram for the angle of orientation by
field compaction technique. All field compacted mixtures were
found to have a preferred angle of orientation and no significant
difference could be identified between projects. These data are
summarized and presented in Appendix P. Examples of the
graphics (AUTOCAD) printout of the larger particles are pro-
vided in Appendix P. Colored copies or prints of each specimen
and core have been stored on floppy discs for future use.

2.6.5 Loading Rate

To evaluate the mixture indirect tensile strength for low tem-
perature characterization, two loading rates were used. The stan-
dard rate of 2 in. per min (ASTM D 4123) was used to evaluate
mixture strength at three temperatures (41, 77, and 104°F). For
low temperature characterizations and predictions, however,
thermal loads are applied at a much slower rate because of its
effect on the mixture’s tensile strength. Therefore, a loading rate
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Figure 92. Summary of particle orientation data illustrating pre-
ferred orientation of particles measured from field cores.

Table 46. Effect of loading rate on the strength properties of each
mixture.

Indirect
Test Loading Tensile Strain at
State/ Compaction Temperature, Rate, Strength, Pailure,
Project Method °F (in./min.) psi (mils/in.)
Colorado PB/SS 41 2.00 360 1.04
€0-0009 0.05 141 3.12
104 2.00 30 18.07
0.05 5 24.41
Michigan PB/SS 41 2.00 382 4.51
MI-0021 0.05 207 4.94
104 2.00 34 12.87
0.05 10 10.49
Texas
TX-0021 SB/PS 41 2.00 316 1.21
0.05 225 2.60
104 2.00 33 11.01
0.05 9 11.27
Virginia SB/PS 41 2.00 407 3.35
VA-0621 0.05 171 2.08
Wyoming VB/SS 41 2.00 274 0.78
WY-0080 0.05 176 1.82

of 0.05 in. per min was used at 41°F to measure mixture strength
for low temperature cracking characterizations. On a few proj-
ects (Colorado, Michigan, and Texas), the loading rate of 0.05
in. per min was also used at 104°F to define the loading rate
effect at higher temperatures.

The indirect tensile strengths and failure strains at these differ-
ent loading rates have been recorded in Appendix H and are
summarized in Table 46. Review of the data indicates that the
mixture strength is significantly less at the slower rate at both
104°F and 41°F, as expected. However, the tensile strains mea-
sured at yield, in most cases, are about the same between the
two loading rates. This implies a strength dependency on loading
rate, but not a yield strain dependency. Reasons for this effect




132

Table 47. Summary of work calculated for each of the different
mixtures, ft-1b.

Table 48, Comparison of work calculated from the indirect tensile
strength testing of cores recovered at different times.

on strength are related to the creep and relaxation characteristics
of asphaltic concrete mixtures. Thus, if strength and stiffness
(resilient modulus) are used as field control variables, the loading
rate must be closely controlled. On the other hand, if failure
strains are used, loading rate becomes less important.

2.6.6 Mixture Toughness

Mixture toughness, or the strain energy density concept, is a
parameter that has been used by some researchers to evaluate
and compare asphaltic concrete mixtures. Toughness is defined
as the amount of work per unit volume required to cause failure,
or the area under the stress-strain curve to failure. Little and
Richey (70) used this concept to evaluate the use of plasticized
sulfur binders in asphaltic concrete, and they suggest that it gives
a good indication of the optimum binder content.

2.6.6.1 Sensitivity to Temperature and Time

Using these same concepts, work (or area beneath the force-
displacement curve) was computed for each mixture using the
indirect tensile strength results. The computed values from each
test are provided in Appendix Q, and summarized in Table 47.
As can be seen, work values vary dramatically with temperature
and mixture. However, work values were indifferent between
test sections of the same project, even though the sections had
statistically different air voids (TX-0021, VA-0621, and
WY-0080).

Table 48 compares the work required to cause failure of cores
recovered at different times (immediately after construction and
2 years after construction) from the initial five projects. The
most significant change occurred for the Colorado mixture at a
test temperature of 77°F. This project consisted of a mixture that
was placed and compacted in a wet condition.

2.6.6.2 Sensitivity to Asphalt Content

Similar to the Little and Richey study (70), the work required
to cause failure was computed at different asphalt contents for

Mean X Test I Work, fe-lbs, o
Aii Temperature P Temp.,
Voids, . 8 . g
State/projact Compactioni % 41 77 104 State/Project F Section %‘::2:‘ ZCE::;
Colorado VB/SS 8.2 0.596  6.127  0.521 Colorado 41 VB 0.60 0.68
€0-0009 PB/SS 9.0 0.682  5.134  ==-=n - -
/ €0-0009 7 VB 6.3 091
Michigan VB/SS 3.7 3.424 1.629 0.553 77 PB 531 1.03
MI-0021 PB/SS 4.2 2.688  1.721  0.559 104 VB 052 031
b SB/PS 8.8 0.755  2.446  0.700 o
%0021 vnfss 10.2 1.008 2.741 1.177 Michigan 41 PB 2.69 249
MI-0021 7 PB 172 141
virginia VB/SS 5.9 5.019  4.442  1.072 77 VB 1.63 1.64
VA-0621 SB/PS 7.4 5.125  4.632  1.705 104 PB 0.56 034
i VB/SS 5.8 1.2¢0  1.588  1.142
gs:o;g PB/SS 8.3 1,578 0.971 _ 1.243 Texas 41 SB 0.76 084
ETE— — TX-0021 77 SB 245 3.98
california MT/GS 6.6 3.62 4.88 1.80 77 VB 274 2.44
104 SB 0.70 1.38
Georgia MT/GS 6.2 5.49 3.20 1.29 Virginia 41 VB 5.02 3.58
VA-0621 7 VB 4.44 5.08
New York-Rason MT/GS 6.4 2.21 2.51 0.73 77 SB 4.63 3.35
104 VB 1.07 1.58
wisconsin MT/GS 5.7 2.60 4.62 0.98 Wyoming a1 VB 124 1.86
WY-0080 77 VB 1.59 2.56
77 PB 0.97 1.73
104 VB 1.14 1.14

four of the AAMAS mixtures using the indirect tensile strength
test. These computed values have been graphically compared for
different asphalt contents and temperatures in Figure 93 for the
California mix. As shown, a binder content can be selected to
maximize the work required to fracture each of the mixes. Using
these concepts, a mixture could be designed such that the work
continues to increase with a decrease in temperature at the as-
phalt content that maximizes the amount of work required to
fail the specimen in fracture. Figures 93 through 96 show the
change in work as a function of effective asphalt content (by
volume) and temperature for the different mixtures.

2.6.7 Performance-Related Mixture Design
Parameters

Those parameters considered for use in mixture design and
evaluation must be sensitive to changes in binder content of the
mix and, most importantly, must be related to pavement distress.
Since it has been shown by numerous studies (Z, 30 through 38)
that the resilient modulus, tensile strength, and other mixture
properties are sensitive to changes in binder content and related
to pavement distress, four of the mixtures were used to measure
changes in these properties over a range of asphalt contents.
Figures 97 through 100 show the change in mix properties as a
function of effective asphalt content by volume.

For these four mixtures, the total resilient modulus and tensile
strain at failure are the properties most sensitive to changes in
binder content. The indirect tensile strength was the property
least affected by changes in binder content. The California mix
has the greatest indirect tensile strength, whereas the Georgia
mix has the larger gyratory shear strength. When considering
the individual parameters of indirect tensile strength and strain
at failure (Figures 98 and 99), peak values were not always
identified at one asphalt content. However, when combining
these two parameters to calculate work or energy, peak values
do exist in every case (refer to Figures 93 through 96). Those
effective asphalt contents by volume that will maximize work,
gyratory shear, and resilient modulus are as follows:



RESILIENT

Mix WORK GYRATORY MobuLus
California 9.2 -t ¥
Georgia 74 7.1 7.8
New York-Rason 9.8 9.6 10.0
Wisconsin 9.0 8.2 8.4

*No Peak Value was Measured

As expected, maximizing each property results in a different
asphalt content. Selecting one of the optimum values does not
imply that the mixture’s performance will be optimized nor does
it imply that the mixture will meet the assumptions used in
structural design. Selection of a design asphalt content or a range
of allowable values for a specific mix will be discussed in grcater

detail in Chapter 3.
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Figure 93. Work as a function of effective asphalt content by
volume and temperature for the California mixture.
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volume and temperature for the Georgia mixture.
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CHAPTER 3
INTERPRETATION, APPRAISAL, APPLICATION

The focus of the NCHRP 9-6(1) work effort was to modify
existing laboratory mixture design procedures and measure those
properties used in structural design and pavement performance
predictions. In other words, directly correlate mixture design
with structural design (see Figure 1 in Chapter 1, section 1.4).
This chapter of the report provides recommendations for the
implementation of the results and findings presented in Chapter
2.

The initial approach taken in AAMAS was to build on pres-
ently accepted methods of mixture design which account for air
voids and acceptable stabilities based on Hveem or Marshall
procedures. Once an initial mixture design is developed, speci-
men preparation and conditioning procedures are used to mea-
sure those engineering properties used in structural design. Re-
sults of these mixture tests on conditioned specimens are then
judged by applicable failure criteria for each distress mode speci-
fied to establish whether the “proposed” mixture design will
satisfy the thickness design requirements. This initial process
was taken one step further by using the AAMAS concept to
develop a mixture design procedure based on performance-
related criteria.

Unfortunately, what happens in the laboratory in some cases
does not necessarily represent actual construction in the field.
Take for example the Texas (TX-0021) and Colorado (CO-0009)
projects, where an incorrect Rice specific gravity was used for
calculating air voids and controlling compaction of the field
mixtures. No mixture design or laboratory analysis procedure
can be expected to predict how a mixture will perform when the
materials change or when the mix is placed on the roadway and
is not in conformance with the design requirements.

3.1 SELECTION OF MIXTURE COMPONENTS

The overall design process for asphaltic concrete mixtures is
a compromise to optimize several mixture characteristics. Tradi-
tionally, mixture characteristics used for optimization have in-
cluded stability, durability, unit weight, and air voids. All of
these characteristics are dependent on the asphalt content (the
mixture design curves are presented in Appendix E). Stability is
commonly defined as resistance to deformation under load. This
includes nonrecoverable deformations from both one-
dimensional densification and plastic movement. Durability can
be defined as the resistance to wear and weathering. Wear in-
cludes abrasive traffic effects on the aggregate and asphalt.
Weathering includes changes to the asphalt cement from the
environment (volatile losses and oxidation) and the effects of
water on the mixture.

In selecting the optimum asphalt content for a dense-graded
mixture, gradation, minus 200 material, air voids, VMA and
VFA are factors that can be used as guidelines in determining
the JMF (job mix formula). Figures 101 and 102 show the rela-
tionship between air voids and VFA and VMA, respectively,
for the initial five AAMAS mixtures. Figure 103 displays the

relationship between VMA and VFA (combining Figures 101
and 102 at identical air voids) for all of the mixtures considered
in this study. As shown, most of the AAMAS mixtures are
unable to satisfy all criteria simultaneously without changing the
binder content or aggregate blend. Only the MI-0021, VA-0621
and New York (Prima) mixtures can satisfy both a VMA and
VFA requirement. Thus, should the JMF have been changed or
are some of these criteria inappropriate? This question will be
addressed in the following sections.

3.1.1 Grading Considerations

In many cases, the types of aggregates used become a choice
restricted by economical considerations (i.e., the use of locally
available materials). It is not the intent of AAMAS to restrict
the use of local materials that could be marginal, but to evaluate
their use in terms of pavement performance. However, the use of
a proper gradation for a dense-graded asphaltic concrete surface
material can be critical to ensure a durable and stable mix.

The gradation of the aggregates sampled from the mix during
plant production was compared to the grading specifications
presented in ASTM D 3515 “Standard Specifications for Hot-
Mixed, Hot-Laid Bituminous Paving Mixtures” for each mix.
These graphical comparisons are provided in Appendix E. The
Texas (TX-0021) and Wisconsin gradations are outside the D
3515 grading specifications. The Texas mixture has a relatively
large amount of material retained between the No. 8 and 50
sieves (Figure E.1 in Appendix E). These two mixtures had the
steepest creep curves (Table 32) and lowest gyratory shear values
(Figure 77).

It is important to note that for three mixtures a significant
difference was found between the combined grading curve used
for mixture design and the sieve analyses of the individual stock-
piles sampled during production. This difference occurred for
the Colorado, Michigan, and Virginia projects. For the Texas
and Wyoming projects, the combined grading curves used for
mixture design were unavailable. There was also a significant
difference between the gradations measured on the combined
aggregate after production (shown on the mixture gradation
charts in Appendix E) and the gradation curves of individual
stockpiles sampled during construction. This difference implies
some type of error or bias, either during stockpile sampling or
sample separation in the laboratory.

The least difference occurred between the aggregate blend
sampled during production and the aggregate blend obtained
from mix design records (refer to mix gradation charts in Appen-
dix E). Regardless, since the gradation of the combined aggregate
from the mix and the aggregate blend obtained from mix design
records are similar, the aggregate gradations measured from the
mix sampled during production were used in all testing and
mixture design studies.

In selecting a proper gradation, comparisons are made to the
FHWA 0.45 power gradation chart using different combinations
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Figure 101. Relationship be-
tween air voids and VFA for each
of the AAMAS mixtures.

of the coarse and fine aggregate. Both an absolute and arithmetic
difference from the 0.45 power gradation curve or assumed maxi-
mum density curve (Appendix C) can be calculated for each
aggregate blend (gradation curve) meeting the mixture gradation
specifications. Gradations should be selected that are reasonably
close to the 0.45 power gradation curve, but not so close that
the VMA is so small requiring only a small amount of asphalt
for adequate air voids.

The combined gradings for each of the AAMAS mixtures have
been compared to the 0.45 power curve, which are graphically
presented on mixture gradation charts in Appendix E. Values of
“ABS DIFF” and “ARITH DIFF” were calculated for each
grading, and are the absolute and arithmetic difference between
the actual gradation and the 0.45 power curve, respectively.
These values provide a measure of the similarity of the actual
gradation curve to the assumed maximum density curve. The
following lists these two values calculated from the average gra-
dation measured from the bulk mixtures sampled at the plant
during production:

10 11 12

STATE/PROJECT ABS DIFF ARITH DIFF
Colorado, CO-0009 12.7 1.7
Michigan, MI-0021 21.7 9.3
Texas, TX-0021 22.0 5.6
Virginia, VA-0621 9.0 —4.0
Wyoming, WY-0080 23.9 —9.5
California, CA 18.1 —4.1
Georgia, GA 14.5 7.7
New York-Rason 372 —37.2
‘Wisconsin 22.1 15.7

No correlations were found between these two values (ABS
DIFF and ARITH DIFF) and the engineering or compaction
properties. Thus, these values do not need to be calculated for
mixture design.

Betenson et al. (7/) have recommended that limits be placed
on the “primary control sieves.” Values suggested by the
WASHTO Committee (71) are listed below:
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Most of the gradations measured from bulk material sampled
at the plant on the AAMAS projects meet these criteria, with
the exception of the California, Texas, and Wisconsin blends.
The Texas and Wisconsin mixtures were the only ones outside
the grading specifications given in ASTM D 3515. For the Texas
(TX-0021) and Wisconsin mixtures, the amount of material pass-
ing the No. 50 sieve was 28 and 24 percent, respectively, signifi-
cantly greater than any of the other aggregate blends and the
suggested limit on the No. 40 sieve listed above. The Texas mix
also exhibited the “hump” in the gradation curve (refer to Figure
E.1 of Appendix E). This condition significantly increased the
creep measured on the mixture at the higher temperatures (Fig-
ure 44), and caused a significant reduction in shear strength
(Figure 77).

At 77T°F, the TX-0021 mixture had the steepest slope of all the
creep curves, and the creep modulus values decreased signifi-
cantly when the test temperature was increased from 77°F to
104°F (Figure 44). Removing the “hump” in the gradation curve
(i.e., reducing the amount of material passing the No. 50 sieve)

6 7 8 9 10 11 12
AIR VOIDS, %

Figure 102. Relationship be-
tween air voids and VMA for
each of the AAMAS mixtures.

will increase the strength of the mixture and increase the creep
modulus at the longer loading times and higher temperatures.
Figures 104 and 105 illustrate this effect on the asphalt content-
air void relationship for the different gradations. By eliminating
the “hump” in the gradation curve for the TX-0021 mix (Figure
105), the asphalt content requirement at 5 percent air voids
decreases from 5.4 to 4.8 percent, while the corresponding film
thickness increases from 4.77 to 9.09 microns. For the CO-0009
mix (Figure 104), changing the fine-to-coarse aggregate blend
only had a small effect on the asphalt content at 5 percent air
voids, but a significant effect on film thickness.

For mixtures that support high tire pressures or heavy traffic
loads, the magnitude of minus 200 material is important. Typi-
cally, the range of minus 200 material is limited to 3 to 6 percent
by weight for high tire pressures (greater than 100 psi). The
purpose of this limitation is to ensure that a stable, durable
mixture is obtained. High amounts of minus 200 material result
in the mixture having a higher asphalt content leading to lower
stabilities but higher durability. All of the projects were within
these limits (based on a wet sieve analysis), with the exception
of the California and Wisconsin mixes (Table 8). The amount of
minus 200 material in the Wisconsin mix was very high at 11
percent. This high percentage of fines increases the asphalt de-
mand, and significantly reduces the creep modulus and shear



138

21

MI-0021

19 [

W¥-0080

VMA, %

15 | California

14
Wisconsin

Binder
Content, % —O

1a ©

1230 40 50 60 70 50 90

VFA, S

Figure 103. Relationship between VMA and VFA for each of the
AAMAS mixtures.

strength of the mixture. Thus, maintaining a limit on the minus
200 and minus 40 or 50 material can be important in maintaining
adequate shear strength and reducing creep.

3.1.2 Establish Range and Seed Value of Asphalt
Content

Before specimens are prepared in the laboratory for mixture
design, the range of asphalt contents is selected. This range is
usually in 0.5 increments that include 4 or 5 values, typically
selected from past experience. However, program ASPHALT
can be used to calculate the asphalt content associated with a 4
percent air void level. This value would then represent the central
or “seed” value used in mixture design. Two asphalt contents
below and two above this “seed” value are used to prepare
specimens for mixture design in increments of 0.5 percent.

Use of the Marshall (either 50 or 75 blow compactive effort)
and Hveem mixture design procedures will result in different
optimum asphalt contents, because of the differences in com-
pactive effort (Figure 30 and Appendix E). Results from the
Marshall procedure indicate that all mixtures should provide
adequate performance, as designed, but not necessarily as con-
structed. On the other hand, the Hveem procedure indicates that
only the Texas (TX-0021) mixture has adequate stability. Low

Hveem stabilities have historically indicated mixtures susceptible
to rutting (i.e., low shear strengths). The Texas mix had the
lowest gyratory shear value. Conversely, the MI-0021 and
VA-0621 mixtures had the greater gyratory shear values at 140°F
of the first five mixes tested (Figure 77), and the greater tough-
ness at 41°F (Table 47). On the other hand, the MI-0021 mixture
was found to have high creep compliance values and low tensile
strengths at 140°F. In addition, some of the Colorado, Texas,
and Wyoming cores and laboratory specimens failed during the
static creep test and were found to have very poor adhesion
properties (i.e., low tensile strains at failure) at 41°F. Thus, there
are significant differences between the results of the different
tests.

Although the Marshall procedure is much simpler, the Hveem
method did indicate some of those mixes with inferior engi-
neering properties. These limited results, however, do not indi-
cate one method significantly superior to the other. In fact, the
slopes of the stability versus asphalt content curves (Appendix
E) were similar, with the exception of the VA-0621 mixture.
Because both are empirically based, experience plays the more
important role. Thus, it is suggested that the method currently
used by individual agencies be used to establish the initial design
asphalt content when using empirical procedures. The AAMAS
is then used to evaluate the mixture to ensure that the assump-
tions used in structural design will be satisfied. Section 3.5 pro-
vides a discussion on those parameters and engineering proper-
ties that are suggested for use in a performance-related mixture
design procedure, rather than using an empirical method.

3.1.3 Air Voids

Any mixture design procedure must, as a minimum, provide
for acceptable voids in the mixture and an acceptable level of
stability. The asphalt content selected is based on a target air
voids content following a laboratory compaction procedure
which is designed to duplicate field compaction followed by
densification caused by traffic. This is called final compaction,
and the air void content associated with final compaction is
called final voids content. These values are, of course, dependent
on tire pressure, wheel load magnitudes and number of applica-
tions, and environmental conditions.

Pavement performance studies (42, 72) have shown that initial
air voids less than 3 percent lead to excessive plastic flow. On
the other side, final air void contents higher than 6 percent
result in high air and water permeability which cause durability
problems. For example, Kandhal (73) found mixtures with
higher air voids to have greater extents of raveling. Thus, the
range of an acceptable final air void content is a narrow one.
Typically, a design air void range of 3 to 5 percent has been
found to be acceptable in most environments.

Figure 106 compares the air voids calculated by program
ASPHALT to those measured on specimens compacted with the
Marshall (50-blow compactive effort) and Hveem procedures at
the same asphalt content. Air voids versus asphalt content from
all three procedures have been plotted on the mixture design
curves provided in Appendix E. As shown, differences do exist,
as expected, but the air voids calculated with program AS-
PHALT are more similar to the Hveem procedure than the
Marshall 50-blow procedure. In either case, program ASPHALT
can be used to estimate the relationship between asphalt content
and air voids for different aggregate blends. This was illustrated
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Figures 104 and 105. Asphalt content-air void relationships calculated with program ASPHALT using
different aggregate blends for CO-0009 and TX-0021 mixtures.
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Figure 106. Comparison of air voids from samples prepared for the
Marshall and Hveem mix design procedures and from program
ASPHALT at the same asphalt content.

in Figures 104 and 105, which show the effect of changing the
aggregate blend on the asphalt content and air void relationship
for the TX-0021 and CO-0009 mixtures.

3.1.4 VMA and VFA Considerations

Both VMA and VFA have been considered for use in mixture
design specifications. The Asphalt Institute (48) has adopted
minimum VMA requirements for mixture design, and many
state highway agencies have adopted these same requirements.
The Corps of Engineers and Federal Aviation Administration
(74) have adopted limits on air voids of 3 to 5 percent and a
VFA requirement of 75 to 85 percent to ensure the mixture’s
durability. On the other hand, others such as NAPA (75) have
argued that ‘there are insufficient performance data to justify
these minimum and maximum requirements.

If VMA or VFA are parameters related to pavement perform-
ance, the engineering properties that have a direct effect on
pavement performance should be related to these values. Various
correlations were made between VMA and VFA and different
engineering properties to determine if either value was related
to those properties required for pavement design/evaluation
models. Figure 107 shows the effect of VMA on indirect tensile
strength at a test temperature of 41°F. The data do show a trend,
but no distinguishable relationship was found to exist.

On the other hand, indirect tensile strain at failure was found
to be related to VFA at a test temperature of 41°F. These data
are presented in Figure 108. The data measured at 41°F are much
more related to VFA than the values measured at 77 and 104°F.
Figure 109 shows the relationship between work and the product
of VFA and maximum aggregate diameter for a test temperature

of 41°F. These data indicate that mixture toughness increases .

with an increase in VFA and aggregate diameter. Regan (/) has
also presented data showing that as VMA decreases, the cohesion
of the mix increases.
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Although performance data are limited, data are available
from the literature that indicate a close tie between VMA and
VFA and pavement performance measures. For example, Huber
et al. (42) presented threshold values for air voids, VFA, and
stability for mixtures placed in wet-freeze environments. Bjor-
klund (76) also presented data relating VMA and air voids to
both permanent deformation and fatigue cracking. Bjorklund
concluded that as VMA and air voids decreased, the resistance
to deformation and fatigue cracking increased.

Figures 101 and 102 showed the relationship between air voids
and VFA and VMA, respectively, for each of the AAMAS proj-
ects. These curves were determined by varying the compactive
efforts used in the field and laboratory. It should be understood,
however, that for each curve the asphalt contents and gradation
within each mixture are assumed to be constant.

Figure 103 illustrated the relationship between VMA and
VFA for each mixture, as previously explained. As shown, only
the MI-0021, New York-Prima, and VA-0621 mixtures can sat-
isfy both the VMA and VFA requirements suggested in the
Asphalt Institute’s MS-2 Manual, if adequately compacted. It is
interesting to note that the MI-0021 and VA-0621 mixes were
the only two mixtures where work continued to increase with a
decrease in test temperature (Table 47), with the exception of
the Georgia mix. The Georgia mix was the only one of the
remaining seven that could not meet both criteria simultane-
ously, but maintained an increase in work with decreasing test
temperature (Figure 94) and maintained adequate shear strength
throughout the traffic densification procedure (Figure 77). For
the other mixtures that do not meet the VMA and VFA require-
ments simultaneously, work decreased between test temperatures
of 77 and 41°F.

Because of time constraint, there are no performance data
available on the AAMAS mixtures—although the second section
(VB/SS) of the TX-0021 project did crack and tear under vibra-
tory compaction. Until extensive performance data become
available, there will be controversy regarding VMA-VFA re-
quirements for mixture design. The Long-Term Pavement Per-
formance research of the Strategic Highway Research Program
should provide this much needed data. In the interim, however,
sufficient data have been presented in the literature to warrant
limitations for VMA and VFA. For purposes of selecting a
JMF and a design asphalt content, the following guidelines are
suggested for VMA and VFA (unless local experience suggests
a tighter control):

MaxiMum
AGGREGATE SUGGESTED SUGGESTED
SI1ZE, MINIMUM MAXIMUM
PROPERTY INCH VALUE VALUE
VMA 1Y 12*
1 13*
% 14+
% 15+
VFA 70 85

*Taken from the Asphalt Institute’s MS-2 Manual (48).

3.2 LABORATORY SIMULATION OF FIELD
COMPACTION

There are numerous procedures that can be used to prepare
and compact laboratory specimens for testing and evaluation.
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Figure 109. Effect of VFA and maximum aggregate diameter on
work or toughness calculated for each specimen tested.

Some comparisons of different compaction techniques have been
performed to determine if specimens compacted with different
devices will have the same properties. One of the earlier compara-
tive studies was performed by Fields (77) in 1958 who compared
various versions of the Marshall hammers and the Hveem knead-
ing compactor. Fields found differences in Marshall stabilities
between specimens compacted with the different devices, and
developed compaction equivalencies between the Marshall ham-
mer and Hveem kneading compactor. Although the study was
thorough, engineering properties were not measured nor were
they included in the comparisons.

Epps et al. (78) conducted a compaction study in 1969 and
also found differences in stabilities and strengths of mixtures
compacted to the same air voids, but with different devices. The
laboratory devices Epps used were the Texas gyratory, Corps of
Engineers gyratory, Marshall hammer and California kneading
compactor. However, the most critical item required for selecting
a laboratory compaction procedure for AAMAS is ensuring that
the engineering properties of laboratory prepared samples are
equivalent to the properties of the in-place material.

It is the opinion of some researchers (45) that this can not be
adequately achieved in the laboratory and, thus, requires the use
of full-scale tests to evaluate asphaltic concrete mixtures. This is
considered impractical unless all laboratory models are found to
provide an unacceptable simulation of field-placed materials.
Therefore, various mixture properties were used to compare
different laboratory compaction techniques to field samples.
These comparisons included an air void analysis, particle orien-
tation, and mixture response (i.e., characterization of indirect
tensile strengths, resilient moduli, and creep).
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3.2.1 Statistical Analysis of Data

All data were analyzed using the PC version of the Statistical
Analysis System (SAS). The statistical analyses that were con-
ducted on the data included the use of two procedures. The first
was to use t-tests and the Student-Newman-Keuls (SNK) mean
separation procedure to identify statistically significant differ-
ences among the means of the different compaction methods or
various sets of data. The second technique included the calcula-
tion of the mean squared error (MSE) between each of the labora-
tory compaction methods and the primary field compaction
method for each project. The mean test value from the field cores
was used as the target value. Table R.1 in Appendix R presents
a summary of the field projects, the field compaction methods,
the laboratory compaction methods, and the tests for which
statistical analyses were conducted.

The laboratory compaction methods were evaluated by de-
termining how well the test results for laboratory compacted
'specimens relate to the test results for the field compacted cores.
The SNK results were used to identify which laboratory methods
had results that were not significantly different from the field
results. MSE values were used to rank the laboratory methods
in order of how well they predicted the field results. The MSE
value places equal weight on the variance of the laboratory data
and the square of the bias (defined as the difference between the
laboratory mean and the field mean). The best laboratory method
is therefore the one with the smallest MSE value. Figures R.1
through R.10 in Appendix R provide a graphical comparison of
the laboratory and field properties of the mixtures.

3.2.2 Air Voids

Although the original intent of the AAMAS test section was
not to reproduce bad construction practices in the field (i.e., high
air void contents of dense-graded asphaltic concrete mixtures),
evaluation of the sections with high air voids can be used to
ensure that the sample preparation techniques will simulate those

properties of field cores both in an acceptable and high air void -

range.

Figures D.1 through D.5 (Appendix D) show the probability
distribution of air voids for the field cores and laboratory com-
pacted specimens. As expected, the variation of air voids in the
field is much greater than that of the samples compacted in the
laboratory. Thus, sample sets were selected such that the mean
air void between the field cores and laboratory compacted speci-
mens for an individual cell or sample set were approximately
equal. In some cases, this was not always possible because signifi-
cantly lower air voids were obtained in the compacted specimens.
For example, use of the AV/KC consistently resulted in lower
air voids (refer to Figures D.2 through D.4 in Appendix D).

During the preparation and compaction of beam specimens
with the MS/WC device, it was much more difficult to compact
the coarser mixes to the required air void content. The top
surface and edges of the beam samples were very coarse, which
resulted in high porosity in certain areas. Some beams were
sawed into three equal sections, and the air voids near the ends
where found to be significantly greater than the center section.
Thus, the specimens used for air void determinations and other
testing were only cored from the beam’s center section. The ends
and sides of the beams were discarded and not used in the testing
program.

Samples were also sawed longitudinally from one end to the
other to visually observe the distribution of the coarse aggregate
particles. Segregation was noticeable in the coarser mixes. Thus,
the mixture had to be remixed in the mold with a spatula to
ensure that the coarse particles were not segregated or confined
to the edges of the sample.

3.2.2.1 Mean Comparisons

Air void data were analyzed for all five laboratory compaction
methods for all five projects, with the exception that there were

“nodata for the AV/KC method for the CO-0009 or WY-0080

proi‘ects (Table R.2, Appendix R). There were no statistically
significant differences between the means of the AV/KC, CK/
CC, MM/HC, and MT/GS laboratory compaction methods.
The MS/WC method was significantly different from the field
method for three of the five projects.

3.2.2.2 MSE Results

The MSE rankings for the five laboratory compaction meth-
ods (Table R.3, Appendix R) indicate that the CK/CC method
best matched the field air voids content, followed, in decreasing
order, by the MM/HC, MT/GS, AV/KC, and MS/WC meth-
ods (Table R.4, Appendix R).

3.2.2.3 Air Void Gradients

Air void gradients measured through selected cores and speci-
mens were also used to determine differences between compac-
tion techniques. Two values were calculated as discussed in
Chapter 2 (section 2.3.1.4). These were MAXDIF and air void
ratio (Eqgs. 2-1 and 2-2). Figure 110 provides a comparison of
the MAXDIF values for the cores and laboratory specimens. it
can be seen that the CK/CC consistently compacted specimens
with a much greater air void difference, whereas the MT/GS
consistently resulted in a slightly lower MAXDIF value.

The other value used was air void ratio, ¥,,. Figure 111 sum-
marizes these results by compaction device. As illustrated, the
center slice of the cores and specimens, on the average, had the
lower air void or higher density, with the exception of the Ari-
zona vibratory/kneading compactor (AV/KC). The AV/KC
consistently had the lower air voids or higher density on one end
of the specimen.

These data indicate that all of the devices used can compact
specimens in the laboratory to identical air voids measured on
field cores by simply varying the compactive effort. The impor-
tant question or consideration is, of course, what compactive
effort is to be used in the laboratory during mixture design? This
question is addressed and discussed in section 3.3.1.

3.2.3 Particle Orientation

Angles of orientation were measured for both cores and labo-
ratory compacted specimens using the procedure discussed in
Chapter 2. Appendix P provides a summary and listing of all
data measured. These include the size of the sample, the number
of particles analyzed, and the frequency distribution of the angle
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Figure 110. Comparison of air void difference (air void gradient)
Jor the samples prepared by different techniques.

of orientation. These values are used to determine if there is a
preferred angle of orientation by compaction technique.

As used herein, the term preferred orientation refers to an
arrangement of particles that can be statistically shown to exhibit
a significant deviation from random orientation. The particles
are said to be randomly orientated when the observed frequency
distribution of the orientation is rectangular. The simplest way
of testing this hypothesis is to use fundamental laws of statistics.
For this purpose, the theory of sampling has been employed and
the level of significance adopted for the test was 0.05 percent. In
other words, if the calculated probability is less than 0.05 per-
cent, the deviation from chance is considered significant or pre-

ferred orientation. On the other hand, if the probability is greater .

than 0.05 percent, the orientation is not regarded as significant,
and may be accepted as to chance or random orientation.
Cumulative frequency or probability density diagrams were
prepared for each type of laboratory compaction device used.
These diagrams are shown on Figures 112 and 113, and com-
pared to the range measured from the field cores. None of the
laboratory compaction devices simulated the same range for all
cases, and all devices had approximately the same preferred
angle of orientation. The gyratory shear (MT/GS) and steel
wheel simulator (MS/WC), in some cases, however, did more
closely simulate particle orientations measured from field cores
(Figure 113). In summary, all compaction methods produced a
preferred orientation of the larger particles. For comparison, the
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and laboratory compacted specimens.

following listing summarizes the average angle for each compac-
tion technique and standard deviation of the means:

COMPACTION AVERAGE STANDARD

METHOD ANGLE DEVIATION
Field Cores 25.0 3.7
Vibratory/kneading* (AV/ 34.0 5.6

KO)

Kneading (CK/CC) 33.6 43
Marshall (MM/HC) 329 38
Steel wheel (MS/WC) 29.2 5.6
Gyratory (MT/GS) 31.2 9.2

*Device used to compact only the MI-0021, TX-0021 and VA-0621
mixtures.

The results obtained from this study are consistent with the
results from a similar study conducted by Lees and Salehi (69)
in 1964. Their study indicated that field compaction caused
preferred orientation. Specimens compacted with laboratory
rolling wheels (similar to the rolling wheel compactor used in
this study) also caused preferred orientation of the particles.
Application of a static load resulted in preferred orientation, as
well. However, the mean angle and variation from a static load
were much greater than that for the field cores and specimens
compacted with the laboratory rolling wheel.
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3.2.4 Mixture Properties

All test results measured on the field cores and laboratory

compacted specimens are presented in Appendixes H and L.
Figures R.1 through R.10 in Appendix R show a comparison of
the laboratory compacted specimens and field cores using each
of the mixture properties. To evaluate the average difference in
means between the laboratory compaction devices and the field
cores, an average absolute difference, AMP, for each of these
properties was calculated. The absolute difference simply repre-
sents the average percent difference between the field cores and
laboratory compacted specimens. This is mathematically repre-
sented by the following equation.

MP 7
AMP = ) ——<% (3-1)

i=1 Np

Np

[MP = MPS]
]

where MP,_ is the average material property measured on the
field core, which becomes the target value; MP, is the average
material property measured from the laboratory compacted
specimen; and V, equals number of data points for each compac-
tion device.
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Figure 112. Graphical representation and summary of particle

orientation data illustrating preferred orientation of particles mea-
sured from CK/CC and MM/HC specimens.

Table 49 summarizes the results of this simple comparison.
As shown, the MT/GS laboratory compaction device was found
to more closely match, on the average, the engineering properties
of the field cores. Less variation was noted for the indirect tensile
strength and tensile strain at failure data, whereas the largest
differences were found for creep compliance.

Table 49, Summary of average differences between the field cores
and laboratory compacted specimens, AMP.

Instant,
o Resilient
Comp i ' Modulus”
Arizona V/K Compactor 041
AV/KC
Marshall Hammer 0.80 035 0.45 055
MM/HC
California Kneading 059 021 027 042
CK/CC
Steel Wheel Simulator 0.51 0.31 0.11 0.26
MS/WC
Gyratory Shear Compactor 044 0.14 0.16 037
MT/GS

Note: A zero difference indicates that the laboratory specimens had identical properties of
the cores (no difference).
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orientation data illustrating preferred orientation of particles mea-
sured from AV/KC, MS/WC and MT/GS specimens.



Two field compaction methods were used in each of the five
projects. However, because of problems with the contractors’
general unfamiliarity with the secondary compaction methods,
only the field data from the primary (i.e., the method the contrac-
tor normally used in the state) compaction method were com-
pared with the laboratory compaction methods. Data were ana-
lyzed for five laboratory compaction methods, although all five
methods were not used for all tests for all projects.

The results of the statistical analyses can be summarized and
presented in various ways. Appendix R discusses these data on
a project basis, test basis, and temperature basis.

3.2.4.1 Results on a Project Basis

Since each project was constructed under different specifica-
tions, by different contractors, with different materials and with
different field conditions, the data must be analyzed individually
for each project. As noted previously, complete data for all three
test temperatures were only received for the MI-0021, TX-0021,
and VA-0621 projects.

Two analyses were conducted for each test for each project: a
comparison of mean results (SNK procedure) and a determina-
tion of MSE values. In addition, an analysis of covariance was
conducted on the creep curves at 77°F and 104°F. The results of
the SNK analysis for each of the projects are summarized in
Table R.2. The MSE results are summarized in Tables R.3 and
R.4, while Table R.5 includes the analysis of covariance results.

There were insufficient data to analyze the results for
DLOAD-104, because only three laboratory compaction devices
were used on one project and only two laboratory compaction
devices were used on two other projects. There were no data for
the other two projects. The DLOAD-104 data were, therefore,
not used in the analyses of the project data other than in the
covariance analysis of the creep curves.

3.2.4.1.1 Michigan Project (MI-0021). The field compaction
method for the MI-0021 project consisted of pneumatic break-
down and static steel secondary (PB/SS) rolling. Data were
analyzed for all five laboratory compaction methods for most of
the tests. There were no data for the MS/WC method for IDT-41
and MR-41.

The SNK mean separation technique was used to group the
compaction methods that did not have significantly different
means (at the 0.05 level of significance). The SNK results for
the MI-0021 project are summarized in Table R.2. Data were
available for eight different tests. None of the tests for any of the
five laboratory compaction methods were significantly different
from the field method.

A summary of the MSE results for the MI project is presented
in Table R.3. This table lists the relative rankings for the five
laboratory compaction methods on the basis of their MSE from
the mean of the field compaction method. The rankings for each
of the eight tests were averaged to determine an overall project
ranking for each compaction method. The MT/GS and MS/
WC methods tied for first overall, followed, in descending order,
by the CK/CC, MM/HC and AV/KC methods (Table R.4).

3.2.4.1.2 Texas Project (TX-0021). The field compaction
method for the TX-0021 project consisted of static steel break-
down and pneumatic intermediate (SB/PS) rolling. Data were
analyzed for all five laboratory compaction methods for most of
the tests. There were no data for the MS/WC method for IDT-41
and MR-41.
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The SNK results for the TX-0021 project are summarized in
Table R.2. Neither the MT/GS method nor the CK/CC method
was significantly different from the field for any of the eight
tests. The MM/HC method was significantly different for one
of eight tests, the AV/KC method was significantly different for
two of eight tests, and the MS/WC method was significantly
different for two of six tests.

A summary of the relative rankings of the MSE results for the
TX-0021 project is presented in Table R.3. The rankings for
each of the eight tests were averaged to determine an overall
project ranking for each compaction method. The MT/GS
method was ranked first overall, followed, in descending order,
by the CK/CC, MS/WC, MM/HC and AV/KC methods (Table
R.4).

3.2.4.1.3 Virginia Project (VA-0621). The field compaction
method for the VA-0621 project consisted of vibratory break-
down and static steel secondary (VB/SS) rolling. Data were
analyzed for all five laboratory compaction methods for most of
the tests. There were no data for the MS/WC method for IDT-41
and MR-41, or for the AV/KC method for DLOAD-77.

The SNK results for the VA-0621 project are presented in
Table R.2. The CK/CC and MT/GS methods were significantly
different from the field method for one of eight tests, while the
MS/WC method was significantly different for one of six tests.
The MM/HC method was significantly different for two of eight
tests, and the AV/KC method was significantly different for two
of seven tests.

A summary of the relative rankings of the MSE results for the
VA-0621 project is presented in Table R.3. The rankings for
each of the eight tests were averaged to determine an overall
project ranking for each compaction method. The CK/CC, MS/
WC and MT/GS methods tied for first overall, followed by the
MM/HC and AV/KC methods (Table R.4).

3.2.4.1.4 Summary. For the three projects, both the CK/CC
and MT/GS methods had means that were significantly different
from the mean of the field method for only one of 24 tests. The
MM/HC method was significantly different for three of 24 tests,
the AV/KC method was significantly different for four of 23
tests, and the MS/WC method was significantly different for
four of 18 tests. Based on the average MSE rankings for the three
projects for each of the laboratory compaction methods, the
MT/GS method ranked first in matching the test results of the
field compaction method, followed, in decreasing order, by the
MS/WC, CK/CC, MM/HC and AV/KC methods.

3.2.4.2 Results on a Test Basis

By sorting the results of the statistical analyses on the basis of
the tests that were conducted, the laboratory compaction meth-
ods can be rated on their performance in matching the test results
of the field compaction method for each of the tests that were
conducted. )

3.2.4.2.1 Indirect Tensile Strength (IDT). Indirect tensile
strength test results at 41°F, 77°F and 104°F were analyzed for
three projects, MI-0021, TX-0021, and VA-0621. There were no
test results for the MS/WC method for the 41°F test, but results
were received for all five laboratory compaction methods for the
77°F and 104°F temperatures. Both the CK/CC and MT/GS
methods were significantly different from the field method for
one of nine tests. The MM/HC method was significantly differ-
ent for two of nine tests, the AV/KC method was significantly
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different for three of nine tests, and the MS/WC method was
significantly different for two of six tests.

The average MSE rankings of the five laboratory compaction
methods for the three test temperatures for the three projects
(Table R.3) indicate that the MT/GS method best matched the
IDT results of the field method. The CK/CC and MS/WC
methods tied for second, followed by the MM/HC and AV/KC
methods (Table R.4).

3.2.4.2.2 Resilient Modulus (MR). Complete resilient modulus
test results at 41°F, 77°F and 104°F were analyzed for the
MI-0021, TX-0021, and VA-0621 projects with the exception of
the MS/WC method at a test temperature of 41°F. Partial results
were analyzed for the CO-0009 and WY-0080 projects for the
77°F and 104°F test temperatures, but these data are not consid-
ered in the discussion. Both the CK/CC and MT/GS methods
were not significantly different from the field method for any of
the nine tests, while the MS/WC method was not significantly
different from the field method for any of the six available tests.
Both the MM/HC and the AV/KC methods were significantly
different from the field method for one of nine tests.

The average MSE rankings of the five laboratory compaction
methods for the three test temperatures for the three projects
(Table R.3) indicate that the MT/GS method best matched
the resilient modulus results of the field method, followed, in
decreasing order, by the MS/WC, CK/CC, MM/HC, and AV/
KC methods (Table R.4).

3.2.4.2.3 Creep Test (DLOAD and Creep). With the exception
of the AV/KC method for the VA-0621 project, creep test results
at 77°F were analyzed for each of the five laboratory compaction
methods for the MI-0021, TX-0021, and VA-0621 projects. Re-
sults were also analyzed for four laboratory compaction methods
for the CO-0009 and WY-0080 projects. Very limited creep test
results at 104°F were analyzed for three laboratory compaction
methods for three of the projects. Because of incomplete results
at 104°F and the generally limited results for the CO-0009 and
WY-0080 projects, discussion is limited to a test temperature of
77°F for the MI-0021, TX-0021, and VA-0621 projects. The
strain at a loading time of 300 sec (DLOAD-77) was selected as
the basis for comparing the laboratory compaction methods with
the results for the field method. There were no statistically signif-
icant differences between the laboratory and field results for the
AV/KC, CK/CC, MS/WC, and MT/GS methods. The MM/
HC method was significantly different from the field method for
one of the three projects.

The average MSE rankings of the five laboratory compaction
methods for the three projects (Table R.3) indicate that the MT/
GS method best matched the DLOAD-77 results of the field
method. The CK/CC and MS/WC methods tied for second,
followed by the MM/HC and AV/KC methods (Table R.4).

An analysis of covariance was conducted on the creep test
results to determine whether or not the creep curves of the
laboratory compaction methods differed from the creep curves
of the field compaction method. First, a regression analysis was
conducted on the creep test data (log of load strain versus log of
load time) for load times between 30 and 900 sec to fit a straight
line to the data. An analysis of covariance was conducted to
evaluate whether the slopes and intercepts of the regression lines
for the laboratory methods differed significantly from the field
method. The results are given in Table R.S.

Sufficient data to allow for comparisons were only received
for the creep test at 77°F. For the five projects, in the majority
of the cases (14 out of 23), there was a significant difference

between the creep curve of the laboratory compaction method
and that of the field compaction method. In 10 of the 14 cases,
the intercepts were significantly different, while the slopes were
different in the other four cases. Both the CK/CC and MS/WC
methods were not significantly different from the field method
for three of the five projects, while the MT/GS method was not
significantly different for two of the five projects.

An analysis of the percent of total creep strain recovered after
a one hour rest period was initially to be included in the statistical
comparison. However, many of the field cores and some of the
laboratory compacted specimens failed during creep testing, es-
pecially at a test temperature of 104°F. Too few data on creep
recovery were available at the end of the test program to conduct
a statistical analysis by mixture and temperature. The following
lists the average percent of total creep strain recovered (or recov-
ery efficiency) by the specimen after a one hour rest period.

COMPACTION OF AVERAGE PERCENT OF TOTAL

SPECIMENS CREEP RECOVERED, %
Field Core 18.7
MT/GS 18.1
MS/WC 21.1
CK/CC 25.5
AV/KC 30.0
. MM/HC 36.1

3.2.4.2.4 Summary. Based on the mean comparisons and MSE
results, the CK/CC laboratory compaction method best
matched the field air voids content (discussed previously), fol-
lowed by the MM/HC, MT/GS, and AV/KC methods. For the
indirect tensile strength results, the MT/GS method provided
the best match to results from the field compaction method,
followed by the CK/CC method. For resilient modulus, the MT/
GS method best matched the field, followed by the MS/WC and
CK/CC methods. For the creep load strain at 300 sec, the MT/
GS method best matched the field results, followed by a tie
between the CK/CC and MS/WC methods. For the covariance
analysis of the creep curves, the CK/CC and MS/WC methods
tied for the best match to the field results, followed by the MT/
GS method.

3.2.4.3 Results on a Temperature Basis

The statistical analyses can be sorted and presented on a tem-
perature basis to identify which of the laboratory compaction
procedures best predict the effect of temperature on the test
results for the field compaction method. Three testing tempera-
tures, 41°F, 77°F, and 104°F, were used for the indirect tensile
strength and resilient modulus testing. Only 77°F and 104°F were
used for creep testing; however, sufficient data were not available
to allow for analysis of the 104°F temperature for creep.

3.2.4.3.1 Low Temperature—41°F. Low temperature test re-
sults were available for indirect tensile strength (IDT-41) and
resilient modulus (MR-41) for the MI-0021, TX-0021, and
VA-0621 projects. No data were analyzed for the MS/WC
method for either of these tests for any of the projects. It is,
therefore, not possible to evaluate the performance of this
method at 41°F.

There were six possible comparisons for the 41°F temperature
(Table R.2). None of the six comparisons were significantly



different from the results for the field compaction method for the
CK/CC, MM/HC, or MT/GS laboratory compaction methods.
The AV/KC method was significantly different from the field
method for two of six comparisons.

The MT/GS method had the best MSE ranking for both the
IDT-41 and MR-41 tests. For the IDT-41 test, the MM/HC
method was second, followed by the CK/CC and AV/KC meth-
ods. For the MR-41 test, the CK/CC method was second, fol-
lowed by the MM/HC and AV/KC methods.

3.2.4.3.2 Room Temperature—77°F. Results were included
for indirect tensile strength (IDT-77), resilient modulus (MR-77)
and creep (DLOAD-77 and CREEP-77). Complete results were
analyzed for the MI-0021, TX-0021 and VA-0621 projects, and
partial data were analyzed for the CO-0009 and WY-0080 proj-
ects for MR-77, DLOAD-77 and CREEP-77. SNK results were
obtained for the IDT-77, MR-77, and DLOAD-77 tests. Covari-
ance analysis results were obtained for the creep curves at 77°F
(CREEP-77). The discussion is limited to the three projects for
which complete data sets were analyzed, although the data for
all five projects are presented in Tables R.2, R.3 and R.5.

At the 77°F temperature, nine comparisons between the results
for the field compaction method were possible for each of the
five laboratory compaction methods (Table R.2). The AV/KC
method was not significantly different from the field method for
any of the eight comparisons (there were no data for this method
for DLOAD-77), while the CK/CC, MS/WC, and MT/GS
methods were significantly different from the field method for
one of nine comparisons. The MM/HC method was significantly
different for two of nine comparisons.

MSE results were available for the IDT-77, MR-77, and
DLOAD-77 tests (Table R.3). The average MSE rankings for
these three tests for the three projects indicated that the MS/
WC method best matched the results for the field method at
77T°F, followed by the CK/CC and MT/GS methods tied for
second (Table R.4).

In the majority of the cases, 14 of 23, there was a significant
difference between the creep curve of the laboratory compaction
method and that of the field compaction method. In 10 of the
14 cases, the intercepts were significantly different, while the
slopes were different in the other four cases. Both the CK/CC
and MS/WC methods were not significantly different from the
field method for three of the five projects, while the MT/GS
method was not significantly different for two of the five projects.

3.2.4.3.3 High Temperature—104°F. Results were analyzed
for all five compaction methods for indirect tensile strength
(IDT-104) and resilient modulus (MR-104) at 104°F for the
MI-0021, TX-0021, and VA-0621 projects. Partial results were
analyzed for the creep test, but these were insufficient to allow
comparisons to be made.

Six comparisons between each laboratory compaction method
and field method were possible at 104°F. None of the five labora-
tory methods were significantly different from the field method
for the MR-104 test results (Table R.2). In total, the CK/CC
and MT/GS methods were not significantly different from the
field method for any of the six comparisons, while the MM/HC
and MS/WC methods were significantly different from the field
method in one of six comparisons and the AV/KC method was
significantly different in two of six comparisons.

MSE results were available for the IDT-104 and MR-104 tests
(Table R.3). The average MSE rankings for these two tests for
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three projects indicated that the MT/GS method best matched
the results for the field method at 104°F, followed by CK/CC,
MS/WC, MM/HC, and AV/KC methods.

3.2.4.3.4 Summary. Based on the mean comparisons and MSE
results, the MT/GS method best matched the results of the field
compaction method at 41°F, followed by the CK/CC, MM/HC,
and AV/KC methods. At 77°F, the MS/WC method provided
the best match to the field cores, with CK/CC and MT/GS
methods tied for second. At 104°F, the MT/GS method had the
best match to the field results, followed by the CK/CC, MS/
WC, MM/HC, and AV/KC methods.

3.2.4.4 Summary of Engineering Property
Comparisons

All test results were sorted and analyzed on the basis of proj-
ect, type of test, and temperature using the PC version of the
Statistical Analysis System (SAS). Mixture properties evaluated
using the SAS program included: indirect tensile strength at
41°F, 77°F, and 104°F; creep load strains at 77°F and 104°F for
a loading time of 300 sec; and slopes of the creep curve at 77°F
and 104°F. The data analysis is summarized below for the MSE
comparisons.

LABORATORY AVERAGE MSE RANKINGS BY:

COMPACTION MIXTURE
METHOD PROJECT PROPERTY TEMPERATURE
AV/KC 5.0 4.8 4.7
CK/CC 2.0 2.0 2.0
MM/HC 4.0 3.5 33
MS/WC 1.7 2.8 2.0
MT/GS 1.0 1.5 1.3

While there is no single laboratory compaction method that
always provided the best match to the results for the field com-
paction method, the MT/GS method was generally better than
the other methods. The MT/GS method had the best average
MSE ranking for the indirect tensile strength tests, for the resil-
ient modulus tests, and for the creep load strain at 300 sec. The
MT/GS method also had the best average MSE ranking for the
tests at 41°F and 104°F, and was second to the MS/WC for tests
at 77°F.

The CK/CC and MS/WC methods generally finished second
and third in the MSE rankings, with both occasionally ranking
above the MT/GS method. The results between the CK/CC and
MS/WC methods are so close that it is difficult to select the
“best” in a comparison of the two methods. They virtually tied
for the second place ranking with respect to matching the test
results for the field compaction method. The MM/HC and AV/
KC methods generally finished fourth or fifth in the MSE rank-
ings, with the MM/HC method generally ranking the higher of
the two. This was expected, because the air voids measured on
specimens compacted with the AV/KC were generally lower
than the target or field cores. The following is an overall sum-
mary of the number of cells by compaction device, which were
closer to the target value or field cores using all available data:
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PERCENTAGE OF

PERCENTAGE OF CELLS WITH A

COMPACTION CELLS WITH A No. lor2
DEVICE No. 1 RATING, % RATING, %
Marshall hammer 7 30
Arizona vibratory/ 7 24
kneading com-
pactor
California kneading 23 48
compactor
Steel wheel com- 25 55
pactor
Gyratory shear 45 72
compactor

The comparison of average percent of total creep recovered
(paragraph 3.2.4.2.3, Creep Test) was identical to the foregoing
listing.

In addition to calculating mean squared error, each data set
was evaluated to determine if two adjacent cells were signifi-
cantly different or indifferent based on the mean and variation
using a confidence level of 95 percent. The following provides an
overall summary of the percentage of cells for each compaction
device that were indifferent when comparing field cores to labo-
ratory compacted specimens:

PERCENTAGE OF CELLS
INDIFFERENT FROM

COMPACTION DEVICE TARGET VALUE, %

Marshall hammer 35

Arizona vibratory/kneading 41
compactor

California kneading compactor 52

Steel wheel compactor 49

Gyratory shear compactor 63

There was very good agreement among the results of the SNK
mean comparison analyses and the MSE results. In fact, in all
comparisons that were made, the laboratory compaction meth-
ods that had the largest values of MSE were those that were
statistically significantly different from the results for the field
compaction method in the SNK analyses. Thus, the internal
structure and engineering or mechanical properties of the as-
phaltic concrete mixture can be dependent on the type of com-
paction device used. Huschek (79) and others have also con-
cluded similar findings, namely, that the mechanical properties
of a mix are dependent on the method of compaction.

3.2.5 Ranking Compaction Devices

For the compaction devices, three procedures were used to
define which compaction device more closely simulates the engi-
neering properties of field cores. Consistently, the MT/GS had
the lower mean squared errors, more sample sets that were indif-
ferent from the field cores, and a slightly lower absolute differ-
ence between the mean magnitudes for the five mixtures. Addi-
tionally, the air void gradient and particle orientation data
indicated equivalent, if not slightly better, simulation of the field
cores, as compared to the other devices used. Considering these
different comparisons, the following lists, in order, those labora-

tory compaction devices that on the average more closely simu-
late or match the properties and characteristics of field com-
pacted mixtures, immediately after construction:

Texas gyratory shear, MT/GS

California kneading compactor, CK/CC

Steel wheel simulator, MS/WC

. Arizona vibratory/kneading compactor, AV/KC
. Mechanical Marshall hammer, MM/HC

»h W

The Marshall hammer did the poorest job of simulating or
matching the engineering properties of the field cores. It is also
important to note that Aunan, et al. (80) found the same ranking
of compaction devices in simulating the air void structure of
field compacted sand, asphaltic concrete specimens, with the
exception of the AV/KC which was not used. Use of the AV/KC
generally compacted samples with much higher tensile strengths,
but lower resilient moduli. It should be restated that the air voids
of the AV/KC laboratory compacted specimens were consist-
ently lower than that of the field cores.

3.2.6 Performance Differences Between
Compaction Devices

Differences of engineering properties were detected on speci-
mens compacted using the different compaction devices studied
in this project. Although statistical differences were found, the
question arises whether these differences are large enough to
result in performance differences calculated with mechanistic/
empirical models, or are they design differences using the
AASHTO Design Guide. This section of the report will briefly
discuss expected performance differences resulting from material
property differences caused by different compaction devices.

Resilient moduli were interpolated at 68°F to determine the
AASHTO layer coefficients for each mixture compacted with
the different compaction devices. All laboratory design moduli
exceeded the boundary conditions of the correlation. Thus, even
though the resilient moduli are different, the structural layer
coefficient for all mixtures and compaction devices would be
0.44, and no differences in structural design would result.

All pavement performance/design models in use today are at
best gross simulations of actual pavement behavior and perform-
ance. Take, for example, fatigue cracking. Most asphaltic con-
crete fatigue curves relate initial tensile strains, resilient moduli,
and number of load applications to failure. However, laboratory
fatigue curves must be modified by some shift factor to relate
laboratory and field conditions. These shift factors are generally
based on a limited amount of data and are a gross representation
of actual conditions. Thus, minor differences in resilient moduli,
even those statistically different, may be insignificant regarding
predictions of fatigue cracking.

Pavement performance predictions were made for the
MI-0021, TX-0021, and VA-0621 mixtures using the measured
engineering properties from the CK/CC, MM/HC, and MT/GS
laboratory compacted specimens. These devices were selected
because they represent the extremes of the comparisons and are
the devices most commonly used in the U.S. Tables 28 and 29
summarize the average properties for the laboratory compacted
specimens for each mixture. Using these values, pavement dis-
tresses were calculated using the same techniques described in
section 2.4.4.



Table 50 summarizes and compares the predictions of fatigue
cracking and rutting for specimens compacted using the three

devices. As shown, the differences between the cores and CK/CC .

and MT/GS compacted specimens are small and insignificant
considering the inaccuracies of the pavement performance mod-
els. However, large differences were calculated between the cores
and MM/HC compacted specimens, because the resilient moduli
and creep compliance values measured on these specimens were
consistently higher and lower, respectively, than those measured
on the cores. No differences of thermal cracking levels were
calculated because of the small differences in indirect tensile
strengths between compaction devices.

Although statistical differences do exist between resilient mod-
uli, indirect tensile strength, tensile strain at failure, and creep
compliance curves measured on the CK/CC and MT/GS speci-
mens, these differences are relatively small and insignificant re-
garding the inaccuracies of the pavement performance models.
Use of the MM/HC was the one device, which resulted in large
differences of distress predictions.

3.3 SPECIMEN PREPARATION

Four areas of specimen preparation are considered important
for evaluating or designing asphaltic concrete mixtures based on
performance-related criteria. (A fifth area, type of compaction
device, was discussed in the previous section.) The four areas
are: (1) selecting a proper compaction effort, (2) using the correct
sample size, (3) evaluating time effects on specimen behavior,
and (4) determining the effect of moisture on the mix. Each of
these is discussed in this section of the report, with the exception
of moisture conditioning. Moisture damage is discussed in sec-
tion 3.5.

3.3.1 Selection of Laboratory Compactive Efforts

Many studies have shown that the engineering properties of
asphaltic concrete mixtures are related to mixture density. Epps
et al. (78) presented data illustrating that high densities are
required if the mixture is to be durable and have adequate
strength, fatigue resistance, and stability. Figure 114 shows the
effect of mixture density on selected properties measured on
the AAMAS mixtures. As illustrated, the higher densities of a
specific mix resulted in improved properties for mix perform-
ance. This would imply that the mix should be compacted to
the greatest density possible. However, there are other distress
factors that must be considered.

3.3.1.1 Maximum Aggregate Unit Weight
Considerations

Regan (7) presented the effects of increased compactive effort
on maximum aggregate density. One example of his data is
illustrated in Figure 115, which indicates that as the comparative
effort increases, the binder content to achieve maximum density
decreases. Testing conducted by Regan on different dense-
graded mixtures also showed that higher compactive efforts
(greater than 75-blow Marshall hammer per side) produce
stronger surface mixtures.

Unfortunately, decreasing the optimum asphalt content by
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Table 50. Fatigue cracking and rutting predictions using the material
properties measured on specimens compacted with different devices
to the same air voids as measured from field cores.

Compaction Device
Field
Mixture MM/HC CK/CC MT/GS Core
* Fatigue Cracking - Years To A Damage Index = 1.0
MI-0021 32.0 26.0 11.5 9.0
TX~-0021 15.0 5.0 5.3 5.8
VA-0621 30.0 10.5 11.5 12.0
* Rutting - Rut Depths Calculated At 5 Years, Inches
MI-0021 0.27 0.64 0.58 0.87
TX-0021 0.52 1.29 1.27 1.28
VA-0621 0.44 0.79 0.84 0.60
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Figure 114. Effect of mixture density on selected properties.

increasing compactive effort for maximum aggregate unit weight
(Figure 115) will result in reduced durability at some point,
because film thicknesses decrease with a decrease in binder con-
tent (refer to Figure 104). Similarly, traffic loads and tire pres-
sures must be considered because additional traffic densification
will occur if the mixture does not have sufficient strength to
resist shear distortions.

The 1969 Epps et al. study (78) also looked at traffic densifica-
tion and found that air voids (in a range of 6 to 12 percent of
bituminous mixtures with adequate stability) decreased by 2 to
8 percent of the additional 2-year densification caused by traffic
during the first year or summer of traffic. Thus, comparative
efforts (mixture unit weights and initial air voids) should be
considered in the overall optimization of the JMF. In one case,
for example, durability or lower compactive efforts may be more
important, resulting in higher asphalt contents; whereas, in an-
other case, mixture strength may dictate the use of much higher
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compactive efforts resulting in lower asphalt contents. Neverthe-
less, the question remains; what compactive effort should be used
during mixture design for selecting an optimum binder content?

3.3.1.2 Suggested Compactive Efforts for Mixture
Design

There are insufficient data from the AAMAS projects to docu-
ment the compactive effort required for different traffic loads

and tire pressures. Historical data and experience must be used
to establish guidelines, both for compacting the specimens during
initial mixture design and for defining the loads (or stress levels)
to be used during mixture testing in the AAMAS program.
Suggested guidelines are presented in the AAMAS Procedural
Manual, Part I of this report, and are given below for the com-
paction devices most commonly used in the U.S.:



COMPACTIVE EFFORTS FOR INITIAL MIXTURE DESIGNS

TRAFFIC LEVEL: Low MODERATE TO HEAVY
18-k1p ESALS/YR. < 20,000 > 20,000
TIRE PRESSURES, PSI <100 > 100
COMPACTION DEVICE:
Marshall 50 blows 75 blows
Kneading 150 tamps 150 tamps
Texas Gyratory 150 psi 150 psi
Corps of Engineers 30 revolutions 30 revolutions
Gyratory 100 psi 120 psi
1-deg tilt 3-deg tilt

The foregoing values are equivalencies used by different agencies,
and should only be considered as gross approximations. Equiva-
lencies between the compaction devices will vary with materials
and asphalt contents. For dense-graded asphaltic concrete mate-
rials placed over a rigid layer of portland cement concrete, the
compactive efforts for the heavy traffic levels should always be
used for mixture design.

Figures 116 through 118 illustrate the relationship between
VFA and air voids for each of the mixtures. Relationships de-
fined by both Marshall and Hveem mixture designs (constant
compactive effort but varying asphalt contents) and the field
and laboratory curves (varying compactive effort but constant
asphalt content) are included. As displayed, the varying com-
pactive effort curves intersect the mixture design curves at ap-
proximately the same asphalt content for both design methods.
Similarly, Figures 119 through 121 illustrate the relationship
between VMA and VFA for the mixture design curves at approx-
imately the same asphalt content. This suggests that any compac-
tion device can be used to establish the VMA-VFA and air
voids-VFA relationships by simply varying the compactive
effort.

These relationships (Figures 119, 120, and 121) define the
matrix of asphalt contents and compactive efforts such that
the VMA and VFA requirements can be met. Obviously, the
compactive effort selected should minimize the VMA to as near
the suggested lower limit as practical. Of course, the mixture
may satisfy the VMA-VFA criteria, but still be inadequate for
the traffic loads or environmental conditions. For these cases, a
different aggregate blend, different types of aggregate or use of
additives may be needed to require greater compactive efforts
resulting in a stronger mix, while maintaining proper VMA-VFA
levels.

3.3.1.3 Compaction Equivalency Curves

Based on the comparison of material factors and engineering
properties discussed in section 3.2, there is a consistent difference
between specimens compacted with different compaction tech-
niques. Previous studies of using different compaction devices to
evaluate asphaltic concrete materials have recognized the differ-
ence in compactive efforts between the use of different devices
and have developed compaction equivalencies between different
devices. Some agencies use one device for mixture design and
another device for field control.

The Corps of Engineers developed an equivalency between the
gyratory and mechanical Marshall hammer, whereas Field (77)
developed an equivalency between different Marshall hammers
and kneading compaction. The Corps of Engineers equivalency
values between the Marshall hammer and GTM are: 100 psi,
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1-deg tilt and 30 revolutions of gyratory compaction equals 50
blows of the Marshall hammer; and 200 psi, 1-deg tilt and 30
revolutions of gyratory compaction equals 75 blows of the Mar-
shall hammer. Neither of these two studies indicates that the
equivalencies are mixture dependent, but it is anticipated that
these equivalencies will vary with material. Figure 122 graphi-
cally compares the air voids from 75 blows per side of the Mar-
shall hammer to the other compactive efforts used.

To determine the uniformity and adequacy of equivalency
factors between different compaction techniques, the compactive
effort curves (Figures 31 through 36) were used to establish
relative compactive efforts for identical air voids. This is graphi-
cally presented in Figure 123 for two of the AAMAS mixtures.
These two included the least workable (VA-0621) and the most
workable (MI-0021) mixtures. As shown, the equivalency factors
are nonlinear and vary with material. Thus, one compaction
technique can not be used to predict the results (air voids) of
another technique without conducting an extensive study on
different materials. It is also interesting to note on Figure 123
that the CK/CC, MS/WC, and MT/GS have a similar relation-
ship as related to the mechanical Marshall hammer for the most
workable mixture (MI-0021). However, the difference between
compaction techniques is much larger for the least workable or
harsh mixture, VA-0621.

A compression index, C,, was also calculated for the different
compaction techniques for each mixture. The results of these
calculations are provided in Table 51 and represent the slope of
the upper portion of the compactive effort curve. The larger the
number, the less change in air voids with additional compactive
effort. It can be seen from the table that the values vary between
mixture and device. The Marshall hammer was found to have
the larger values for three of the cases. Thus, compactive effort
equivalencies between compaction devices are not constant.

3.3.2 Minimum Sample Size

Oversized samples were tested on all projects to determine if
differences in mixture response could be measured simply by
changing the sample diameter or height. The effects of aggregate
size and sample height on resilient modulus (Figure 87) and
indirect tensile strength (Figure 41) are presented in Chapter 2.

3.3.2.1 Indirect Tensile Specimens

3.3.2.1.1 Specimen Diameter. The first procedure used to in-
vestigate the effects of sample size was to measure the resilient
moduli of a particular sample along three different diametral
axes. After initial measurements were made, the sample was
recored and the resilient moduli were measured along the same
three axes. Samples recovered from the field were cored two or
three times. Figure 87 (in Chapter 2) summarizes the results of
this testing effort. As previously discussed, the resilient moduli
decreased as the specimen-to-aggregate diameter ratio increased.
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Figure 119. Comparison of VFA and VMA relationship as defined
by the Marshall and Hveem mixture design procedures for the
WY-0080 mixture.
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Figure 120. Comparison of VFA and VMA relationship as defined by the Marshall and Hveem mixture design procedures for the
CO-0009 and MI-0021 mixtures.
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Figure 121. Comparison of VFA and VMA relationship as defined by Marshall and Hveem mixture design procedures for the
TX-0021 and VA-0621 mixtures.



154

@ 50-Blow Marshall Hammer
@ 150 Tamps Kneading
® Corps of Engineers Gyratory
7.0 A Texas Gyratory -
A Mobile Steel Wheel Simulator
»
~ 6.0} 8 n
w
7]
(%]
1
2
a £ A
= ©
o S.0+ N
£ SN
g A 4
] .
Qe
£
Q
3}
& 4.0 ]
E 75y
) Aa
° ®
Zz
5 .
5> 3.0} &3 [ T
v ,»9 L
2 0.
o <
> %
= o
2 2.0f ° ]
v a
As A
1.0 N . 1 ! i
71,0 2.0 3.0 4.0 5.0 6.0 7.0

AIR VOIDS, %, USING 75-BLOW MARSHALL HAMMER
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pactive efforts used.

Using this technique, the effect of variability between samples
is eliminated. Indirect tensile strengths, creep compliance, and
failure strains can also be used to investigate sample size effects,
but require many more samples for testing, because once the
specimen has failed, it can not be recored and retested. Variabil-
ity between samples then becomes an important consideration.

The second technique used to evaluate sample size was to look
at the variation of test results as related to the specimen-to-
aggregate diameter ratio. Figure 124 illustrates an increase in
the variation from the different types of tests as a function of this
diameter ratio. The coefficient of variation generally increased as
the specimen-to-aggregate diameter ratio decreased. Selecting a
minimum ratio from these data is almost impossible because of
the variation in test results. However, a significant increase in
resilient modulus was measured when the ratio was less than 4
(Figure 87), and when the ratio exceeded 6 (Figure 124) the
coefficient of variation decreased for each type of test.

Obviously, there is a minimum diameter ratio for which the
test results become meaningless. In other words, the individual
components of the mix are only being tested instead of the com-
bined effect of the mix components. This minimum value is also
expected to be dependent on the type of test or property being
measured. Although there is only minimal data from one type
of test to suggest a minimum value, it is recommended that this
ratio be greater than 4, for accuracy, to reduce the resilient
modulus differences between samples. Diameter ratios greater
than 4 should be used whenever possible. Typically, ratios
greater than 6 are required for testing most soil (fine-grained)
mixtures.

3.3.2.1.2 Specimen Thickness. AASHTO and ASTM stan-
dards specify a minimum specimen height or thickness of 1.5 in.
for measuring the repeated load resilient modulus and indirect

Table 51. Summary of compression indices calculated from the

compactive effort curves for different laboratory compaction devices.

Mixture

Compaction

Device CO0-0009 MI-0021 TX=-0021 VA-0621 WY-0080
MM/HC -6.08 -1.99 -4.77 -2.93 -5.28
CK/CC ~3.41 -0.85 -3.69 -3.41 -1.14
MS/WC ~4.26 -2.27 -4.26 -5.11 ~3.41
MT/GS ~2.27 -3.12 -2.56 -5.11 -1.70
CE/GS ~-2.84 -2.84 -2.84 -4.54 -3.41

Compression Index = C, = (V,=V;)/1og (cy/c,)
where:
V, = Air Voids measured at compactive effort ¢,
V, = Air voids measured at compactive effort c,
Note: Larger negative values indicate less densification with

the compaction device or more mixture resistance to
consolidation from the applied load.

tensile strength. Cores were selected for testing to meet this
minimum requirement. However, this was not always possible,
especially for the CO-0009 project, as discussed in Chapter 2.
The variability measured when testing these thinner cores was
always greater than that for the thicker cores. In fact, this is one
of the reasons for the large coefficient of variation, previously
referred to. Thus, there is an absolute minimum for accuracy
and a preferred minimum for precision. The preferred minimum
specimen thickness-to-diameter ratio for all diametral testing is
0.5, whereas the absolute minimum ratio is 0.375.

3.3.2.2 Uniaxial Compression Specimens

3.3.2.2.1 Specimen Diameter. Specimen diameter for uniaxial
compression or triaxial testing was not studied. Thus, the same
requirement developed for the indirect tensile test should be used
for testing specimens in the uniaxial direction.

3.3.2.2.2 Specimen Height. Large uniaxial compression speci-
mens were compacted in the laboratory and tested using repeated
load techniques. These large specimens were sawed and retested
to determine what effect the length-to-diameter ratio would have
on resilient modulus. This effect was presented in Chapter 2
along with differences caused by different end conditions. Al-
though the test results are minimal, the length-to-diameter ratio
for uniaxial specimens should be at least 1.0, if a friction reducing
material (such as Teflon tape) is used on the ends of the loading
platens. Without the friction reducing material a length-to-
diameter ratio of 2 should be used.

3.3.3 Age Hardening Simulations

Two age hardening simulations were presented and discussed
in Chapter 2. These were a plant hardening simulation and

- environmental aging simulation. Asphalt was extracted from

each specimen used in the two aging simulations, and penetration
and viscosity tests were performed on the recovered asphalt.
These aged-simulated values were compared to those values mea-
sured on extracted asphalts from bulk mixtures sampled during
construction, and from field cores taken immediately after con-
struction and two years after construction.
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pacted to the same air void level) for the different laboratory compaction devices

Sfor the MI-0021 and VA-0621 mixtures.

All penetration-viscosity data have been plotted on. viscosity-
penetration charts (see Figures 125, 126, and 127) and compared
to the original asphalt properties. As shown? the slopes of the
viscosity-penetration relationships for the asphalts used in the
AAMAS mixes are within the boundary conditions defined by
Corbett and Schweyer (47). The WY-0080 mixture (Figure 125)
is the only one that did not result in a consistent penetration-
viscosity relationship. This was a recycled mixture that may have
been contaminated during production or milling operations.
Both simulations are discussed below in terms of evaluating
mixture properties for pavement distress.

3.3.3.1 Plant Hardening Effects

The first laboratory hardening simulation is to simulate the
effects of mixture production and mixing through an asphalt
concrete plant. Both AASHTO T-246 (Hveem) and T-245 (Mar-
shall) include temperature recommendations for mixing and
compacting bituminous mixtures that are dependent on the type
of paving asphait used. Hveem (AASHTO T-246) varies mixing

temperatures with. asphalt type, whereas Marshall (AASHTO
T-245) varies mixing temperature to result in a constant viscosity
of 170 £ 20 cst. For the initial mixture design, these same
procedures should be used to compact specimens for stability
testing. However, it is extremely difficult, if not impossible, to
predict the effects of different plants, varying production temper-
atures and mixing times, moisture conditions, storage times, and
numerous other variables on the asphalt characteristics with one

" specific procedure.

For example, penetration and viscosity values measured on
extracted asphalt after production from the WY-0080 mixture
indicate a softer asphalt than prior to production (Figure 125).
These results suggest some type of contamination of the asphalt
through the drum mix plant. Contamination, improper operation
of the plant or paving equipment and other such factors can not
be predicted in the laboratory during mixture design. These
types of problems must be considered or handled in the material
specifications. AAMAS, however, can be used to evaluate these
types of problems (using recovered cores) by measuring their
effects on mixture behavior and performance.

Compaction of the asphaltic concrete mixture, either in the
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laboratory or field, is dependent on the viscosity of the asphalt.
In preparing and compacting the specimens for testing in AA-
MAS, the asphalt properties were of particular concern. Thus,
the laboratory heating time was varied so that the asphalt proper-
ties of laboratory compacted specimens were similar to those of
field cores shortly after placement. The temperature used in
these simulations was set at 275°F, which was the approximate
production temperature of the AAMAS mixtures (Table 14).
The production temperature was selected because there was very
little heat loss between plant discharge and mixture placement
on the roadway.

The heating time intervals which were found to simulate the
asphalt characteristics measured on the recovered asphalts after
production varied from 1.8 to 13.5 hours (Table 41). Four hours
was the overall average for viscosity and six hours the overall
average for penetration. From a practical standpoint, a heating
time greater than 6 hours is impractical based on an 8-hour work
day. In addition, viscosity has a greater effect on compaction
than penetration.

Review of Table 41 in Chapter 2 indicates that the use of
antistripping additives in the Colorado and Virginia mixtures
significantly increased the required heating time to simulate the
viscosity measured on asphalt extracted from the mix after pro-
duction. Averaging the results for the other mixtures resulted in
a 3-hour heating time. Therefore, a heating time interval of 3
hours was selected. This should provide sufficient time during
an 8-hour work day for mixing and heating (to simulate plant
production) and to compact specimens for testing. Certainly,
there will be some cases where 3 or even 8 hours are insufficient
to simulate the same asphalt characteristics measured on ex-
tracted asphalt after mix production. In these cases, it will be

necessary to use elevated temperatures or longer heating times
to simulate the additional hardening of the asphalt.

3.3.3.2 Environmental Aging

The other laboratory simulation was to consider 5 to 10 years
of environmental aging for mixture evaluation. Use of an acceler-
ated aging procedure is required for the thermal cracking evalua-
tion part of AAMAS. Specimens were compacted and artificially
aged using different procedures, as discussed in Chapter 2. Resil-
ient moduli, indirect tensile strengths, and failure strengths were
measured on specimens prepared with the MI-0021, TX-0021,
and VA-0621 mixtures in order to measure changes of the engi-
neering properties with different aging simulations. All test re-
sults of the aging simulation are provided in Appendix H and
summarized in Chapter 2. Resilient moduli and indirect tensile
strengths increased with different levels of aging, as expected.
More importantly, however, was the significant decrease in ten-
sile strains at failure (Figures 74, 75, and 76).

Tia et al. (60) and others have shown a similar increase in mix
strength and stiffness with short time durations, both in the field
and laboratory (Figure 128). An increase in strength and resilient
modulus implies a more structurally sound material according to
the Design Guide (6). However, most overlay design procedures
suggest that a reduced layer or strength coefficient be used to
represent in-service asphaltic concrete surface or base materials
because of asphalt aging, even with low levels of traffic. In
general, asphaltic concrete mixtures became more susceptible to
cracking with a decrease in penetration and an increase in viscos-
ity. Conversely, mixtures with higher strengths and, to some
degree, higher elastic moduli are less susceptible to cracking.
Both strength and stiffness increase with a relative increase in
viscosity. Thus, strength and stiffness are the least desirable mix
properties to evaluate aging effects.

On the other hand, tensile strain at failure decreased dramati-
cally with different degrees of aging simulations, which implies
a more brittle material (more susceptible to cracking); therefore,
tensile strain at failure is a more desirable property for use in
any cracking analysis. It is interesting to note that the tensile
strains at failure for unaged samples were approximately equal
for the cores and specimens used in the permanent deformation,
creep compliance, and strength testing programs. After aging,
however, the failu’re strains decreased significantly. This indi-
cates a loss of the adhesion or bonding characteristics between
the aggregate and asphalt after aging. Use of some accelerated
aging procedure allows the mixture to be evaluated based on
a thermal cracking and disintegration (raveling) analyses. As
explained in Chapter 2 (section 2.5.2.2), use of the forced draft
oven to simulate the environment consistently matched the engi-
neering properties (in particular tensile strains at failure) mea-
sured on field cores taken at 2 years.

3.4 RELATIONSHIP BETWEEN MIXTURE AND
STRUCTURAL DESIGN

The asphalt-aggregate mixture analysis system (AAMAS)
concept is based on the recognized need to tie together asphaltic
concrete mixture design and performance. An AAMAS should
allow those who design pavement structures to develop specific
assumptions for the engineering properties based on the locally
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Figure 125. Relationship of penetration and viscosity for the recovered asphalts from the

WY-0080 project.

available materials and job specifications. Those who design as-
phaltic concrete mixtures should be able to employ an AAMAS
in the development of mixture designs and specifications which
ensure that those assumptions made for pavement thickness de-
signs are correct.

3.4.1 Asphaltic Concrete Characterization for
AASHTO Design Procedure

The procedure recommended for defining the layer coefficient
for HMAC surface courses requires an estimate of the elastic
modulus of HMAC (E ) at 68°F. This value is used to deter-
mine the layer coefficient from a chart. For “bituminous-treated
bases,” a different chart is provided from which the layer coeffi-
cient can be estimated using the elastic modulus or the Marshall
stability of the mixture. The AASHTO layer coefficients can
also be calculated by the following equation (6):

a, = 040 log (E ,/450) + 0.44 (3-2)
where a; is the AASHTO layer coefficient for dense-graded
asphaltic concrete, and E . is the elastic modulus measured in

accordance with the AASHTO Design Guide, ksi.

The Guide (6) recommends that the elastic modulus for
HMAC (E ;) be estimated from the resilient modulus at 68°F
as determined from ASTM D 4123. Two resilient moduli can be
calculated in accordance with ASTM D 4123—an instantaneous
and total resilient modulus. The Guide does not state which
value is to be used. Therefore, layer coefficients have been calcu-
lated for both values for each AAMAS project. These values are
given in Table 52.

The Guide cautions users against using resilient moduli
greater than 450 ksi when estimating the layer coefficient. An
E ;¢ value of 450 ksi corresponds to a layer coefficient of 0.44.
As may be seen in Table 52, all mixtures exceed this value, with
the exception of the Michigan and New York-Rason mixes when
using total resilient modulus.

Although ASTM D 4123 is the test recommended for ob-
taining values to be used when entering the AASHTO charts to
determine layer coefficients, the repeated load indirect tensile
test was not used to characterize the stiffness of asphaltic con-
crete by Van Til, et al. (87). The HMAC stiffnesses were origi-
nally based on dynamic modulus data, as reported by Kallas and
Riley (82). The dynamic modulus (as measured by compression
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tests) and resilient modulus (as measured by indirect tensile tests)
are not the same values. The layer coefficient for a dense-graded
HMAC surface layer was set at 0.44 (determined at the Road
Test) for a modulus of 450 ksi, which was the average HMAC
dynamic modulus measured at the average pavement tempera-
ture recorded during the Road Test (67.5°F).

To obtain the relationship between E ;. and layer coefficient,
calculations of surface deflection, asphaltic concrete tensile
strain, and vertical compressive strain on the subgrade were
made for different levels of surface, base and subgrade stiffness
and for varying surface and base thicknesses. The three limiting
criteria mentioned above were chosen because of their observed
or theoretical correlation with performance. Variation in asphalt
concrete layer coefficients was also correlated with Marshall
stability and Hveem cohesiometer values by several State High-
way Agencies, which are included in the AASHTO Design
Guide (6).

3.4.2 Relationship Between AAMAS and AASHTO
Thickness Design Procedures

An AAMAS should permit the characterization of HMAC
mixtures based on engineering properties which affect long-term
pavement performance. The AASHTO procedure does not di-
rectly use or assume engineering properties of HMAC for the
determination of pavement layer thicknesses. For the procedure
given in the Guide for the structural design of flexible pavements,
an AAMAS will not provide substantial improvement in the
ability to account for the potential contribution of HMAC to
the pavement structure, except for the definition of resilient
modulus.

As previously mentioned, the Guide suggests the use of moduli
at 68°F to estimate the layer coefficient of HMAC. Although the
mean temperature of HMAC courses measured at the AASHTO
Road Test may be relevant for the relationships developed from
that data, this may not be the case of pavements exposed to
different environmental conditions. Thus, the stiffness of HMAC
at 68°F may not accurately characterize the same mix design
used at the Road Test if it were used in Messina, New York, or
Opelousas, Louisiana, because the environments are so different
in those locales.

The suggested manner in which the elastic modulus of HMAC
is to be estimated is also questionable. The Guide suggests using
ASTM D 4123 (indirect tensile testing techniques) to obtain
stiffness values in finding the layer coefficient, when moduli
obtained from dynamic compressive tests were used during the
development of the relationship between £, and layer coeffi-
cients, as previously noted. Differences in the results of these
tests have been documented by Von Quintus (63), Bonaquist
(83), and others (3%, 84). These authors offer differing conclu-
sions regarding the appropriateness of using moduli determined
from repeated load indirect tensile tests in pavement modeling
and design. )

The design equation for flexible pavements calculates the num-
ber of 18 kip equivalent single axle loads which will reduce the
serviceability index (PSI) by an assumed amount. PSI is primar-
ily a function of ride quality (roughness), but is also affected by
rutting, cracking, and patching. Rutting and types of cracking,
such as thermal (low temperature) and fatigue cracking, will
be more predictable as a result of an AAMAS. If roughness
(particularly) and patching predictions could be related to spe-
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Table 52. Summary of AASHTO layer coefficients determined in
accordance with the AASHTO Design Guide (6).

Instant. AASHTO Total MR AASHTO

MR at Layer at 68*F, Layer
Mixture 68°F, ksi Coefficient ksi Coefficient

C0-0009 740" 0.53 537°* 047
MI-0021 560°° 048 384 041
TX-0021 1,800°* 0.68 1,476"* 0.65
VA-0621 1,300** - 0.62 1,040°* 0.59
WY-0080 880°* 0.56 739" 0.53
California 2,170** 0.71 1,800°* 0.68
Georgia 1,100** 0.60 860*° 0.55
New York - Rason 590°¢ 0.49 370 0.41
Wisconsin 820** 0.54 620" 0.50

MR = Resilient Modulus, ASTM D 4123

** = Resilient modulus values that are outside the boundary conditions of the correlation
presented in the Guide (9).

cific asphaltic concrete properties, the predicted or assumed
changes in PSI could be based on AAMAS.

In the future, the National Pavement Data Base established
by the Strategic Highway Research Program (SHRP) for the
Long-Term Pavement Performance (LTPP) studies will enable
the factors affecting the serviceability of pavements to be defined
for a broader range of conditions. This should result in the
merging of AAMAS with pavement structural design proce-
dures. The other efforts to be undertaken by SHRP in the asphalt
and maintenance technical research areas should further assist
in these developments. One chapter in the Guide (6) discusses
mechanistic-empirical thickness design procedures in general,
and describes the framework for their development and applica-
tion. When AASHTO adopts this type of procedure, the value
of AAMAS will increase markedly.

In the interim, one technique that can be used to evaluate the
environmental effects on the structural design is to consider
seasonal fatigue damage. In other words, use seasonal resilient
moduli to calculate seasonal fatigue damage and sum the sea-
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sonal damage to determine an annual fatigue damage. This pro-
cedure was used by Von Quintus, et al. (85) in the development
of a structural design method. An equivalent asphaltic concrete
resilient modulus based on a fatigue cracking criterion can be
calculated by the following equation:

Eg (i) X FF(i)
Exg= 2 L’Z_FF_’

where Eg is the equivalent total resilient modulus based on a
fatigue damage approach, Eg, is the total resilient modulus as
measured by ASTM D4123 at the average pavement temperature
for season i, and FF is the fatigue factor obtained from Figure
129.

Equation 3-3 includes only damage associated with fatigue
cracking and ignores the damage caused by permanent deforma-
tion and disintegration. This is a necessary assumption because
of the limited tie between resilient modulus and fatigue cracking
and resilient modulus and layer coefficient. It does, however,
allow for seasonal and environmental effects in estimating the
AASHTO layer coefficient.

The AASHTO layer coefficients were recalculated using the
foregoing procedure. For simplicity, seasonal pavement tempera-
tures of 41, 70, and 104°F were assumed for the winter, fall
and spring, and summer months, respectively. These revised
AASHTO layer coefficients are given in Table 53. The layer
coefficients for the Michigan, New York, and Wisconsin mixes
are low and probably should not be placed in a hot environment.

This equivalent modulus concept should equal or exceed the
modulus value used to estimate the AASHTO structural layer
coefficient used for design. The GPS (General Pavement Sec-
tions) projects of the SHRP LTPP program should provide the
necessary pavement performance data to determine if the resil-
ient modulus-AASHTO layer coefficient relationship is ade-
quate, with or without modifications, or inappropriate.

(3-3)

3.4.3 Summary

The only tie between an AAMAS and the current AASHTO
thickness design procedure is the determination of a design resil-
ient modulus which can be used to estimate the layer coefficient
for HMAC. Until a thickness design procedure is adopted by
AASHTO which separates the distress types from the all-
encompassing present serviceability index, an AAMAS will not
result in any substantial improvement to the characterization of
HMAC layers. The adoption of such a procedure appears to be
inevitable from the discussion included in the Guide, NCHRP
Project 1-26, and the implementation of the SHRP LTPP stud-
ies. However, until NCHRP Project 1-26 and AAMAS can be
tied together, resilient modulus is the only common parameter
between mixture and structural design.

In summary, resilient modulus should be determined in ac-
cordance with ASTM D 3497. If ASTM D 4123 is used, as
required by the AASHTO Design Guide (6), it is recommended
that the total resilient modulus be used to determine the layer
coefficient for use of structural design. This total indirect tensile

Table 53. Summary of AASHTO layer coefficients calculated
using an equivalent annual modulus based on fatigue cracking.

Equivalent Layer

Mixture Annual Modulus, *ksi Coefficient
CO-0009 449 0.44
MI-0021 206 030
TX-002t 326 038
VA-0621 311 0.38
WY-0080 263 0.35
California 953 057
Georgia 469 045
New York - Rason 143 0.24
Wisconsin 201 0.30

A d Seasonal P "Temperatures:

Winter - 41*F, Spring and Fall - 70*F, Summer - 104*F
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Figure 129. Estimation of the fatigue factor to determine an equivalent annual
total resilient modulus for dense-graded asphaltic concrete mixtures (8).



resilient modulus will more closely simulate the direct compres-
sion moduli from which the stiffness-layer coefficient correlation
was originally developed, but the values will still be greater at a
test temperature of 68°F than the corresponding value measured
using uniaxial compression testing techniques (Figure 83). Insuf-
ficient data exist to establish a reduction coefficient to equate
indirect tensile and compressive resilient moduli. Using previous
test results, the reduction varies from 1.00 to 1.75, but is material
dependent. It is also suggested that the resilient modulus be
measured along at least two diametral axes on a set of three
specimens for each test temperature.

3.5 MIXTURE PERFORMANCE EVALUATION

The concept of basing a mixture design procedure directly on
its effect on the performance of flexible pavements is clearly
logical and appropriate. It is also logical and appropriate to base
new initiatives for optimizing mixture designs on their effects on
performance. Unfortunately, the mathematical models to sup-
port the methodology are simply too limited in their use.

There are many different mechanistic models currently avail-
able that can be used to calculate stresses, strains, and deflections
within the pavement structure. However, the empirical or regres-
sion models relating the pavement response parameters to pave-
ment distress, which are needed to support this methodology,
simply do not exist or are very limited (especially for asphaltic
concrete overlays). More specific, the performance models used
in AAMAS must be tied closely to the results of NCHRP Project
1-26. As stated in Chapter 2, five distresses are considered in
AAMAS. Each of these are discussed and reviewed in this part
of the report for mixture evaluation.

3.5.1 Rutting

The earliest distress that must be designed against is rutting
or shoving. It should not be expected, however, that a mix design
procedure alone can overcome all cases of construction expedi-
ency. Resurfacing and rehabilitation have become major items
in asphalt mixture usage. This usually means paving adjacent to
traffic and opening the fresh mix to traffic, as soon as possible.
Some restraint in this operation is necessary to prevent early
rutting even with the most stable mixtures. Rutting within 24
hours of paving has been noted on high traffic roads as tractor
trailers with heavy axle loads continue the compactive effort
beyond the construction phase.

Ideally, pavements are constructed with an air void content
in the range of 5 to 7 percent. However, ideal conditions often
do not exist and an air void content range at completion of
construction is often in the range of 8 to 12 percent. For example,
this condition occurred for the Texas and Colorado projects.
The effect of these different air void contents on rutting caused
by traffic densifying high air void content mixtures is usually
not considered during initial mixture design, because it is as-
sumed that good engineering and construction practices will be
followed and proper compaction will be achieved in the field.
Current mixture design procedures do address rutting and insta-
bility caused by over-filling the air voids with asphalt.

3.5.1.1 Types of Rutting

Two types of rutting are considered in the AAMAS program. .
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These are one-dimensional densification (reduction in air voids,
only) and the lateral movement or plastic flow of asphalt from
wheel loads (consolidation or a reduction in total voids). The
more severe premature rutting failures and distortion problems
of asphaltic concrete are related to the lateral flow of asphalt or
shear distortion, rather than one-dimensional densification.

3.5.1.1.1 One-Dimensional Densification. This type of rutting
can be estimated using the traffic densification procedure dis-
cussed in Chapter 2. Basically, it is a reduction in the air voids
of the asphaltic concrete layers and is based on testing cylindrical
compression samples. More directly, however, this reduction in
air voids can be estimated using the Corps of Engineers gyratory
shear compactor or any of the other compactors considered in
the study by simply increasing the compactive effort to mix
refusal (Figures 31 through 36). Densification using these devices
is restricted to one direction, vertical.

The air void content at which no reduction in air voids occurs
with additional compactive effort was defined as the ultimate air
void content for the JMF. If the asphaltic concrete layers are
compacted in the field to a proper air void range and the mix is
designed such that the ultimate air void content is greater than
3 percent, one-dimensional densification of the mixture should
not be a problem. The ultimate air void content was measured
for each mixture using each compaction device. This was pre-
sented in Chapter 2 (section 2.3.3.1). The gyratory shear compac-
tor and kneading compactors were found to provide similar
estimates for this value.

3.5.1.1.2 Plastic Flow of Asphalt or Shear Distortion. The
Corps of Engineers gyratory shear compactor is a very good tool
for evaluating the reduction in shear resistance of the mixture
after many thousands or millions of traffic applications. Kumar
et al. (86) and Ruth at the University of Florida have both found
it to be a good tool for measuring changes in compaction and
shear strain properties due to traffic densification of asphaltic
concrete materials. Both have suggested its use for mixture de-
sign and evaluation. Each of the AAMAS mixtures was tested in
the traffic densification procedure using the Corps of Engineers
GTM. These results were discussed and presented in Chapter 2.

The California, Georgia, M1-0021, VA-0621, and New York-
Prima mixtures were found to retain their shear resistance prop-
erties after 300 revolutions. The other mixtures (CO-0009,
TX-0021, New York-Rason, Wisconsin, and WY-0080) were
found to have a significant reduction in the shear values with
less than 200 revolutions of the gyratory shear compactor (Fig-
ure 77). Resistance to permanent deformation is strongly influ-
enced by aggregate grading (84). Reducing the sand and asphalt
content and obtaining proper compaction of the asphaltic con-
crete mixture in the field would have increased the shear resist-
ance of the Colorado, New York-Rason, Texas, and Wisconsin
mixtures. Contamination was measured in the Wyoming mix,
which may have affected the long term or accelerated traffic
densification procedure of this mixture.

Static unconfined uniaxial compression creep tests have been
used by Regan (I), Brown (84), and others to rank mixes ac-
cording to their deformation resistance to load. Indirect tensile
tests are also being used, because the samples are easily prepared
and the testing procedure is not complicated. Both types of tests
were conducted on each AAMAS mixture, and differences were
obtained, especially in the slopes of the creep curves. These are
summarized as follows:
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SLOPES OF THE PLASTIC OR CREEP
STRAIN CURVE

REPEATED LOAD

PERMANENT STATIC
MIXTURE DEFORMATION CREEP
CO-0009 0.68 0.54
MI-0021 0.53 0.36
TX-0021 0.65 0.63
VA-0621 0.53 0.39
WY-0080 0.54 0.42

A comparison of compression to indirect tensile testing can
not be made, because the air voids of the specimens were signifi-
cantly different between the sample cells.

Unconfined compression tests were performed on all AAMAS
mixtures. The results of this testing are, as follows, for each
mixture:

PROPERTY MIXTURE
AT 7T°F CO-0009 MI-0021 TX-0021 VA-0621 WY-0080

Indirect 100 84 129 114 82
tensile
strength,
psi

Unconfined 946 939
compressive
strength,
psi

Cohesion, 155 135 280 195 150
psi

Angle of 49 51 49 53 52
internal
friction,
deg.

1174 1109 1061

These results indicate that the TX-0021 mixture, if properly
compacted, will have the higher shear resistance of the five
mixtures. With the high air voids and traffic densification, how-
ever, the shear resistance of the TX-0021 decreases dramatically.
It is interesting to note that the mixtures are ranked differently
for different properties (strength, creep, stiffness). A combina-
tion of test values is required to optimize each mixture, with
the exception of the Corps of Engineers GTM. The Corps of
Engineers gyratory shear value provides a good parameter for
mixture evaluation and design. If a GTM is unavailable for
use, however, a combination of tests is required for mixture
optimization. These are the unconfined compressive strength,
indirect tensile strength, and static creep compliance using uni-
axial compression testing techniques. Part I, the AAMAS Proce-
dural Manual, provides the recommended testing procedure
when a GTM is unavailable for use.

3.5.1.2 Rutting Relationships and Models

Most mechanistic and empirical models use mechanical prop-
erties (such as alpha and gnu, resilient modulus, or a creep

stiffness) to predict the amount of permanent deformation with
traffic applications. These properties are determined from com-
pression testing of unconfined cylindrical specimens or indirect
tensile testing of diametral specimens. NCHRP Project 1-26
originally recommended the use of the following type of rutting
model:

RR=AWN)™ (3-4)
where RR is rutting rate per load application, N is number of
repeated load applications, and A,m are constants developed
from field calibrated laboratory testing data

The integral of the Eq. 3-4 over the total number of traffic
applications is the expected rut depth. Another approach to
modeling rutting (in terms of permanent strain) yields the follow-
ing equation, which is more applicable to an asphaltic concrete
mixture design procedure, but is still of the same form as equa-
tion 3-4.

€, = A" (3-5)

or
loge, = log A + m log N

where ¢, is accumulated permanent strain in the asphaltic con-
crete layer, and A,m are constants measured from laboratory
test data using repetitive loading techniques, and correlated to
field performance data.

There is test equipment available to determine, more directly,
the rutting characteristics of asphaltic concrete mixtures. For
example, Lai (87) has developed a simplified laboratory test
method to evaluate the rutting characteristics of asphaltic con-
crete mixtures, and use of the Corps of Engineers GTM has
already been discussed. The Lai device is called a “loaded wheel
tester” that requires beam or slab type specimens and measures
rut depth with number of wheel load passes. Although this is a
direct way to measure the rutting characteristics of mixtures, the
specimens are difficult to prepare and are costly. Thus, a more
standard approach was taken for AAMAS to be consistent with
the NCHRP 1-26 project.

Both static creep and repeated load permanent deformation
tests were performed on specimens using indirect tensile testing
techniques. Static creep and resilient modulus tests were also
performed on cylindrical compression samples for comparison
with the indirect tensile test results. Figure 130 provides a com-
parison of the resilient modulus and inverse of creep compliance
for the same mixtures. As expected, the two values are related.

Kennedy (36), Baladi (34), and others have suggested use of
the indirect tensile test for measuring the permanent deformation
characteristics of asphaltic concrete mixtures. Alpha and gnu
(Eqs. 2-8 and 2-9) are calculated from plastic vertical deforma-
tions measured using indirect tensile testing techniques. Alpha
and gnu can also be calculated from the plastic horizontal defor-
mations, but these are generally associated with fatigue cracking
criteria rather than permanent deformation. An important find-
ing from this study is that different values will be calculated,
similar to the differences between horizontal and vertical defor-
mations. Others, such as Khosla (88) and Brown (84) have
concluded that the direct uniaxial compression test provides a
better simulation of actual performance, in terms of rut depths.

Without question, determining the permanent deformation
characteristics of the alpha and gnu functions (required for the



VESYS and modified ILLIPAVE programs) is difficult, espe-
cially when using indirect tensile testing techniques. Addition-
ally, at higher temperatures and loading times, applicability of
the indirect tensile test is questionable because of the assumption
of elastic layer theory as discussed in Chapter 2, section 2.6.2.
Thus, uniaxial compression tests are recommended for perma-
nent deformation characterizations. The remainder of this sec-
tion discusses the two different types of rutting considered in
AAMAS.

3.5.1.3 Creep Versus Repeated Load Tests for
Mixture Characterization

One cycle of a repeated load permanent deformation test is
"identical to a creep-recovery test, with the exception that the
times are very short. The following equation equates the different
strains that occur during one loading cycle of a repeated load
permanent deformation test.

€ =€, T ¢

The total applied strain, €, and total resilient or recovered
strain, €, of a loading cycle are defined as:
€

o = €y + €,

€, = €, T €

where ¢,, is the instantaneous strain (or deformation) measured
after load application; €, is the creep strain measured during
one load application or cycle; €, is the instantaneous resilient or
recovered strain (or deformation) after load release; €y is the
recovered strain (relaxation) during the rest period of one loading
cycle; and ¢, is the permanent or plastic strain per loading cycle.

The permanent strain per load cycle can be defined by combin-
ing the above three equations and rearranging the terms to form

Eq. 3-6:

€, =€, + €, T €, — € (3-6)

P

A square wave was used in the test program to evaluate the
different strain components of Eq. 3-6. A square wave was used
rather than a haversine wave, to facilitate the difference between
the creep strain, instantaneous applied strain, instantaneous re-
silient strain and relaxation strain for a particular loading cycle.
A haversine wave form was not used, because the load is chang-
ing constantly with time, so it becomes impossible to distinguish
between instantaneous deformation and creep over a short period
of time. . .

Figure 131 illustrates the relationship between the instanta-
neous deformation or strain and instantaneous resilient strain.
For a large number of test specimens, these two deformations or
strains can be considered to be equal (¢;, = ¢,,). Substituting this
equivalency into Eq. 3-6 and simplifying results in the following
equation for permanent strain per load application:-

37

€p = €, — €

An equation that has been used to represent the total applied
strain with time during a creep test is:
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€ = a(t,)" (3-8
where ¢, is loading time, sec, and a,m_ are regression constants
for the creep curve in the steady state region.

The creep strain, €_, and relaxation strain, €, can be rewritten

as follows: €, = €, €y, €p = €, — €.
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Substituting Eq. 3-8 into the above equation for the creep
strain (e_,) results in: €, = a (¢,)™c — €.

Substituting the equation for creep strain (¢ ) into Eq. 3-7
results in: ¢, = a (t, )" — €; — €p. '

Substituting the equation for the relaxation strain (eg) and
simplifying results in the following equation for the plastic strain:
=a(t,)c— € t€ ¢, .
But, €;, = ¢;, so the above equation can be further simplified
to:

€

€, =a()" — ¢, (3-9)
The total resilient strain, however, is time dependent, and can
be represented by the same type of mathematical formulation
for the total applied strain (Eq. 3-8).
€, = b (tg)d (3-10)
where t is relaxation time, sec, and b, d are regression constants
for the recovery or relaxation curve.

Equating Egs. 3-5 and 3-9, results in the following expression:
AN =a(t,)" — ¢,

At the initial or first loading cycle, N = 1 and ¢, = ¢,;
the two equations are identical. Thus, the coefficient for the
permanent deformation can be expressed as a function of the
initial creep-recovery test.

A=a(t,) —e¢, 3-11)
where t,, is loading time for one cycle of the repeated load
permanent deformation test, sec.

Substituting Eq. 3-11 into Eq. 3-5 results in the following

expression for the cumulative permanent strain measured during
a repeated load permanent deformation test:

€, = [a(t,)" — €] N (3-12)
During all creep testing, the percent recoverable creep was
calculated for each specimen at the end of the creep-recovery
test. These values were previously summarized and discussed in
Chapter 2 (Table 32). Thus, the total recovered strain can be
calculated from a percentage of the total applied creep. The
percent recoverable creep, X, is calculated using the following

equation:
X = ¢,¢€

et (-13)
where X is percent recoverable creep or the recovery efficiency
from static loads.

Substituting Eq. 3-13 into Eq. 3-7 and simplifying results in
the following equation:

€, =€, (1 — X) (3-14)

Substituting Eq. 3-8 into Eq. 3-14 results in a simplified expres-

sion for the plastic strain:

&, =a(t) (1 —X) (3-15)

In order to equate the permanent deformation test to the

creep-recovery test, a specific loading time, ¢, must be used
for a specific number of load applications, N. To equate each
relationship the following was assumed: N = t/¢,. This ensures
that the loaded times for each test are at least equal. Equating
Egs. 3-15 and 3-12 and simplifying results in the following ex-
pression for the slope of the cumulative permanent strain curve
based on the results of a creep-recovery test:

loga + 3.5563m_ + log (1 — X) — log [a(0.1)™c — ¢,,]
m=

4.5563 (-16)

Using the results from the creep-recovery test, the slopes and
intercepts of the permanent deformation test were calculated for
each mixture. These calculated values from creep testing have
been compared to those values actually measured on these same
mixtures from the permanent deformation test. Figure 132 com-
pares the measured to calculated values. A good comparison of
the predicted to measured values was found. Thus, it is recom-
mended that results from the creep testing be used to estimate
the coefficients required with the NCHRP Project 1-26 recom-
mendations.

3.5.1.4 Shearing Resistance Considerations

Shearing resistance of asphalt-aggregate mixtures directly in-
fluences the types and severity levels of distresses observed in
hot-mixed asphaltic concrete (HMAC) pavement layers. Rutting
and shoving of HMAC layers are two distress types that are
functions of the shearing resistance of the material. Distress
manifestations such as raveling and flushing, as well as fatigue
cracking, reflection cracking, and potholes, are related to the
shearing resistance of HMAC.

Neither the Marshall nor the Hveem mix design procedures
defined the shearing resistance conventionally in the context of
soil mechanics. Since the shearing resistance is a determining
factor in a number of distress types, the question of whether or
not it is acceptably accounted for indirectly in the other features
of AAMAS is addressed.

The shearing resistance of HMAC is a function of the interpar-
ticle cohesion and friction as well as the amount of stress applied
to the material. The cohesiveness of the mix depends on the
amount of asphalt cement included in the mix, the degree to
which the particles are coated by the asphalt cement, and by the
properties of the asphalt cement itself. The properties of the
asphalt cement affecting cohesion vary with temperature and
age. The cohesiveness of the mixture may also be affected by its
attraction (or lack thereof) to the aggregates used in the mix and
by the surface area (texture) and porosity of the aggregates.

The internal friction which develops in an asphalt-aggregate
mixture is a function of the applied stress, the shape and texture
of the aggregate, the particle size distribution, the shearing resist-
ance of the aggregate itself, and the properties and amount of
asphalt cement used in the mix. Considering the number of
factors involved which may affect the shearing resistance of
asphaltic concrete, it is apparent that a single shear strength test
or value can not adequately characterize an asphalt-aggregate
mixture.

Both Hveem and Marshall mixture design procedures incor-
porate stability tests for the determination of a design asphalt



‘content. Although stability determinations account for resist-
ance to deformation of an asphalt-aggregate mixture, the as-
phaltic concrete specimens being tested by either procedure are
not in stress states which simulate those experienced from wheel
loads. This may explain the poor correlation reported by many
researchers between stability and rutting.

Creep testing is used in AAMAS to evaluate permanent defor-
mation resulting from repeated loading and to determine the
stiffness of the mixture during long duration stress application.
Permanent deformation constants (alpha and gnu) are obtained
from the relationship between accumulated strain and the num-
ber of load applications. These indices are used in viscoelastic
models to predict rutting. Only axial (vertical) strains are consid-
ered in the VESYS model. The incremental static-dynamic direct
compression test procedure is described in some detail by Kenis
(31). Both incremental static-dynamic creep compression and
static creep tests were performed on the CO-0009 and WY-0080
mixtures. Although only two of the five AAMAS mixtures were
tested, similar creep compliance curves were obtained at compa-
rable loading times.

Resistance to permanent deformation was also evaluated in
research efforts undertaken in Great Britain by Brown and Coo-
per (84) to develop a mixture design procedure for structural
asphaltic concrete layers. Shear strain was considered as the
measure of permanent deformation, and was examined for vari-
ous types of asphalt bound base materials used in Britain. A
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number of laboratory testing procedures were employed includ-
ing repeated load triaxial creep, static triaxial creep, uniaxial
creep, and Marshall stability. The authors concluded that the
static unconfined creep test may be used to rank mixes according
to their resistance to permanent deformation.

Brown and Cooper also discussed the interrelation on aggre-
gate type and gradation, binder content, and level of compaction
on deformation. They noted that mixes containing less fine ag-
gregate and, possibly, less binder may result in mixes with greater
resistance to permanent deformation. Davis (89) wrote that,
historically, asphaltic concrete pavements with high volume con-
centration of aggregates resulting from the use of large top size
aggregates with low air voids and low asphalt contents have
exhibited outstanding performance. It was noted that some of
these very old pavements had been subjected to vehicles, op-
erating with narrow steel rimmed wheels, and to large trucks
with solid rubber tires.

Davis’ paper begins by addressing an increase in reports of
stripping, which had been attributed to such factors as changes
in asphalt cement properties, high tire pressures, and the use of
very fine particles as mineral filler in HMAC. He postulated that
much of the stripping which had been reported was actually a
secondary mechanism, with the moisture damage being a result
of shear displacement within the mixture. The increase in occur-
rence of “stripping,” especially on pavements that had not pre-
viously exhibited any evidence of such, was thought to be a result
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of increases in tire pressures. If shear displacement, i.e., lack of
shearing resistance, is indeed the “culprit” behind the apparent
increase in stripping described by Davis, the ability to rank mixes
on the basis of shearing resistance or permanent shear strain
would be extremely beneficial.

Often, the most evident cases of shear displacement are in
locations where turning movements, braking, and acceleration
from a dead stop are prevalent. Distress types such as slippage
cracking and shoving were not considered in the development
of AAMAS. Slippage cracking occurs at the interface between
layers and is highly dependent on the texture and cleanliness of
the surface on which the asphaltic concrete is placed. Construc-
tion and material specifications must address these type prob-
lems. Shoving, however, is dependent on the properties of the
mix, particularly shearing resistance. Although deformation re-
sulting from direct shear applied to the surface is not addressed
directly, it is expected that the resistance to such deformation
would result from the improvements in asphaltic concrete mix-
ture design resulting from AAMAS. The Corps of Engineers
GTM provides an indication of this shearing resistance of as-
phaltic concrete mixtures. Those mixtures included in this study
that are known to be susceptible to shoving and lateral distor-
tions were identified as such with the GTM. Thus, use of the
GTM is recommended in the AAMAS procedure.

3.5.2 Fatigue Cracking

A longer term distress mode considered in most design/evalu-
ation programs is fatigue. Fatigue failures are accelerated by
high air voids which, in addition to creating a weaker mix,
also increase the oxidation rate of the asphalt film. This was
illustrated by the significant decrease in failure strains when
artificially aging the mixtures. But, even with an initial air void
content in the 4 to 6 percent range, asphalt film aging will still
occur that has a detrimental effect on failure strains of the mix-
ture (Table 30).

The development of fatigue cracks is related to the tensile
strains at the bottom of the asphaltic concrete layer and stiffness
of the material. In fact, most models use either two or three
parameters for the fatigue curves that relate number of load
applications to a tensile strain and stiffness of the material.

3.5.2.1 Fatigue Relationships

There are different relationships that can be used to estimate
the fatigue constants K, and K,. NCHRP Project 1-26 recom-
mended use of Maupin’s fatigue constants (90), which are esti-
mated from the indirect tensile strength test. Obviously, it would
be very advantageous that the same relationship be used between
NCHRP Project 9-6(1) and Project 1-26. Measuring the indirect
tensile strength is also much simpler than measuring the resilient
modulus, and thus has some practical advantages over other
relationships.

_3.5.2.1.1 Maupin’s Fatigue Constants. The fatigue relationship
developed by Maupin is given below, and was developed from
laboratory flexural fatigue tests using simply supported beams.

N=K, ()™ (3-17)
where ¢, is tensile strain at the bottom of asphaltic concrete
layer, in./in.

This relationship is similar to other fatigue curves that have
been reported in the literature, but only represents flexural fa-
tigue tests performed at 72°F. No other temperatures were used
in the experiment. For a constant strain fatigue test, the fatigue
constants were found to be related to the indirect tensile strength.
The resulting relationships between the fatigue constants, K,
and n, and indirect tensile strength are:

n = 0.0374 o, — 0.744
log K, = 7.92 — 0.122 o,

(3-18)

where o, is the indirect tensile strength measured at 72°F, psi.

Use of this relationship becomes advantageous because of the
simplicity in measuring the indirect tensile strength at room
temperature in the field laboratories for construction control.
Most other relationships use a dynamic modulus of elasticity
or an instantaneous or total resilient modulus of elasticity for
estimating the fatigue constants. If the foregoing relationships
(Eqgs. 3-14 and 3-15) can be used over a range of temperatures,
it would be practical for use in mixture design and for the field
control of mixtures. Thus, Maupin’s relationship was used to
calculate the allowable number of load applications over a range
of indirect tensile strengths and temperatures. The following
tabulates the results using the indirect tensile strengths that can
be expected at different temperatures.

ALLOWABLE
INDIRECT NUMBER OF LoAD
TEMPER- TENSILE APPLICATIONS FOR
ATURE  STRENGTH € =12 x 10~*
°F PSI K, n IN./IN.
104 40 1096 0.752 9.73 X 10°
77 100 5.25 X 103 2.996 2.93 x 107
41 350 1.660 X 1035 12.35 4.39 x 10V

Based on the laboratory test results from actual mixtures, the
allowable number of load applications calculated for the colder
temperature (or for mixtures that have large indirect tensile
strengths) are unreasonably high. The tensile strain of 1.2 X
10~*in./in. was used because this strain is the approximate focal
point of the Rauhut fatigue relationship (9). In other words, for
this tensile strain the allowable number of load applications to
failure is independent of stiffness, which is approximately 6.0 X
10% load applications. This value is close to Maupin’s value
at 77°F, as expected, but significantly different at the colder
temperature.

3.5.2.1.2 Rauhut’s Fatigue Constants. The Rauhut relation-
ship has been found to provide reasonable results over a tempera-
ture range of 40°F to 100°F, and is similar to others found in the
literature. In fact, the relationship is a modification of the fatigue
curves developed by Finn et al. in the NCHRP 1-10B study (10).
An example of the fatigue curves recommended by Rauhut (9)
is presented in mathematical form, as follows:

N, =K, ()% (3-20)



where ¢, is tensile or radial strain at the bottom of the asphaltic
concrete layer for wheel load and axle configuration i; N, is
number of allowable applications of wheel load and axle configu-
ration i;

Eg 1"
K, = Km[ E ]
Rr

K, = 1.35 — 0.252 log (K,) (3-22)
ER, equals 500,000 psi (reference modulus from the AASHTO
Road Test); K, equals 7.87 X 10~7 (reference coefficient at
500,000 psi based on AASHTO Road Test); and Ey is the modu-
lus or stiffness of the asphaltic concrete at a selected temperature.

A
3.5.2.2 Equating the Fatigue Constants

Both of these fatigue relationships (Eqgs. 3-17 and 3-20) are
similar, in that each uses the initial tensile strain to calculate the
allowable number of load repetitions to a predefined condition
of failure, but there are differences. The difference between the
two relationships is that the fatigue constants are estimated using
different material properties. The Rauhut relationship relates
the constants to the total resilient modulus of elasticity mea-
sured, and Maupin’s relationship relates these same constants to
the indirect tensile strength. Since the fatigue relationships are
of the same type, the coefficients can be equated for evaluating
any-differences at room and other temperatures.

Equating the K, coefficients at room temperature:

(3-21)
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log K, (Maupin) = log K, (Rauhut)

7.92 — 0.122 o, = log [7.87 X 10~7 (EgEg,)™*]
7.92 — 0.1220, = log(EgEg,)~* — 6.104

7.92 — 0.1220-, = 4.692 + log (Ex)~*

Thus, in order for the two relationships to result in the same
coefficient, the indirect tensile strength must be related to the
total resilient modulus of elasticity by the following equation:

o, = 26.46 + 32.79 log (ER) (3-23)

Equating the exponents at room temperature:

n (Maupin) = K, (Rauhut)

0.03740, — 0.744 = 1.35 — 0.252 log K,

0.03740r, — 0.744 = 1.35 — 0.252 log [7.87 X 10-7
(Ex 500)~*]

0.03740, = 0.9116 — 0.252 log (Ex)~*

Thus, in order for the exponents to be the same, the indirect

tensile strength must be related to the total resilient modulus of
elasticity by the following relationship:

o, = 24.4 + 26.95 log (ER) (3-29)

To illustrate the reasonableness of Egs. 3-23 and 3-24, these

two relationships were plotted against actual data measured on

both field cores and laboratory compacted specimens. This com-

parison is shown in Figure 133. It can be seen from the Figure
that a large difference can exist. At room temperature, howey_e_:r,
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Figure 133. Relationship between indirect tensile strengths and resilient modulus

for equating two fatigue curves, as compared to actual data.
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the two are very close and result in comparable fatigue constants.
As also illustrated in Figure 133, Eqgs. 3-23 and 3-24 do not have
the same relationship. However, the two fatigue relationships
can be equated assuming that each has the same predefined
failure condition, which may not be a true assumption.

Kl (er)_k2 = I(l (E')—n
log K, — K, log (¢,) = log K, — nlog (¢,)

Substituting for each of the coefficients and exponents and then
simplifying results in the following relationship between indirect
tensile strength and total resilient modulus of elasticity for a
specific pavement structure or initial tensile strain, €,.

3.228 + 0912 log €, + 4 log (Eg) [1 + 0.252 log €]

! (0.122 + 0.0374 log €,)

o

(3-25)

Equation 3-25 will always be bounded by Eqgs. 3-23 and 3-24,
which illustrates that the fatigue equations are not equivalent,
at least at test temperatures different from room temperature
and for mixtures with relatively high indirect tensile strengths.
Thus, Maupin’s relationship should not be extrapolated to other
test temperatures that are significantly different from 72°F. For
these reasons, the Rauhut (9) and NCHRP Project 1-10B (10)
fatigue relationships were used in the AAMAS program for
evaluating the fatigue properties of asphaltic concrete mixtures
at more than one temperature.

3.5.2.3 Adjustment for Different Mixtures

Both the NCHRP Project 1-10B and Rauhut relationships
were developed using AASHTO Road Test data. Rauhut’s rela-
tionship was given in Eq. 3-20, and the NCHRP 1-10B relation-
ship is shown as follows:

logN = C;— 3291 log e, — 0.854 log E  (3-26)
where C; is the fatigue coefficient or transformation factor to
field conditions and is dependent on the level or amount of
fatigue cracks: C; = 14,820 for crack initiation or laboratory
conditions, C; = 15.947 for 10 percent fatigue cracks, and C; =
16.086 for 45 percent fatigue cracks.

3.5.2.3.1 Mixture Stiffness. Using both relationships, the fa-
tigue curve for a specific mixture is dependent only on the mix-
ture’s stiffness, Eg. But is this reasonable? For example, take
laboratory data from two actual mixtures, which are:

STIFFNESS OR

RESILIENT INDIRECT TENSILE STRAIN
MobuLUS, TENSILE AT FAILURE,
Mix PSI STRENGTH, PSI X 10—3IN./IN.
1 1,800,000 370 6.30
II 1,800,000 450 1.08

Both of the above mixes are assumed to have the same fatigue
relationships or allowable number of load applications because
the stiffnesses are the same, as defined by both the NCHRP
Project 1-10B and Rauhut fatigue curves. It should be pointed

out that the mixture stiffness used in each relationship is not the
same value, especially at the higher temperatures. The modulus
used in the development of each fatigue relationship was mea-
sured using different types of tests. These differences are recog-
nized, but will be initially ignored for simplicity.

The failure strains for each mix, however, are extremely differ-
ent. Mix I can sustain a much higher tensile strain prior to crack
initiation than mix II. Thus, it seems only reasonable to expect
that the fatigue characteristics of these two mixes should also be
different. Mix I should have better fatigue properties than mix
IT because of the larger failure strains. Conversely, the use of
Maupin’s equation would indicate that mix II would be better
than mix I. This would be somewhat similar to a stress/strength
ratio used in some fatigue relationships for very stiff materials.

3.5.2.3.2 Maximum Strain Criterion. To examine the reason-
ableness of using a maximum strain criterion, in addition to a
stiffness adjustment, the NCHRP Project 1-10B fatigue relation-
ship (Eq. 3-26) was initially used. First, the tensile strain can be
calculated as a function of mix stiffness to cause crack initiation
(laboratory condition) for a specific number of load cycles by
the following equation:

log N = 14.820 — 3.291 log ¢,— 0.854 log E; (3-27)

Figure 134 shows the relationship between ¢, and E for differ-
ent number of loading cycles, including the first loading cycle
(¥ = 1). One loading cycle simply represents a very fast indirect
tensile strength test. Although the indirect tensile strength of an
asphaltic concrete specimen is highly dependent on loading rate,
the failure strain is much less dependent on the loading rate,
especially at temperatures below 77°F. Kennedy, among others,
has measured similar failure strains at the same test temperature
using static loads (a creep test), a constant rate of loading
(strength tests), or repeated loads (fatigue tests). Thus, it is as-
sumed that at N = 1, the tensile strain calculated from Eq. 3-27
(for crack initiation) would be the same failure strain measured
from an indirect tensile strength test at the same temperature.
Using this assumption, the tensile strain at N = 1 can be calcu-
lated for different stiffnesses using the following equation.

log €, = 4.503 — 0.2595 log E, (3-28)

This relationship is plotted on Figures 134 and 135 (identified
as N = 1), and represents the AASHTO conditions and mixture.
Actual indirect tensile strength data from five mixtures have also
been plotted on Figure 135 as a comparison to the theoretical
fatigue curve for failure at N = 1. These mixtures fall above and
below the AASHTO relationship. Those above the relationship
are assumed to have better fatigue characteristics (less suscepti-
ble to fatigue cracking), and those below the line are more suscep-
tible to fatigue cracking, as compared to the AASHTO mixture.

The fatigue constants in Eq. 3-27 were developed from the
AASHTO Road Test, and it is expected that these constants
should be dependent on the maximum strain that a mixture can
sustain. Thus, the AASHTO constants could be replaced by the
following relationship to calculate the number of load applica-
tions to cause crack initiation at temperature T'.

log N(T;) = 14.820 — K, log €, (T})
— C, log Ex(T))

(3-29)
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At N = 1, Eq. 3-29 can be rewritten to establish a relationship
between €, and Ep at different temperatures:

14.820 — C, log Ex(T})
K

log €, (T;) =

T

Solving these two equations simultaneously at different tempera-
tures results in the following relationship between C. and K,
for crack initiation, using the NCHRP Project 1-10B fatigue
relationship.

_ [log €, (T}) — log €, (T3)]
f "log Ex (T,) — log Ex (T})

(3-30)
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Taking two totally different mixtures (for example, MI-0021
and WY-0080 as shown in Figure 135), the C, and K, constants
can be calculated for crack initiation and are given in the fol-
lowing:

Cr / Kl’
Mix RaTIO C, K,
MI-0021 0.688 1.703 2.476
WY-0080 1.784 2.974 1.667

Thus, the fatigue relationships for these two mixes can be written
as follows:

For MI-0021:

log N = 14.820 — 2.476 log €,— 1.703 log E,
and for WY-0080:

log N = 14.820 — 1.667 Log ¢, — 2.874 log E

Using this approach, laboratory test results can be quickly
compared to a standard fatigue curve (Figure 135) to estimate
the fatigue cracking susceptibility of a mixture to a standard
mixture, or the laboratory test results can be used to estimate a
fatigue curve for that specific mix for use in structural design
for fatigue cracking analyses.

3.5.2.3.3 Relationship Between Fatigue Constants. One of the
primary improvements made by Rauhut from the NCHRP
1-10B fatigue curves was considering and using a relationship
between K, and K, (Eq. 3-22). The NCHRP 1-10B curves as-
sumed that the slope of all fatigue curves (log NV versus log ¢,)
are constant at 3.291. However, Rauhut recognized the fatigue
work completed by Kennedy and others after the NCHRP 1-10B
study was completed, and applied those results in modifying the
NCHRP 1-10B fatigue equation (Eq. 3-20). Equations 3.21 and
3.22 were developed; however, AASHTO reference values had
to be used because the NCHRP 1-10B curves were used as the
“base” curves. Taking the same approach described previously,
these AASHTO reference values can be replaced by the constants
C, and K, as shown below:

K, = C, [EgEgJ*r (3-31)

The question becomes at what temperature should Ey, be
defined? In the development work for the cost allocation (9) and
FHWA overlay design (/1) studies, a reference temperature of
70°F was used. Currently, there is insufficient laboratory and
field data to adequately determine if this is a correct value.
Therefore, the stiffness measured at 68°F is suggested and will
be used, for consistency between mix design and structural de-
sign using the AASHTO design procedures (6).

The AASHTO layer coefficient is estimated from the mixture
stiffness measured at 68°F using indirect tensile testing tech-
niques. It was originally expected that the SHRP LTPP research
program could be used to define these values. However, as the
strains at failure are not being measured on any field cores for
which performance data will be collected, this will be impossible.

Replacing the AASHTO constants by C_ and K, to calculate
the number of load applications at test temperature T, results in
the following equation.

log N (T;) = log [C, [Eg (T,)/Eg, (68)]%r] — [1.35 (3-32)
— 0252 log [C, [Eg (T;)/Eg, (63))~Kr1]log €, (T;)

Using the same approach and assumptions discussed above,
the failure strains can be calculated for different stiffnesses of
the mix. Simplifying and rearranging the terms of Eq. 3-32 for
N = 1 results in the following equation.

1.35 log €, (T;
g € (T) +K,
1 + 0.252 log ¢, (T;)

loglEx (T,)/Ex, (68)]

log C, = (3-33)

Laboratory data at different test temperatures for a particular
mix can be substituted into Eq. 3-33. For example, equations at
41°F and 104°F can be written and then solved simultaneously
to define the C. and K, constants for each mix. Using this
approach, Table 54 summarizes the results for five different
mixes. Figure 136 compares the estimated fatigue curves for
these mixtures at a constant stiffness of 500 ksi to the AASHTO
fatigue curve for crack initiation. This can be mathematically
defined by Eq. 3-34.

—6.635 — 4log [Eg Eg, (68)]
[3.022 + 1.008log [E Ex, (68)]]

log €, = (3-34)

As shown, the MI-0021 and VA-0621 mixtures have better
fatigue characteristics when compared to the AASHTO fatigue
curve, whereas the TX-0021 and WY-0080 mixtures are the
more brittle and more susceptible to fatigue cracking. Thus,
results from the indirect tensile strength test can be combined
with the resilient modulus of elasticity test to estimate and com-
pare the fatigue characteristics of a specified mixture to the
fatigue curve of a standard mixture (for example AASHTO), or
the test results can be used to estimate the fatigue curve of a
mixture for use in structural design. Figure 135 compares the
fatigue properties of different mixtures to a predefined standard.
In this way, both failure strain and resilient modulus can be
initially used in designing mixtures based on fatigue resistance
parameters, without the requirement that actual fatigue tests be
performed during mixture design.

The elastic stiffness can and has been measured using different
test procedures to evaluate fatigue cracking potential. Kennedy

Table 54. Summary of material properties, the fatigue constants, and
other parameters determined for the initial five AAMAS mixtures, as
modified using maximum strain criteria,

Mixture
Variable C0-0009 MI-0021 TX-0021 VA-0621 WY-0080
Total Resilient Modulus
at 68°F, ERt(Ga)' ksi 640 490 1,570 630 770
Total Resilient Modulus
at 77°F, ksi 510 400 1,120 440 610

Tensile Strain at
Epilure at 77°F, €y 15.40 14.56 9.01 11.51 6.40
X110~ in./in.

[ .57x10°%[9.96x10" [1.380%10'93.673%x20°%1.531. 10"

IS

.

K, . 14.42 4.40 7.60 4.53 11.73
204°F 4.143%x10%%[1.82x107 [6.024%10°[5.326x10%[3.883x10"¢
K, 77°F 1.208x10°%2.433%10%|1.797x10'] 1.867x107| 2. 353x10""
41°F 5.169x10°'{1.795x10°%| 1.370%107'{1.333x10°% 7. 718x10""
104°F 2.85 2.44 2.56 3.08 3.11
K, 71°F 3.78 2.91 4.46 3.45 4.68
41°F 5.35 3.70 5.50 3.99 6.06
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Figure 136. Fatigue curves using failure strains for a constant mix stiffness of 500 ksi

compared to the AASHTO curve.

(40) and, more recently, Baladi (34), among others, have con-
cluded that the indirect tensile test is a good tool for measuring
the fatigue characteristics for asphaltic concrete materials. The
reasoning used is that the indirect tensile test simulates the state
of stress in the lower portion of the asphaltic concrete layer
(or tension zone). Thus, the resilient modulus measured using
indirect tensile testing techniques is used for mixture evaluation
of specimens compacted in the laboratory both before and after
the environmental aging simulation. This stiffness value is also
compatible with the AASHTO Design Guide. For asphaltic con-
crete overlays over rigid or concrete pavements, a fatigue crack-
ing analysis is not required because tensile stresses simply do not
occur in the asphaltic concrete layer.

Using ASTM D 4123, as recommended by the Guide (6),
either a total or instantaneous resilient modulus can be calcu-
lated. The one used for mixture evaluation depends on how the
stiffness measurements were made during development of the
fatigue curves. For example, the resilient modulus values consid-
ered in the above fatigue relationships were modified based on
total recoverable deformations. Thus, the resilient modulus cal-
culated from total recoverable deformations should be used for
compatibility with the fatigue curves.

This same reasoning applies to the structural response model
that is used to calculate tensile strains at the bottom of the
asphaltic concrete layer. If tensile strains were calculated with
elastic layer theory to develop the fatigue curves, elastic layer

theory must also be used to calculate the same strains for a
fatigue cracking analysis of a pavement structure to ensure com-
patibility. In other words, finite element analysis should not be
used to calculate tensile strains for use with fatigue curves that
were developed using elastic layer theory.

For AAMAS, the Rauhut fatigue curves (9) were used to
evaluate each mixture for fatigue cracking potential. This inher-
ently forces the use of elastic layer theory and total resilient
moduli.

3.5.3 Thermal Cracking

This distress mode usually develops with time (depending
on the environment and cooling rates), and is associated with
relatively long loading times. As discussed in Chapter 2, a com-
puter program entitled “CRACK 3" was used to predict the
combined effects of thermal and load stresses. Program TC-1
(31) was also used to evaluate the mixtures, and both programs
gave identical rankings for the mixtures (section 2.4.4.3).

The material properties required in Program TC-1 are pene-
tration and viscosity of the “virgin” asphalt, the TFOT value at
325°F, Ring and Ball temperature, asphalt specific gravity, ten-
sile strengths at different temperatures, asphalt content, asphalt
concrete unit weight and coefficient of thermal expansion/con-
traction. Penetrations and viscosities are calculated with time
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internally in the program using a regression equation to simulate
mixture aging. This same regression equation was used to com-
pare the penetration values measured on the extracted asphalts
from the environmental aging study described in Chapter 2.

The mixture’s strength is measured using the indirect tensile
strength test on age-hardened specimens using the environmental
aging simulation. A loading rate of 0.05 in. per min is used to
represent the thermal loads imposed on the pavement. Table 46
(Chapter 2) summarizes the mixtures strength and strains at
failure at different loading rates. The indirect tensile creep stiff-
ness is another important value to consider. However, neither
program uses the results from creep tests as input, but calculates
the value from regression equations.

Program TC-1 and others, such as Program COLD, start with
a very simple approach to calculate the tensile strain caused by
a drop in temperature: €, = a,A T, in which a, is the thermal
coefficient of contraction, in./in./°F (the thermal coefficient of
contraction does vary with temperature; however, an average
value of 1.25 X 10~3 in. per in. per °F is typical, and has
been used in other studies); AT is the change or decrease in
temperature, °F; and ¢, is the increase in the tensile strain of the
asphaltic concrete caused by a temperature drop of AT.

The following lists the drop in temperature that would be
required to cause failure of the five initial mixtures, ignoring the
relaxation stress with time:

AT, °F

ORIGINAL UNAGED

F1vE MIXES PROPERTIES AGED PROPERTIES

Michigan 347 418 Most resistant to cracking
Virginia 205 124
Colorado 96 111
Wyoming 70 88
Texas 84 65 Least resistant to cracking

This is the same order that the “CRACK3” and TC-1 programs
ranked each of these mixture’s susceptibility to thermal cracks
in Chapter 2, with the exception of Wyoming. The failure strains
measured on the Texas mix were found to be much lower after
aging than the Wyoming mixture because of the higher air voids
(5.8 percent air voids for the WY-0080 mix, as compared to 8.8
percent for the TX-0021 mix).

In evaluating a mixture’s susceptibility to thermal cracks, its
tensile strength and tensile creep modulus must be considered.
The tensile creep modulus is defined by: E,(T) = o,/ €(T).

The stiffness of the mixture can be related to the indirect
tensile strength by the following mathematical relationship, simi-
lar to the results presented in Figure 58 in Chapter 2.

logE,, (T;) = nlog (S,) + logE, (3-35)

where S, is the indirect tensile strength at temperature T, and
E,, n, are regression coefficients of the relationship.

However, the stiffness and stress in the asphaltic concrete vary
with both temperature and loading time, as the temperature

decreases. In addition, the tensile strain is constant at a particular -

temperature change. But the tensile stress decreases because of
stress relaxation during a constant strain test.

o, (T;=a ATE (T) ()" (3-36)

- where o, (T) is the tensile stress in the asphaltic concrete layer

at temperature T}, psi; n_ is the slope of the indirect tensile creep
curve at temperature T;; E_(T;) is the intercept of the indirect
tensile creep curve at temperature T}, psi; and ¢, is relaxation
time, sec.

Given the above relationship, cracking occurs when the tensile
stress exceeds the strength of the mixture. Thus, substituting Eq.
3-35 for the modified strength into Eq. 3-36 results in:

E,:, (T,) l/n, Y
—E— =a,(AT)E, (T;)(t,) "

Rearranging the terms, the temperature drop at which crack-
ing initiates can be estimated by the following relationship:

(3-37)

AT = E, (T)) Y 1%
ED

oy E, (T)

where AT = T; — T, in which T is the temperature at which
cracking initiates, °F; and T; is the base temperature, which is
typically assumed to be the Ring and Ball temperature in Pro-
gram TC-1, °F.

Equation 3-37 can be used to estimate the temperature at
which cracking begins for comparing or evaluating different
mixtures. If a more in-depth analysis is required, a program such
as TC-1, CRACK3, or COLD has to be used.

3.5.4 Moisture Damage

Moisture damage has become a very serious problem, particu-
larly on high traffic roadways. This damage mode has been
addressed by Lottman (Refs. 32 and 33) and more recently by
Tunnicliff and Root (Ref. 39). AASHTO T-283 and NCHRP
Report 274 were used to indirectly measure moisture damage
effects on each of the mixtures. Using AASHTO T-283, speci-
mens were conditioned to approximately 75 percent saturation
and tested at 77°F using a loading rate of 2 in. per min. For
NCHRP Report 274, specimens were conditioned to approxi-
mately 95 percent saturation and tested at S5°F using a loading
rate of 0.065 in. per min.

ACOMDAS 2 and ACOMDAS 3 were used to predict both
the wet and dry lives for each of the mixtures. The results and
output of these programs have been included in Appendix Q and
are summarized in Table 37 (Chapter 2). The following provides
a brief summary of pavement performance predictions using the
ACOMDAS 2 and 3 programs for moisture damage evaluation.

YEARS TO FAILURE*

MIXTURE FATIGUE CRACKING RUTTING
CO-0009 9.8 9.5
M1I1-0021 11.8 —
TX-0021 10.5 9.4
VA-0621 12.6 9.1
WY-0080 9.9 13.1
California 9.3 13.1
Georgia 11.8 17.0
New York-Rason 16.2 14.2
Wisconsin 19.2 144

* Dry reference life equals 15 years for each mixture for comparative studies



The moisture damage evaluation (tensile strength and resilient
moduli ratios, TSR and MRR) of AAMAS is used as a means of
accepting or rejecting a mixture. Using MRR and TSR threshold
values of 0.70 and 0.80, respectively (suggested by Stuart, 91),
the California, CO-0009, MI-0021, and Wisconsin mixtures
would be rejected or considered to be susceptible to moisture
damage. Pave Bond LP was used in the CO-0009 mixture,
whereas no additives were used in the California, MI-0021, and
Wisconsin mixtures. All other mixtures (Georgia, TX-0021,
VA-0621, New York-Rason and WY-0080) exceeded the thresh-
old values. The VA-0621 mix contained ACRA 1000 and the
Georgia and WY-0080 mixes contained hydrated lime (Tables
14 and 16, respectively). No additive was used in the New York
and TX-0021 mixes.

To estimate the effect of additives, specimens of the original
five mixes that contained additives were prepared without addi-
tives and tested using the same moisture conditioning proce-
dures. These results were presented in Chapter 2 and Appendix
H. In summary, all of the mixtures when tested without the
additives (CO-0009, VA-0621, and WY-0080) were found to
be susceptible to moisture damage. Thus, the additives used
improved the VA-0621 and WY-0080 mixes, but had little to no
effect on the CO-0009 mixture.

It is also interesting to note that some of the mixtures became
stronger after moisture conditioning (ratios greater than 1.0).
The MRR value was greater than 1.0 for the Georgia mix, and
the TSR value was greater than 1.0 for the New York and
Wisconsin mixes. Although ratios greater than 1.0 are not un-
common (especially for the resilient modulus), the mixture’s
performance will likely not improve under moist conditions. This
suggests that indirect tensile strength and resilient modulus may
not be the “best” properties for estimating moisture damage.
Parker and Gharaybeh (92) have concluded that indirect tensile
strength and resilient modulus do not distinctly differentiate
reported stripping and nonstripping aggregate combinations.

Moisture damage is basically caused by a loss of adhesion
or bond in the presence of moisture between the asphalt and
aggregate, and the adhesion properties are more directly related
to failure strains than strength or stiffness. Von Quintus suggests
that the tensile strain ratio could provide more meaningful data
than the resilient modulus ratio. For example, using ASTM D
4123, the resilient moduli is calculated using recoverable strains;
no provision is provided for measuring the total or nonrecover-
able strain. However, if the nonrecoverable or plastic strain after
mixture conditioning increases more than the recoverable strain
does and, if the total strain remains constant, then the resilient
moduli will increase after moisture conditioning. A total strain
analysis or ratio would be capable of evaluating these effects,
whereas the MRR ratio can not.

Of those mixtures that had ratios greater than 1.0 (Georgia,

New York, and Wisconsin) the indirect tensile strain at failure
significantly decreased after moisture conditioning, with the ex-
ception of the Wisconsin mix. Considering a failure strain ratio
in addition to the MRR and TSR values, the California, Georgia,
and New York mixtures are more susceptible to fracture or
raveling after moisture conditioning, whereas only the Califor-
nia, and to some degree the Wisconsin mix, are more susceptible
to rutting. However, there are too few test data and performance
observations to make any strong recommendations about using
the indirect tensile strain as one of the criteria. For future test
programs, it is suggested that the vertical and horizontal defor-
mations be recorded and analyzed during moisture damage eval-

173

uation, and the mixture’s performance monitored over time for
field validation regarding stripping potential for different tensile
strain ratios.

3.5.5 Disintegration

Disintegration is primarily related to environmental-material
factors, but the severity of the distress is dependent on the magni-
tude and number of wheel load applications. Raveling and re-
duced skid resistance are the two disintegration distresses consid-
ered in AAMAS. These are important distresses but are
considered secondary, because there are no mechanistic-
empirical models that can be used to relate performance to mix-
ture design values. Hopefully, the LTPP program of SHRP will
collect sufficient performance and materials data to develop such
models. In the interim, however, the following are offered as
guidelines and criteria to be used for mixture design.

3.5.5.1 Raveling

This distress is related to a combination of asphalt consistency
and film thickness, aggregate characteristics, air void content of
the mix, and adhesion between the asphalt and aggregate. As-
phalt contents should be selected to reduce air voids (but not
to achieve compaction) and increase film thickness to prevent
extensive raveling.

Reduced air voids will also reduce the aging rate of the asphalt
binder. Although there are no known regression models relating
these parameters to raveling, tensile strain at fajlure is a measure
of the aggregate-asphalt bonding characteristics. Obviously, the
greater the bond, the less probability for raveling. The following
summarizes the bonding loss and other values for the three
mixtures used in the environmental aging study.

UNAGED
TENSILE
STRAIN AT
FAILURE (41°F) BONDING. THICKNESS,  AIR

MIXTURE MiLs/IN. Loss, % MICRONS VoOIDS, %
MI-0021 6.40 45 9.1 3.7
TX-0021 1.21 30 5.0 8.8
VA-0621 2.38 34 11.2 5.9
California 1.89 39 43 6.4
Georgia 2.98 60 6.5 6.0
New York 4.62 12 10.7 5.6
Wisconsin 4.65 47 4.5 6.5

The bonding loss listed above was calculated by the following
equation.

Bonding loss = [1 — €,,€,,] X 100 (3-38)
where €,, is the tensile strain at failure after moisture condition-
ing or age-hardening, and ¢, is the tensile strain at failure before
any conditioning.

A negative number from Eq. 3-38 means that the bond in-

creased or there was an improvement in the property. As shown,
the TX-0021 had the greatest bonding loss, thinner film thick-
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ness, and higher air voids. Experience with these type mixtures
in Central Texas indicate they are susceptible to raveling when
not properly compacted. Unfortunately, performance data are
unavailable to document the threshold values to be used for
mixture design. Until such data become available, tensile strain
at failure should be measured before and after the environmental
aging simulation, and used in the optimization of mixture design.
As a general guide, tensile strains at failure should exceed 2
mils/in. at 41°F.

3.5.5.2 Reduced Skid Resistance

This distress is related to a combination of voids filled with
asphalt, VMA, and aggregate properties. Regression models“are
available from the literature, but only for specific aggregates.
Most models relate skid number to number of equivalent truck
axles. An example of these equations is given as follows:

SN = C, (N;/105)Cs (3-39)

where SN is skid number measured at 45 mph, N is number of
truck axles applied to pavement surface, and C, and Cs are
regression coefficients.

Von Quintus et al. (93) conducted an analyses of these models
and found that the coefficients of the relationships for different
aggregates were related to L.A. abrasion and aggregate hardness.
The relationships for the coefficients are:

C, = 0.52 (LA) + 27.13 (3-40)
Cs = (—0.00034 + 0.00076H) C, — 0.38 + 0.014H (3-41)

where LA is Los Angeles abrasion value, %; and H is Mohs
hardness.

These correlations, however, were based on a very limited data
base and asphalt mixture properties were unavailable. Thus, no
comprehensive model exists that can be used to directly optimize
mixture design values.

It is interesting to note that for the AAMAS mixtures, when
the air voids were reduced below 2 percent to develop the com-
pactive effort curves, flushing at the surface of the specimen was

SUMMARY OF MIXTURE DESIGN TESTS FOR SELECTING A
DESIGN ASPHALT CONTENT AND AN ALLOWABLE TOLERANCE

CALIFORNIA MIXTURE

Effective Asphalt Content by Total Volume, V,,, %

ENGINEERING PROPERTIES 7.0

8.0 9.0 10.0 11.0 12.0

Total Resilient Modulus/
Layer Coefficients

Tensile Strain at Failure and
Total Resilient Modulus

Gyratory Shear Stress and
Shear Index

Creep Modulus

COMPACTION PROPERTIES

Aggregate/Mix Unit Weight

Final Air voids, %

VMA (Porosity), %

VFA (Degree of satpra:ion) , 3

Allowable Range of the Design
Asphalt Content

—
'._

784849

SUMMARY OF MIXTURE DESIGN TESTS FOR SELECTING A
DESIGN ASPHALT CONTENT AND AN ALLOWABLE TOLERANCE

GEORGIA MIXTURE

Effective Asphalt Content by Total Volume, V,,, %

ENGINEERING PROPERTIES 6.0

7.0 8.0 9.0 10.0 11.0

Total Resilient Modulus/
Layer Coefficients

Tensile Strain at Failure and
Total Resilient Modulus

Gyratory Shear Stress and
Shear Index

Creep Modulus

COMPACTION PROPERTIES

— =

Aggregate/Mix Unit Weight

Pipal Air voids, %

VMA (Porosity), §

e——

VFA (Degree of Saturation), %

Allowable Range of the Design
Asphalt Content

=

et 728480 %

Figure 137. Worksheet for summarizing the test results and selecting allowable
asphalt contents for the California and Georgia mixtures.



observed. Thus, aggregates with good skid resistance properties
and low L.A. abrasion values should be used at the surface and
the ultimate air void content of the mixture, as defined from the
traffic densification study, should be greater than 2 percent.

3.5.6 Mixture Evaluation Summary

All mixtures were evaluated using the AAMAS methodology
and criteria previously discussed. Table 55 presents an overall
summary of this evaluation for high-volume roadways. As listed,
some of the mixtures are expected to develop more than one type
of pavement distress.

Four of the mixes (California, Georgia, New York, and Wis-
consin) were used to evaluate the sensitivity of the engineering
and material properties with changes in asphalt content. These
data were provided in Chapter 2, sections 2.6.6 and 2.6.7. Using

175

these results, two of the mixtures (California and Georgia) can
be improved simply by changing the asphalt content. The design
asphalt content and allowable range of values is shown in graphi-
cal form on Figure 137.

The other two mixtures (New York and Wisconsin) require.
major design changes in gradation and the addition of admix-
tures in order for these mixtures to provide satisfactory perform-
ance on high-volume roadways. The allowable asphalt contents
for each property is shown on Figure 138. As can be seen, for
some of the properties, none of the asphalt contents meet the
established criteria.

Obviously, the accuracy and validation of these concepts and
methodology can only be verified with time. However, based on
the previous performance histories of these mixtures, the analy-
ses and designs indicate that those mixtures, which are known
to be the inferior mixtures (accelerated deterioration), are sus-
ceptible to selected distress types.

SUMMARY OF MIXTURE DESIGN TESTS FOR SELECTING A
DESIGN ASPHALT CONTENT AND AN ALLOWABLE TOLERANCE

NEW YORK - RASON MIXTURE

Effective Asphalt Content by Total Volume, V,,, %

ENGINEERING PROPERTIES 7.0

8.0 9.0 10.0 11.0 12.0

Total Resilient Modulus/

Layer Coefficients Igsufficient Su.lffness

Tensile Strain at Failure and
Total Resilient Modulus

Gyratory Shear 'Stress and
Shear Index

' |creep Modulus

Efcessive Deformations

co! {s) ES

Aggregate/Mix Unit Weight

Final Air voids, % Air Voidq to Low

VMA (Porosity), % VMA too Low

VFA (Degree of Saturation), %

Allowable Range of the Design
Asphalt Content

SUMMARY OF MIXTURE DESIGN TESTS FOR SELECTING A
DESIGN ASPHALT CONTENT AND AN ALLOWABLE TOLERANCE

WISCONSIN MIXTURE

Effective Asphalt Content by Total Volume, V,,, %

ENGINEERING PROPERTIES 6.0

7.0 8.0 9.0 10.0 11.0

Total Resilient Modulus/
Layer Coefficients s

Tensile Strain at Failure and
Total Resilient Modulus

Gyratory Shear Stress and
Shear Index

Creep Modulus

FExces..ive Deformatidns

COMPACTION PROPERTIES

Aggregate/Mix Unit Weight

Final Air voids, %

VMA (Porosity), %

VMA tgo Low

VFA (Degree of Saturation), %

Allowable Range of the Design
Asphalt Content

Figure 138. Worksheet for summarizing the test results and selecting allowable
asphalt contents for the New York and Wisconsin mixtures.
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Table 55. Summary of mixture evaluations on the surface of high volume roadways for each distress using the AAMAS concept.

TYPE OF DISTRESS
MIXTURE FATIGUE MOISTURE LOW TEMP. BLEEDING
DESIGNATION CRACKING (1) RUTTING DAMAGE (2) CRACKING RAVELING FLUSHING (3)
COLORADO Reduced Highly Highly Borderline Susceptible
Fatigue Life|Susceptible Susceptible
to Lateral Even with v
Distortion Anti-
Stripping
Agent Used.
MICHIGAN Slightly Slightly Highly
Susceptible Susceptible Susceptible
v to to Fracture v v Accelerated
Densification Reduced
Skid
Resistance
TEXAS Susceptible |Highly Inadequate Highly
to Premature|Susceptible for a Cold Susceptible
Cracking to v Environment v
Densification
VIRGINIA Borderline
v v v v v
-
WYOMING Highly Susceptible Slightly Inadequate Susceptible
Susceptible |to Lateral Susceptible for a Cold v
to Premature|Distortion to Fracture Environment
Cracking
CALIFORNIA Reduced Highly Inadequate Highly
Fatigue Susceptible in a Cold Susceptible
Life v to Fracture [Environment v
and
Distortion
Additives
GEORGIA Susceptible Inadequate Highly
to in a Cold Susceptible
v Permanent v Environment v
Deformations
NEW YORK- Highly Highly
RASON Susceptible Susceptible -
v to Lateral v v vy Accelerated
Flow and Reduced Skid
Distortion Resistance
WISCONSIN Susceptible |[Highly Highly Borderline
to Premature|Susceptible Susceptible
Cracking to Lateral to Lateral v v
Flow and Distortion
Distortion

is based only on the Refusal Air Void Content.

The AASHTO Fatigue Curve (NCHRP 1-10B) is used as the Reference Value.
Moisture Damage is based on the Modified Lottman Procedure.
The susceptibility to Bleeding Flushing (i.e. Reduced Skid Resistance)
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CHAPTER 4
CONCLUSIONS AND RECOMMENDATIONS

4.1 CONCLUSIONS

4.1.1 Mixture Evaluation Process

The laboratory evaluation portion of AAMAS has been di-
vided into three phases. The first phase is simply the initial
mixture design phase, which is conducted with current mixture
design procedures, such as Marshall and Hveem. However, a
mixture design procedure based on the AAMAS concept has
also been presented. An agency can either use the AAMAS
approach or its current procedure to determine the design as-
phalt content. The AAMAS approach also includes a method to
estimate the allowable range of design asphalt contents based on
the test results of the mixture’s resistance to fatigue cracking,
plastic deformations, and shear strains. This suggested mixture
design procedure based on performance-related criteria is pre-
sented in Part I, the AAMAS Procedural Manual. Suggested
guidelines for gradation, asphalt contents, and VMA-VFA val-
ues have also been provided to increase the mixture’s strength
and durability.

Once an initial mixture design has been completed, these mate-
rials are mixed, compacted, and conditioned in the second phase
of the process. This phase provides an age-hardening simulation
(both for production and the environment), moisture condition-
ing and evaluation, and specimen preparation for testing. This
second phase is identified as the mixture compaction/condition-
ing phase.

Once the materials have been mixed, compacted, and condi-
tioned, the specimens are tested in the third phase to measure
mixture properties which can, in turn, be used to predict per-
formance. This third phase provides the data that can be inte-
grated into pavement design/analysis models to predict mixture
performance, or can be simply compared to acceptance/rejection
criteria. This third phz'_ase is identified as the mixture evaluation
phase.

4.1.2 AAMAS Overview

Pavement Distress. A review was first made to identify the
forms of pavement distress types that have a significant impact
on asphaltic concrete pavements. Pavement distress and per-
formance measures had been previously reviewed by numerous
other researchers under studies for both NCHRP and FHWA
projects. Those distresses selected for incorporation into AA-
MAS include rutting, fatigue cracking, low temperature crack-
ing, and moisture damage. Secondary consideration is given to
raveling or disintegration and loss of skid resistance.

Mixture Tests. Five tests are used as tools for mixture evalua-
tion in AAMAS. These tests are the static cylindrical (uncon-
fined compression) creep test, the gyratory shear strength test,
the diametral resilient modulus test, the indirect tensile strength
test, and the indirect tensile creep test. The AAMAS program,
reported herein, requires a combination of these laboratory tests
and conditioning procedures (summarized below) to evaluate the

behavior and performance characteristics of asphaltic concrete
mixtures.

All factors considered, tensile strain at failure, gyratory shear
strength, and creep are the three properties most useful in evalu-
ating and comparing different mixtures. Resilient modulus is
required because of its incorporation into the AASHTO Design
Guide and relationship to fatigue cracking. Thus, tensile strain
at failure, resilient modulus, creep and gyratory shear strength
are used to ensure that the mixture, as placed, will satisfy the
structural design requirements. The following summarizes the
specimen preparation, conditioning, and evaluation procedures
used.

Initial Mixture Design Optimization Guidelines. Correlations
were performed between the engineering properties and factors
normally considered during mixture design. From these analy-
ses, it was found that the product of VFA and aggregate diameter
was related to work, VFA was related to tensile strain at failure,
and VMA was related to indirect tensile strength. Program AS-
PHALT was found to be a good tool for selecting the “seed”
asphalt content in mixture design, and for theoretically de-
termining the asphalt content-air void relationship for mixture
design.

Plant Hardening Simulation. The TFOT at 285°F appeared to
do a reasonable job of matching the asphalt cement characteris-
tics (penetration and viscosity value) after mix production. Thus,
the TFOT is used to predict the physical characteristic of the
asphalt after mix production. The virgin asphalt cement is then
mixed with the aggregate blend and placed in a forced draft oven
set at 275°F (or the expected mix discharge temperature from
the plant) for 3 hours, mixing the material once after 1.5 hours.

The time the mixture is in the forced draft oven was deter-
mined from extraction tests on samples heated over different
times (0, 2, 4, 8, 16, and 24 hours). The average time selected
was that which hardened the asphalt binder to the penetration
and viscosity values measured from the TFOT or from asphalt
extracted from the mix after production. From the results re-
ported herein, 3 hours was the practical time that simulated the
asphalt properties after production.

Field Compaction Simulation. Compaction was one of the
critical factors studied in preparing samples for laboratory evalu-
ation. From an evaluation and comparison of field cores and
laboratory compacted specimens, the gyratory shear compactor
was found to more consistently match the engineering properties
measured on field cores. The ranking of the compaction devices
that were found to more consistently simulate the engineering
properties of field cores are (1) gyratory shear compactor, (2)
California kneading compactor and mobile steel wheel simulator,
(3) Arizona vibratory/kneading compactor, and (4) Marshall
hammer.

However, it was also found that any compaction device could
be used to establish the relationships between VMA and VFA
and air voids to ensure that the mix will meet the criteria dis-
cussed above.
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Moisture Conditioning. Another critical item concerned mois-
ture conditioning or moisture damage evaluation. Two proce-
dures were used to evaluate the moisture susceptibility of as-
phaltic concrete mixtures. These were the modified Lottman
procedure or AASHTO T-283 and the procedure documented in
NCHRP Report 246. The procedure recommended in NCHRP
Report 246 consistently showed a more severe conditioning and
testing technique. However, the modified Lottman procedures
were used in AAMAS because of the concern that the procedure
in NCHRP Report 246 is too severe and is unduly damaging the
specimens prior to testing. In addition, the test temperature of
the modified Lottman procedure is 77°F, which is consistent with
the other tests used in AAMAS. Thus, the modified Lottman
has been recommended as the procedure to define the moisture
susceptibility of each mixture under evaluation.

Environmental Aging Simulation. A long-term age-hardening
simulation procedure was also suggested. However, the change
in physical properties of the asphalt and mixture was only avail-
able for the AAMAS test sections over a short time period. The
pavements were cored twice, immediately after placement and 2
years after placement. The recommended procedure is to place
compacted specimens in a forced draft oven set at 140°F for 2
days. The specimens are then rotated, the oven’s temperature is
increased to 225°F, and the specimens are left in the oven for an
additional 5 days. These heat-conditioned specimens are then
used for measuring the resilient modulus, indirect tensile
strength, strain at failure, and indirect tensile creep at 41°F.

Minimum Sample Size. Preliminary analysis of these test data
indicate that nominal aggregate size will have an effect on certain
properties of the mix. Resilient modulus, indirect tensile
strength, and tensile strain at failure data indicate that an indirect
tensile specimen diameter-to-nominal aggregate diameter ratio
should be greater than 4, as a minimum. The preferred and
absolute indirect tensile specimen diameter-to-thickness ratio
should be greater than 0.50 and 0.375, respectively.

Resilient modulus testing of cylindrical specimens with differ-
ent heights and end conditions suggest that the uniaxial compres-
sive specimen height-to-diameter ratio should be greater than
1.0 when a friction reducing material is placed on both loading
platens. A ratio of 2 is suggested if a friction reducing material
is not used.

Performance Evaluations. Guidelines are also provided for
selecting an aggregate blend and an initial asphalt content for
optimizing the mixture’s performance based on performance/
distress predictions of fatigue cracking, rutting, and thermal
cracking. Using the distress functions suggested for use in
NCHRP Project 1-26, with the exception of fatigue cracking,
criteria for mixture optimization and adequacy have been pre-
sented for a range of traffic and environmental conditions. For
fatigue, resilient modulus and failure strains are used to estimate
the constants of the fatigue equation, rather than indirect tensile
strength as recommended in the NCHRP 1-26 report.

In conclusion, the development of AAMAS, as initiated
through NCHRP Project 9-6(1), is a very important element of
a multi-million dollar research effort involving SHRP, FHWA,
and the asphalt pavement industry that will ultimately result in
improved performance of asphaltic concrete pavements. Prema-
ture and costly pavement failures can be drastically reduced
by (1) structural designs that more realistically consider traffic
loading, climate, and material conditions; (2) selection of asphalt,
aggregates, and additives or modifiers consistent with the struc-

tural design; (3) production of new or modified asphalt binders
that provide the desired characteristics for minimizing distress;
and (4) development and use of performance-related specifica-
tions for control of construction.

4.1.3 Summary of Test Results

The following summarizes the results and conclusions derived
during the study:

o Inaccurate test results—No procedure can reasonably pre-
dict the performance of mixtures using incorrect values or values
that have been determined for different materials under different
conditions.

o Low VMA—Smaller differences in air voids by different
compaction methods resulted between the Marshall and Hveem
mix designs. However, large VMA differences in air voids oc-
curred for the more harsh mixtures.

« Those mixtures with aggregate blends that did not meet the
ASTM D 3515 grading specifications also had the lowest gyra-
tory shear strength and poorer creep characteristics.

o Small differences in air void gradients were found through
cores recovered from mixtures compacted by using different
breakdown rollers in the field test sections. Similarly, small dif-
ferences in air void gradients were found through specimens
compacted in the laboratory using different compaction devices.
The greatest density (lower air void content) was measured at
the center of the sample for both field and laboratory compacted
mixtures.

o Compaction in the laboratory is much more uniform than
in the field, as expected.

« Equivalency factors between different laboratory devices
are not constant; i.e., they are mixture dependent.

o The compaction device AV/KC was able to densify parti-
cles into a more dense arrangement than the other devices used
in this study.

« All compaction devices, including the field rollers, provided
a similar relative measure or ranking of mixture compactibility.

o Prior to performing the resilient modulus and indirect ten-
sile strength test, the samples should be properly dried. Any
moisture, from conditioning or from measuring the saturated
surface dry specific gravity of the specimens, will have an effect
on the resilient modulus and strength test results.

o The deformation ratios between the horizontal and vertical
movements using indirect tensile tests are not linear. These do
vary with time of loading, and thus Poisson’s ratio will not be
constant. Poisson’s ratios greater than 0.50 can be expected after
internal cracks in the specimens begin to develop because the
volume of the specimen is increasing. The use of elastic layer
theory in this area of testing is inappropriate.

o The variation in test results of the indirect tensile specimens
and cores that were less than 1.5 in. in height was found to be
much greater than that for specimens with thicknesses greater
than 1.5 in. Thus, all indirect tensile test specimens should be at
least 2.0 in. in height or greater.

o The use of different breakdown rollers did not result in a
significant difference in the fundamental engineering properties
of the mixture.

« Indirect tensile strain at failure decreased with a decrease
in temperature and was found to be related to VFA at a test



temperature of 41°F. This relationship was not found at 77°F
and 104°F.

o Aggregate size did have an effect on the tensile strength
which was more predominant at the higher temperatures.

« Indirect tensile strain at failure was not dependent on type
of loading.

o The relationship between indirect tensile strength and resil-
ient modulus was not affected by air voids or by compaction
technique. Most of the mixtures were found to have a similar
relationship between indirect tensile resilient modulus and indi-
rect tensile strength.

e The indirect tensile strain significantly decreased after
aging, both in the field cores and laboratory heat-conditioned
specimens.

¢ Reheating the mix did affect the compactive effort required
to achieve a certain level of air voids. After the loose mix has
been reheated, it is suggested that the mix not be reheated or
reused in compactive effort studies.

¢ Loading rate has a large effect on the indirect tensile
strength, but only a small effect on tensile strain at failure.

o Preferred orientation of aggregate particles was found in
both field and laboratory compacted samples. Particle orienta-
tion of the mixes that were compacted using different field com-
paction trains did not vary between the use of different break-
down rollers. In addition, there were small differences in particle
orientation as compacted by different laboratory devices, and on
the average, the orientation of particles was slightly greater in
the laboratory than in the field.

4.2 IMPLEMENTATION

It should be recognized and understood that implementing
the AAMAS concepts and methodology will not be a quick
process, because most of these tests and evaluation procedures
will be unfamiliar to some state highway agency personnel.
Therefore, it is important that each agency take a systematic
approach in reviewing the AAMAS concept when considering
its implementation. There should be at least four steps in the
implementation process. These are: (1) familiarization with AA-
MAS, (2) training, (3) education, and (4) field pilot studies.

The familiarization with AAMAS is simply an understanding
of the concepts and methodology employed by AAMAS. This
is a relatively short term part of the implementation process.

The second step of the implementation process is training and
is the more detailed in terms of how to run the tests and interpret
the test results. Training is important to ensure that the tests are
being performed in accordance with the procedure, and to ensure
that the output of the tests are being properly interpreted.

The third part of the implementation is education. This is
probably the most important step towards full-scale implementa-
tion of AAMAS. Basically, the education part is to evaluate, on
a trial basis, mixes for high volume roadways. The objective
is to allow the user to become confident in using AAMAS,
understanding the properties measured and sensitivity of those
properties to pavement performance, and establishing typical
properties for their local materials. This part of the implementa-
tion process is also the more time intensive, because it involves
most of the learning curve.

The final step of the implementation is conducting mix designs
and analyzing those mixes for actual projects. This step is the
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one that leads to defining the time requirements that are required
to perform the tests on a routine basis and to establish day-to-day
operational procedures in a working laboratory.

4.3 RECOMMENDATIONS FOR CONTINUED
RESEARCH

Project Compatibility. This section of the report briefly pres-
ents and discusses those areas which need additional study. The
most important concerns the compatibility with other research
projects. One of the requirements for the 9-6(1) study was that
the final product be compatible with NCHRP Project 1-26.

A AMAS currently uses some simplistic distress functions and
elastic layer theory to predict pavement performance with time
and traffic. These predictions are based on properties measured

'in the laboratory during mixture design. It was mandatory that

AAMAS use the same or similar distress functions and mathe-
matical models from the NCHRP 1-26 study to maintain consist-
ency between the two projects. Therefore, the initial results from
the 1-26 project were incorporated in the AAMAS distress rou-
tines to ensure compatibility between these projects. A slightly
different fatigue equation was used for mixture evaluation to be
more adaptable to mixture design. Thus, any future work under
the 1-26 project should be adaptable to AAMAS.

It should also be understood that the SHRP LTPP and SHRP
asphalt research programs will provide additional data and may
suggest modifications to the procedures presented herein regard-
ing mixture evaluation. In particular, the SHRP A-006 project
is to implement an AAMAS. It is anticipated that some of the
results from A-006 will be different from the 9-6(1) study, be-
cause the A-006 project is not required to be correlated to the
1-26 study. However, it is strongly suggested and encouraged
that the results from the SHRP A-006 project be compatible
with the NCHRP 1-26 work or at least to a structural design
procedure accepted by AASHTO. Compatibility between proj-
ects for full-scale implementation from design to construction
(and laboratory to field) should be a top priority.

Time-Related Factors. Of all the areas studied in NCHRP -
Project 9-6(1), the two areas that may receive some controversy
are the traffic densification and long-term age-hardening simula-
tions. Cores were recovered from the five AAMAS test sections -

" immediately after construction and 2 years after construction. .

The variation of the physical properties of these mixtures with
time and traffic are based on this limited time frame. Historical
data were used to select and define specific details of the simula- -
tions. Additionally, five projects are insufficient to establish de-
tailed aging and traffic simulation procedures considering the
range of materials used across the U.S. Thus, it is suggested that
additional projects be added or a coordinated effort between the -
states be used to evaluate a more diverse range of mixtures.

Uncommon Tests. Gyratory shear strength or the use of the
Corps of Engineers GTM was found to provide a reasonable
evaluation of asphaltic concrete mixtures that were known to be
““sensitive” mixtures or mixtures that are susceptible to a reduc-
tion in shear strength with traffic. However, this parameter is
not used in any mechanistic model nor is it commonly used to
evaluate mixtures. Thus, additional mixtures should be evaluated
and designed with the GTM and then monitored to gain the
critical performance data to validate its results.

Tensile strain at failure is another key parameter in evaluating
asphaltic concrete mixtures. AASHTO T283 requires that only
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the indirect tensile strength and resilient modulus be measured
on moisture-conditioned samples. It is suggested that failure
strains may provide more meaningful data, because these values
can be an estimate of the mixture’s adhesion (asphalt and aggre-
gate). Thus, it is suggested that tensile strains at failure be used
to calculate damage ratios for moisture damage studies and per-
formance data be accumulated on mixtures with different levels
of tensile strains at failure.

Initially, the GPS sites of the SHRP LTPP project potentially

could have provided this critical performance and mixture test
data on many sites across the U.S. (diverse materials and envi-
ronments). However, tensile strains at failure are not being re-
corded, so these validation data will need to come from another
source. It is suggested that mixtures placed on roadways where
the as-constructed condition and mixture test data are available
be monitored and evaluated over a period of time to provide the
validation data.

APPENDIX A THRougH APPENDIX R

UNPUBLISHED MATERIAL

Several appendices contained in the report as submitted by
the research agency are not published herein. They are included
under separate binding in the agency-prepared report entitled,
“Asphalt-Aggregate Mixture Analysis System (AAMAS)—Ap-
pendices.” A limited number of copies of that report are available
on loan or for purchase ($25.00) from the NCHRP, Transporta-
tion Research Board, 2101 Constitution Avenue, N.W., Wash-
ington, D.C. 20418.

The titles of the available appendices are listed, as follows, for
the convenience of those interested in the subject area:

Appendix A—Core Thickness and Sample Identification

Appendix B—AAMAS Procedural Manual/Guide for Field
Studies

Appendix C—Aggregate Grading Analyses

Appendix D—Sample Identification, Specific Gravities and
Air Voids

Appendix E—Asphalt Concrete Mix Designs

Appendix F—Preparation of Bituminous Mixture Beam Spec-
imens by Means of the Mobile Steel Wheel
Simulator

Appendix G—Test Method for Indirect Tensile Strength Test-
ing of Bituminous Mixtures

Appendix H—Indirect Tensile Strength and Resilient Modu-
lus Test Data

Appendix I—Unconfined Compressive Strength and Resilient
Modulus Test Data

Appendix J—Deformation and Poisson’s Ratio Test Data

Appendix K—Test Method for Creep Compliance Testing of
Bituminous Mixtures

Appendix L—Static Indirect Tensile Creep Compliance/Re-
covery Test Data

Appendix M—Repeated Load Permanent Deformation Test
Data

Appendix N—One-Dimensional Compressive Creep Compli-
ance/Recovery Test Data

Appendix O—Results of Moisture Damage Evaluation Pro-
grams “ACMODAS?2” and “ACMODAS3”

Appendix P—Particle Orientation Test Data

Appendix Q—Work Calculations for the Indirect Tensile
Strength Test Data

Appendix R—Statistical Analysis of Data
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NOTATIONS AND SYMBOLS

Ao, Ay, Ay, Ay, Ay, A, Ag—Constants used for calculating
selected properties from the indirect tensile test.

A — Intercept of the straight line slope (arithmetic strain value)
of the relationship between the logarithm of number of load
applications versus logarithm of the accumulated perma-
nent compressive strain.

A,— Cross-sectional area of a specimen measured at the end of
the uniaxial unconfined compression test.

A;— Cross-sectional area of a uniaxial specimen prior to testing.

AV/KC— Arizona vibratory-kneading compactor.

a— Intercept of the straight line slope in the steady state region
of the unconfined compressive creep curve (arithmetic
strain value), i.e., time equals 1 second (log of loading time
versus log of the compressive creep strain).

a,— AASHTO structural layer coefficient for a dense-graded
asphaltic concrete.

B,, B,, B;, B,— Constants used for calculating selected proper-
ties from the indirect tensile test.

b— Intercept of the straight line slope in the steady state region
of the indirect tensile creep curve (arithmetic strain value),
i.e,, time equals 1 second (log of loading time versus log of
the indirect tensile creep strain).

C,, C,—Regression coefficients relating air voids to compactive
effort.

C.— Compression index.

C,— Fatigue cracking or fracture coefficient defining the mixes
sensitivity to cracking under repeated loadings, as related
to the mixture’s stiffness.

Cr—Fatigue coefficient or transformation factor to field condi-
tions, and is dependent on the level or amount of fatigue
cracks.

c— Compactive effort applied to a paving mixture.

CE/GS —Corps of Engineers gyratory shear compactor.

CK/CC—California kneading compactor.

COV — Coefficient of variation, %.

D(t) —Creep compliance of a mixture measured at time 7.

D, — Diameter of the test specimen.

DR — Deformation ratio from the indirect tensile test.

E—Modulus of elasticity.

E ,— AASHTO elastic modulus of asphaltic concrete.

E_—Creep modulus, as determined from indirect tensile (E,)
or uniaxial compression (E_,) loading techniques.

E+— Horizontal tangent modulus from the indirect tensile test.

Ep—Resilient modulus

E ,;— Instantaneous resilient modulus, as determined from indi-
rect tensile or uniaxial compression loading techniques.

Ep,—Reference resilient modulus (for the asphaltic concrete
mixture placed at the AASHTO Road Test Eg, = 500,000
psi).

Ep,— Total resilient modulus, as determined from indirect ten-
sile or uniaxial compression loading techniques.

E—The equivalent annual resilient modulus based on sea-
sonal fatigue damage.

e— Actual void ratio of a compacted specimen.

€nax— Yoid ratio of a mixture in its loosest state.

€min— Void ratio of a mixture in its densest state.

FF— Fatigue factors.

FSR —Failure strain ratio.

GTM — Gyratory testing machine.

G,— The specific gravity of the asphalt cement.

G,,.,— Bulk specific gravity of the compacted mixture, as mea-
sured in accordance with AASHTO T 166 or T 275, which-
ever applies.

Gmg—Maximum specific gravity of the paving mixtpre, as mea-
sured in accordance with AASHTO T 209.

G,— The bulk specific gravity of the combined aggregate blend.

G,,— The effective specific gravity of the aggregate blend and is

« the ratio of the weight in air of a unit volume of a permeable
material (including only three voids impermeable to as-
phalt) at a stated temperature to the weight in air of equal
density of an equal volume of gas-free distilled water at a
stated temperature.

Hp—Resilient horizontal deformations measured after load re-
lease.

H ,— Instantaneous resilient deformations measured along the
horizontal axis using indirect tensile testing techniques.

Hp,—Total resilient deformations measured along the hori-
zontal axis using indirect tensile testing techniques.

h—Height of a specimen or thickness of an asphaltic concrete
layer or lift.

I— Intercept of the straight line slope (arithmetic strain value)
with the accumulated permanent strain axis, i.e., value at
which the number of load applications scale equals 1.

I,—Density index or relative density of a compacted paving
mixture.

JMF —Job mix formula.

K, K, —Fatigue cracking regression constants developed from
correlations between field and laboratory test data.

K,—Fatigue cracking or fracture exponent defining the mixes
sensitivity to cracking under repeated loadings, as related
to the applied tensile strains.

LVDT — Linear variable differential transducer which is used
for measuring deformations.

£ —Gauge length.

MAXDIF —Maximum difference in air voids as measured
through the sample (top to bottom) by cutting the core or
specimen into thin slices.

MM/HC — Mechanical Marshall hammer compactor.

MP—Material property of an asphaltic concrete mixture.

MRR — Resilient modulus ratio.

MSE — Mean squared errors.

MS/WC — Mobile steel wheel compactor.

MTG—Maximum theoretical specific gravity of a paving
mixture.

MT/GS — Motorized Texas gyratory shear compactor.

m — Straight line slope of the relationship between the logarithm
of the number of load applications versus logarithm of the
accumulated permanent compressive strain.



m_— Straight line slope in the steady state region of the uncon-
fined compressive creep curve (logarithm of loading time
versus logarithm of the compressive creep strain).

N —Number of repeated load applications.

N,—Number of discrete lifts of an asphaltic concrete layer.

N,— Number of data points or cells.

n—Straight line slope of the relationship between the logarithm
of the initial tensile strain and the logarithm of the number
of load applications to fatigue cracking.

n_—Slope of the indirect tensile creep curve (log of loading time
versus log of the indirect tensile creep strain).

n,— Straight line slope of the relationship between the logarithm
of the indirect tensile strength and the logarithm of the
indirect tensile resilient or creep modulus.

P— Axial repeated or static load applied to a specimen.

P,—The percentage of asphalt by total weight of the paving
mixture, %.

»a— The asphalt that is absorbed by the aggregate as a percent-
age of the weight of aggregate or solids, %.
P,—Maximum or total load sustained by a specimen to failure.
P,—The aggregate or solids percentage by total weight of the
paving mixture, %.

RR—Rutting rate in an asphaltic concrete layer or pavement,
increase or change in rut depth per load application.

S,,— Unconfined compressive strength.

S,— Indirect tensile strength.

T— Temperature

TSR — Tensile strength ratio

t—Time

t,— Time duration from initial specimen response of the load
application to the peak of deformation using a haversine
wave form.

—Time duration of the applied load.

t,,—Time duration of one loading cycle, including the rest
period.

t,— Relaxation time

VFA — Percentage of voids filled with asphalt, %.

VMA —Total voids in the mineral aggregate, %.

V,— The percentage of total volume of the paving mixture that
are air voids, %.

V,,— Air void ratio.

— The percentage of total bulk volume of the paving mixture
that is asphalt, %.

V,,—The asphalt that is absorbed by the aggregate and ex-
pressed as a percentage of the total volume of the paving
mixture, %.

V,.— The effective asphalt content by total volume or the total
asphalt content minus the asphalt content absorbed by the
aggregates by total volume, %.

V,— Volume of solids.

V,—Air voids of a loose mixture (without any compactive
effort).

¥, — The ultimate or refusal air void content of a paving mixture
for a specific compaction device.

¥,— Volume of voids.
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Vr—Resilient vertical deformations measured after load re-
lease.

V ry— Instantaneous resilient deformation measured along the
vertical axis of a uniaxial compression or indirect tensile
specimen.

Vr.— Total resilient deformation measured along the vertical
axis of a uniaxial compression or indirect tensile specimen.

X —Recovery efficiency from an applied load.

a—Permanent deformation characteristic.

a ,— Thermal coefficient of contraction of an asphaltic concrete
mixture.

A_.— Uniaxial vertical deformation measured during a static
creep test.

A, —Horizontal deformation at failure or where yielding is as-
sumed to occur and is measured during the indirect tensile
strength test.

A, — Horizontal deformation.

A,— Vertical deformation.

A,—The resilient or recovered deformation measured after a
static creep test. This deformation is the same as the re-
peated load total resilient deformation, ¥V, except it is
measured over a much longer time period.

AE—Change in mixture stiffness.

Ah —Reduction in layer thickness from repeated wheel or axle
loads. '
AMP-—Difference between the engineering properties measured

on field cores and laboratory compacted specimens.

AT—Change in temperature.

€.— Compressive strain.

€,,— Creep strain under a tensile or compressive load.

€,— Accumulated permanent tensile (horizontal) strain from a
repeated load indirect tensile test.

€, — Tensile (or horizontal) strain at failure or yielding from the
indirect tensile strength test.

€;,,— The instantaneous resilient (recovered) strain at load re-
lease.

€;,— The instantaneous strain measured after load application.

€,—Accumulated permanent compressive strain from a re-
peated load compression test.

€,,— Compressive (or vertical) strain at failure from the uncon-
fined compressive strength test.

€ — The relaxation or recovered strain after load release from
a static creep test. This strain is the same as the repeated
load total resilient strain, €,,, except that it is measured over
a much longer time period.

€,— Resilient or recovered strain (total, €,,, or instantaneous, ¢,
whichever applies) from the repeated load test.

€,— Tensile strain.

oy, 0,, 03—The first, second and third principal stresses,
respectively.

o .— Compressive stress.

o,— Tensile stress.

7 ,.c— Octahedral shear stress.

p—Permanent deformation characteristic.

vr—Resilient Poisson’s ratio.




THE TRANSPORTATION RESEARCH BOARD is a unit of the National Research
Council, which serves the National Academy of Sciences and the National Academy of Engi-
neering. It evolved in 1974 from the Highway Research Board which was established in 1920.
The TRB incorporates all former HRB activities and also performs additional functions under
a broader scope involving all modes of transportation and the interactions of transportation with”
society. The Board’s purpose is to stimulate research concerning the nature and performance of
transportation systems, to disseminate information that the research produces, and to encourage
the application of appropriate research findings. The Board’s program is carried out by more
than 270 committees, task forces, and panels composed of more than 3,300 administrators,
engineers, social scientists, attorneys, educators, and others concerned with transportation; they
serve without compensation. The program is supported by state transportation and highway
departments, the modal administrations of the U.S. Department of Transportation, the Associa-
tion of American Railroads, the National Highway Traffic Safety Administration, and other
organizations and individuals interested in the development of transportation.

The National Academy of Sciences is a private, nonprofit, self-perpetuating society of distin-
guished scholars engaged in scientific and engineering reSearch, dedicated to the furtherance of
science and technology and to their use for the general welfare. Upon the authority of the charter
granted to it by the Congress in 1863, the Academy has a mandate that requires it to advise the
federal government on scientific and technical matters. Dr. Frank Press is president of the
National Academy of Sciences.

The National Academy of Engineering was established in 1964, under the charter of the
National Academy of Sciences, as a parallel organization of outstanding engineers. It is autono-
mous in its administration and in the selection of its members, sharing with the National
Academy of Sciences the responsibility for advising the federal government. The National
Academy of Engineering also sponsors engineering programs aimed at meeting national needs,
encourages education and research and recognizes the superior achievements of engineers. Dr.
Robert M. White is president of the National Academy of Engineering.

The Institute of Medicine was established in 1970 by the National Academy of Sciences to
secure the services of eminent members of appropriate professions in the examination of policy
matters pertaining to the health of the public. The Institute acts under the responsibility given
to the National Academy of Sciences by its congressional charter to be an adviser to the
federal government and, upon its own initiative, to identify issues of medical care, research, and
education. Dr. Samuel O. Thier is president of the Institute of Medicine.

The National Research Council was organized by the National Academy of Sciences in 1916
to associate the broad community of science and technology with the Academy’s purpose of
furthering knowledge and advising the federal government. Functioning in accordance with
general policies determined by the Academy, the Council has become the principal operating
agency of both the National Academy of Sciences and the National Academy of Engineering in
providing services to the government, the public, and the scientific and engineering communities.
The Council is administered jointly by both Academies and the Institute of Medicine. Dr. Frank
Press and Dr. Robert M. White are chairman and vice chairman, respectively, of the National
Research Council.
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