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Preface

When its twelve Founders gathered in New York City on November 5, 1852, and
agreed to incorporate American Society of Civil Engineers and Architects, one can
only wonder if they perhaps dreamed of the profound significance and long-lasting
impact it would have on the overall development of society. During the week of
November 3, 2002, in Washington D.C., we paused to honor our forebears in our
American Society of Civil Engineers (ASCE), which has grown to include more than
125,000 civil engineers. Then, we looked forward to building a better world.

The ASCE Bituminous Materials Committee (BMC) was established with the
purpose to advance the technology through the systematic collection, assessment, and
dissemination of information relating to research, development, processing,
applications, evaluations, and performance of bituminous materials under the
Materials Engineering Division in 1995. In the year 2000, the Construction Division
and Materials Engineering Division of ASCE were joined into a new partnership, and
it established the Construction Institute (CI) at the ASCE Annual Conference in
Seattle. Representing a major segment of members in ASCE, the Institute seeks to
bring state-of-the-art practices and policies to its members to enhance related
engineering practice, education, and research.

The BMC sponsored a special session for the Washington D.C. Conference to
celebrate the 150th Anniversary of the ASCE and to perform its new mission in
ASCE on November 3, 2002. The special technical session CC-1/2 “Evaluation of
Bituminous Materials Mix-Design & Superpave” invited three outstanding speakers
on past, present, and future of asphalt mix-design practices for construction industries.
Furthermore, the CI Executive Committee approved the plan of BMC for the
publication of proceedings. Since one of three authors could not provide a
manuscript, two BMC members volunteered providing manuscripts on state-of-the-art
modified asphalt binder and quality control and assurance. Their contributions and
efforts are sincerely appreciated. Also, Mr. Matthew Whelan, a graduate student at
University of Kentucky, offered valuable assistance with document format adjustment
issues.

Finally, we want to pay special thanks to all of BMC members, and ASCE CI and
Publication staffs for their many valuable suggestions and efforts in making this
Special Publication possible.

K. Wayne Lee Ph.D., P.E., Member ASCE, and Kamyar C. Mahboub, Ph.D., P.E.,
Fellow ASCE, September 2005
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State of the Art: Bituminous Materials Mix Design

Carl L. Monismith, P.E., Honorary Member, ASCE'

Prepared for Session on Evaluation of Bituminous Materials Mix-Design and
Superpave Civil Engineering Conference and Exposition
Washington, D.C.

November 3-7, 2002

INTRODUCTION

Design of an asphalt-aggregate mix consists of the following basic steps:
1. Select the fype and gradation of the mineral aggregate.

2. Select the type and grade of asphalt binder, with or without modification.

3. Select the amount of asphalt binder to satisfy the project-specific
requirements for mix properties.

These steps have been incorporated into a general design framework (Figure 1).
Proper selection of the mix components and their relative proportions, i.e., asphalt or
“binder” content,” requires a knowledge of the significant properties and performance
characteristics of asphalt paving mixes and how they are influenced by the mix
components. Table 1 contains a listing of the mix properties which should be
considered for specific design situations together with a summary of the factors
which influence these properties.

Mix design is the selection of the components to achieve a desirable balance
in these properties for the specific pavement application. Selection of the
components and their relative proportions is also influenced by the pavement section
in which the mix will be incorporated. For pavements subjected to traffic, Figure 1
emphasizes the fact that the designer must be cognizant of the fact that mix-design
and pavement-design are interrelated and, therefore, must be considered together.

It is the purpose of this paper to briefly summarize the state-of-the-art mix
design technology in the United States at this time (2002).

! Robert Horonjeff Professor of Civil Engineering Emeritus and Director, Pavement Research Center,
Institute of Transportation Studies, University of California, Berkeley

2 Asphalt or binder content is expressed either as a percent of the total weight of mix or of the
aggregate. It is important to state the basis for binder content, either aggregate or total weight of mix
basis since the actual amount of asphalt in the mix differs with the basis; it is higher for the same
asphalt content on a total weight of mix basis as compared to that for the aggregate basis.



Table 1. Properties of Asphalt-Aggregate Mixes

ASPHALT MIX DESIGN AND CONSTRUCTION

abrasive action of traffic

Examples of Mix
Variables Which have an
Property Definition Influence
Aggregate gradation
S'“i"(t.’ D - ole Af}%ha%t stifgfness
Stiffness Relz.itlonshlp b§tween stress and Degree of compaction
s'tram ata sp_emﬁc temperature and Water sensitivity
time of loading Asphalt content
Aggregate surface texture
Resistance to permanent deformation | Aggregate gradation
Stability (usually at high temperatures and Asphalt stiffness
long times of loading — conditions of | Asphalt content
low Spix) Degree of compaction
Water sensitivity
Resistance to weathering effects :sp halt contex:it .
Durability (both air and water) and to the ggregate gradation

Degree of compaction
Water sensitivity

Fatigue Resistance

Ability of mix to bend repeatedly
without fracture

Aggregate gradation
Asphalt content

Degree of compaction
Asphalt stiffness

Water sensitivity

NOTE: Selection of mix
components and or AC
thickness dependent on
structural pavement section
design.

Fracture Characteristics

Strength of mix under single tensile
stress application

Aggregate gradation
Aggregate type
Asphalt content
Degree of compaction
Asphalt stiffness
Water sensitivity

Aggregate texture and

compacted to specified density

Skid Resistance Ability of mix to provide adequate : L
. . b . resistance to polishing
(Surface friction coefficient of friction between tire .
it gy ag? . Aggregate gradation
characteristics) and pavement under “wet” conditions
Asphalt content
. . Aggregate gradation
Permeability Ability Of air, water, and wa.ter vapor Asphalt content
to move into and through mix .
Degree of compaction
Asphalt content
o . Asphalt stiffness at
Workability Ability of the mix to be placed and placement

Aggregate surface texture
Aggregate gradation
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Pavement Cross Section

Materials Selection

Initial Mix Design ‘Water Conditioning

A 4
Specimen Preparation
A 4
Accelerated Performance Tests
Fatigue Rutting Thermal Cracking

A 4

Unacceptable mt Analysis

Performance Prediction

Acceptable

Final Mix Design

Figure 1. Schematic of mix design and analysis framework.
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This paper includes a brief summary of mix design procedures developed
during the 1930’s and 40’s for highway and airfield pavements and which are still in
use today by highway and other government agencies. These are: (Highway
Rescarch Board 1949) the U.S. Army Corps of Engineers (USACE) and Federal
Aviation Administration (FAA) methodology for airfield pavements (which includes
the Marshall Stability Test) and modifications thereof for highway pavements
(Highway Research Board 1949, White 1985, Department of the Army, Kandhal and
Koehler 1985, Asphalt Institute 1994); and (2) the State of California mix design
procedure (referred to sometimes as the Hveem method) for highway pavements
(Stanton and Hveem 1934, Hveem, 1942, Vallerga and Lovering 1985, California
Department of Transportation). The latter procedure is used in modified form by a
number of the Western States in the U.S. (Kandhal and Koehler 1985). An example
is provided of the use of combination of the two procedures for airfield pavements
subjected to heavy aircraft loading (Vallerga et al. 2000, Monismith et al. 2000).
Also included is a brief summary of the Superpave’ volumetric design procedure
developed during the Strategic Highway Research Program (SHRP) (Cominsky et al.
1994), 1t is now in use by a number of states. Associated with this methodology is
the “simple performance test” under development in the National Cooperative
Highway Research Program (NCHRP) Project 9-19. Developments associated with
the Superpave methodology are discussed in more detail in the papers by Witczak
and Bonaquist and Harman et al. as a part of this symposium.

Other approaches which have successfully been used for mix design are also
briefly summarized. These include: (1) a methodology developed by Shell utilizing
the creep test and applied to a mix design for an airfield pavement in Saudi Arabia
(van de Loo 1976, Finn et al. 1983); and (2) the use of the SHRP-developed
technology including the simple shear, flexural fatigue, and thermal stress restrained
specimen tests for mix design and analysis purposes (Jung and Vinson 1994A,
Deacon et al. 1994, Sousa et al. 1994). Also included are discussions pertaining to
laboratory test specimen preparation, specimen size, importance of temperature and
traffic loading conditions and test variability. These latter items must be reflected in
any new method of asphalt mix design which is utilized.

In concluding these introductory remarks it is important to note that this state
of the art presentation is somewhat limited in scope, particularly in summarizing the
many developments that have taken place in materials characterization, and mix
analysis and design in the past 25 years. Two excellent sources that provide
information in addition to that included herein are:

1. Symposium — Asphalt Mix Design, chaired by L.E. Santucci and published
in the 1985 Proceedings of the Association of Asphalt Paving
Technologists (Santucci 1985). References (White 1985, Kandhal and
Koehler 1985, Vallerga and Lovering 1985) are included in that
Symposium;

2. The paper by R. B. Leahy and R. B. McGennis entitled “Asphalt Mixes:
Materials, Design and Characterization” published in the special 75"

* SUPERPAVE — An acronym for Superior Performing Asphalt Concrete Pavements
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Anniversary Volume of the Association of Asphalt Paving Technologists
in 1996 (Leahy and McGennis 1999).

Both of these documents provide excellent summaries of existing
methodologies as well as summaries of developments to the dates of the publications;
in addition, both include a wealth of references on this subject.

GENERAL FRAMEWORK FOR A COMPREHENSIVE SYSTEM

Figure 1 illustrates the general framework for a comprehensive design system.
The system consists of a series of subsystems in which the mix components, asphalt
(or binder) and aggregate and their relative proportions are selected in a step by step
procedure to produce a mix which can then be tested and evaluated to insure that it
will attain a desired level of performance in the specific pavement section in which it
is to function. The influence of environmental factors, the effects of traffic loading,
and the consequence of the pavement structural section design at the selected site are
also included in this evaluation.

It is important to note in Figure 1 that an evaluation for water sensitivity of
the mix is scheduled in the trial design phase. Satisfactory resolution of this problem
prior to examination of the response of the trial mix to the three modes of distress
shown in Figure 1, i.e. fatigue, rutting, and thermal (low temperature) cracking,” will
allow full concentration on these evaluations.

Depending on the conditions of exposure to climatic and loading factors to
which the specific pavement is to be subjected, any or all of the distress modes may
be evaluated. For example, in a hot, dry climate, it may not be necessary to examine
the potential for thermal cracking whereas, because of the potential for fatigue and
rutting associated with the specific environmental conditions, it would be essential to
evaluate these latter two modes.

While satisfactory resolution of the water sensitivity problem is desirable in
the initial design phase, it may not always be possible to completely preclude the
deleterious influence of water and/or water vapor. Accordingly, provision may also
be included in the distress evaluation phase to define the mix characteristics which
reasonably reflect the influence of this factor. In addition, the effects of long term
mixture aging must be considered. For example, as the mixture ages, its stiffness
increases leading, in turn, to increased propensity for thermal cracking. Both
considerations are shown in Figure 1 as input at the appropriate place in the mixture
design process. It should be noted that both water sensitivity and mix aging were also
evaluated in the SHRP program (Terrel and Al-Swailmi 1994, Bell et al. 1994).
However, only the results of the short-term aging research have been incorporated in
the Superpave mix design procedure discussed herein.

It must be emphasized that provision must also be included in the mix design
system to “temper” the design by such factors as material availability, local

* These three forms of distress, considered to be the primary modes contributing to reduction in asphalt
pavement serviceability, were the focus of the mix performance evaluation phase of the SHRP asphalt
research program.
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experience, cost, and risk options associated with the facility and resulting from
specific distress modes.

Finally, the system should include considerations of construction control.
Levels of compliance must be established to insure that the mix will achieve the
desired performance objective to the requisite level of reliability. Assessment of the
influence of noncompliance can also be determined, and appropriate pay factors
associated with different levels of performance relative to the target design
established.

EXAMPLES OF MIX DESIGN METHODS WHICH HAVE BEEN USED
DURING THE PAST 50 YEARS

In this section, brief summaries of two methods which have been used in the
United States for many years are included. The first is a procedure developed by the
U.S. Army Corps of Engineers for airfield pavements utilizing the Marshall Stability
Test (Highway Research Board 1949).°

This method has also been used extensively by highway agencies with
adaptations to their specific conditions; e.g. in 1984 this methodology was used by 38
states (Kandhal and Koehler 1985).° The second is the procedure developed in
California under the direction of F.N. Hveem (Vallerga and Lovering 1985); ten
states were listed as using this methodology in 1984.

U.S. Army Corps of Engineers (FAA) Method of Mix Design

This method was developed during World War II by the U.S. Army Corps of
Engineers for asphalt pavements for airfields. The procedure was based on
correlation of laboratory tests with performance of a test track at Vicksburg,
Mississippi, subjected to airplane loadings with tires inflated to a pressure of
approximately 100 psi (Highway Research Board 1949). At the outset of the Korean
War, jet aircraft were introduced which operated with tires at inflation pressures of
approximately 200 psi. These aircraft necessitated some changes in design criteria
and procedures relative to the original method. Thus, the present procedure now
consists of two sets of criteria, one for aircraft operating at tire pressures in the
vicinity of 100 psi and the other for aircraft with tire pressure of approximately 200
psi (White 1985, Department of the Army).

Mix design is based on the following concepts: (1) use of aggregate
gradations resulting in dense mixes; (2) use of crushed coarse aggregate with 75
percent of the particles having two or more fractured faces; fine aggregate must be
angular; (3) use of as soft of an asphalt cement as possible consistent with traffic and
environment and as much as possible for durability; and (4) use of void criteria in
selecting the design asphalt content.

A step by step summary of the procedure is as follows:
1. Select crushed aggregate conforming to specifications for particular usage.

® The methodology is a part of the mix design requirements for mixes used both in commercial and
general aviation airports receiving Federal Aviation Administration (FAA) funds.

¢ With the advent of Superpave, a number of states have shifted from the so-called Marshall or Hveem
procedures to the use of the Superpave methodology.
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Select grade of asphalt cement.

Estimate design asphalt content (based on total weight of mixture).

Prepare five sets (at least three each) of trial mix specimens 4 in. in

diameter by 2-4 in. high. For example, assume that the design asphalt

content was estimated to be 5.0 percent. Then, in addition to three
specimens at 5.0 percent, additional mixes would be prepared at asphalt
contents 0f 4.0, 4.5, 5.5, and 6.0 percent asphalt.

a. Mixing — either by hand or with mechanical mixer, asphalt cement
heated to 250-280°F and aggregate to 350-375°F.

b. Compaction — impact compaction using Marshall hammer, at a
temperature of at least 225°F, hammer consists of 10 1b weight falling
through a height of 18 in., Figure 2.

i. for mixes to be subjected to tire pressure of 100 psi — 50 blows on
both ends of specimen.

ii. for mixes to be subjected to 200 psi tire pressures — 75 blows on
both ends of specimen.

Density and void analysis — from density determinations, plot average data

and draw smooth curve as shown in Figure 4. From the curve, select unit

weight values corresponding to the various asphalt contents and
determine: (a) percent air voids; and (b) percent voids filled with asphalt.

Perform Marshall Stability Test, Figure 3 - test performed at 140°F at a

load rate of 2 in. per min. from which is determined the maximum load

(termed Marshall Stability and measured in Ib) and deformation

corresponding to maximum load (termed flow value and measured in 0.01

in.).

Prepare curves of data similar to those illustrated in Figure 4 and select

design asphalt content according to criteria presented in Tables 2a and 2b.

The following illustrates the use of the procedure for a mix consisting of a
crushed limestone aggregate containing an 85-100 penetration asphalt cement to be
used as a surface course for an airfield subjected to aircraft with tires inflated to 200
psi. From laboratory tests on mix specimens, compacted with 75 blows on each end
of the spectrum, the data shown in Table 3 were obtained.

When the data is plotted as shown in Figure 4, the following analysis is used
to select the design asphalt content (Table 2a).

1.

2.

3.

Asphalt content corresponding to peak of unit weight curve 4.6
Asphalt content corresponding to 4 percent air voids 4.9
Asphalt content corresponding to 75 percent voids filled 4.9
Asphalt content corresponding to peak of Marshall Stability curve 44

Average of 4 values = 4.7 percent
(by total weight of mix)
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This value must then be checked to determine whether or not the mix satisfies all of
the criteria stipulated in Table 2a.
1. Marshall Stability — minimum requirement of 1800 1b.; actual mix at 4.7
percent asphalt content — 2030 1b.; therefore satisfactory.

2. Percent Air Voids — 3 to 5 percent; actual mix at 4.7 percent contains 4.2
percent; therefore, satisfactory.

3. Percent Voids Filled — 70 to 80 percent; actual mix at 4.7 percent contains
73 percent; therefore satisfactory.

4. Flow Value — maximum value of 16; actual mix at 4.7 percent, has value
of 11; therefore satisfactory.

Thus, in this example the design (or optimum) asphalt content would be 4.7
percent by weight of total mix. If the asphalt content determined by the averaging
technique failed to meet one of the abovementioned requirements, it would be
modified slightly in order to satisfy all conditions.

It should be noted that in this procedure the averaging process was originally
developed to provide asphalt contents in the laboratory specimens that corresponded
to the best performance in a test track subjected to 100 psi tires. The procedure for
200 psi tires is also an attempt to do the same thing.

Modifications to the above procedure are required for channelized traffic
areas, areas subjected to tires with pressure greater than 200 psi, and for high
temperatures as measured by the Pavement Temperature Index. Table 4 provides a
summary of these modifications. Generally, for the type of conditions enumerated
above, the optimum asphalt content, based on the 200 psi criteria, may be reduced by
as much as 20 percent.

The Corps of Engineers also utilizes a mechanical gyratory compactor for
mixes designed for very heavy load pavements, as noted in Table 4 (McRae and
McDaniel 1958, McRae and Foster 1959).

A similar approach is used for mixes for highway pavements. For example,
the Asphalt Institute has published a procedure in which the mix, in addition to
meeting the criteria for Marshall Stability, flow value, percent air void, and percent
voids filled with asphalt, must also satisfy a minimum void in the mineral aggregate
(VMA) requirement (Asphalt Institute 1994).

State of California Department of Transportation (Hveem) Method of Asphalt
Mix Design.

Initial development by F.N. Hveem, formerly Materials and Research
Engineer of the California Division of Highways, of the stabilometer as a mix design
test took place in the 1930’s. References (Stanton and Hveem 1934, Hveem 1942,
Vallerga and Lovering 1985) provide the basis for Hveem’s philosophy for mix
design, the evolution of the stabilometer as a mix evaluation procedure, and some of
the tests performed to develop mix design criteria, particularly those used for binder
content selection based on stabilometer test results.
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Hveem recognized early on the importance of compacting mixes in the
laboratory so that the resulting aggregate structure would be representative of that
produced in the mix when compacted in-situ by steel and pneumatic-tire rollers. He
introduced the concept of kneading compaction for laboratory-prepared specimens.
Through a collaborative effort with B. A. Vallerga, then at UC Berkeley, the current
method of kneading compaction evolved. The resulting compaction equipment,
termed the Triaxial Institute Kneading Compactor, was introduced in 1949 (Vallerga
1951).7 By comparing the densities of mixes in situ after trafficking for about one
year, the current compaction procedure of 150 tamps at 500 psi tamping pressure at a
temperature of 230°F was established.

The essential elements of Hveem’s philosophy of mix design are as follows:

1. Stability is a function primarily of surface roughness of aggregate
particles.

2. Quantity of asphalt is a function of surface area, surface roughness, and
porosity of aggregate and viscosity of asphalt.

3. Ifrequired, the design asphalt content is adjusted to leave approximately 4
percent calculated air voids to avoid bleeding or possible loss in stability.

References (Endersby and Vallerga 1952, Vallerga 1955) provide additional
background on mix evaluation using the “Hveem” method as it evolved during the
early 1950’s.

Examples of the use of the procedure as developed by Hveem during the
period 1957-1963 and as currently practiced are briefly summarized in the following
paragraphs.

7 This mechanical compactor is still in use by a number of agencies although servo-hydraulic
equipment has replaced it, Figure 5.



Table 2a.

Bituminous Pavement Design Criteria for Use in Conjunction with ASTM Apparent Specific Gravity
(Department of the Army)
For use with Aggregate Blends Showing Water Absorption up to 2.5 Percent.

For Determining Optimum Bitumen Content For Determining Satisfactoriness of Mix
Test Point on Curve Test Criteria
Property Type of Mix 50 Blows 75 Blows Property Type of Mix 50 Blows | 75 Blows
Bituminous-concrete Peak of curve | Peak of curve Bituminous-concrete | 500 Ib. or | 1800 Ib.
surface course surface course higher or higher
Marshall Bituminous-concrete binder Peak of curve’ | Peak of curve Marshall Bituminous-concrete | 500 Ib. or | 1800 Ib.
Stability course Stability binder course higher or higher
Sand asphalt Peak of curve” | ** Sand asphalt S001b.or |
higher
Bituminous-concrete Peak of curve | Peak of curve
Unit su_rfacg course ) ) _
Weight ICB(;tﬁ_rsr;mous—concrete binder Not used Not used Unit Weight | -- Notused | Notused
Sand asphalt Peak of curve | **
‘ Bituminous-concrete 200rless | 16 or less
surface course
Flow - Not used Not used Flow Bituminous-concrete
. 20 or less | 16 or less
binder course
Sand asphalt 20 orless | **
Bituminous-concrete 4 4 Bituminous-concrete 3.5 1.5
Percent surface course Percent surface course
voids total Bituminous-concrete binder 5 5 voids total Bituminous-concrete 46 57
mix course mix binder course
Sand asphalt 6 ** Sand asphalt 5-7 Hx
Percent Bituminous-concrete 30 75 Percent Bituminous-concrete 75.85 70-80
voids filled surface course voids filled surface course
with Bituminous-concrete binder 70% 60% with Blmmlnous-concrete 65-75 50-70
bitumen course bitumen binder course
Sand asphalt 70 ** Sand asphalt 65-75 **

" If the inclusion of bitumen contents at these points in the average causes the voids total mix to fall outside the limits, then the optimum bitumen
content should be adjusted so that the voids total mix are within the limits.
Criteria for sand asphalt to be used in the designing pavements for 200 psi tires have not been established.

01

NOILDNYLSNOD ANV NOISHU XIN LTVHISY



Table 2b.

Bituminous Pavement Design Criteria for Use in Conjunction with Bulk Impregnated Specific
Gravity (Department of the Army)
For use with Aggregate Blends Showing Water Absorption Greater Than 2.5 Percent.

For Determining Optimum Bitumen Content

For Determining Satisfactoriness of Mix

Test Point on Curve Test Criteria
Property Type of Mix 50 Blows 75 Blows Property Type of Mix 50 Blows | 75 Blows
Bituminous-concrete Bituminous-concrete | 500 Ib. or | 1800 Ib. or
surface course Peak of curve Peak of curve surface course higher higher
Marshall Bituminous-concrete Peak of curve' Peak of curve Marshall Bituminous-concrete | 500 Ib. or | 1800 Ib. or
Stability binder course Stability binder course higher higher
Sand asphalt Peak of curve’ *k Sand asphalt lsl?gohg; OF | wx
Bituminous-concrete Peak of curve Peak of curve
Unit su.rface.: course . )
Weight bBiﬁzlrcxgﬁjs—zoncrete Not used Not used Unit Weight | -- Notused | Notused
Sand asphalt Peak of curve *x
Bituminous-concrete 20 or less 16 or less
surface course
Flow - Not used Not used Flow Bituminous-concrete
. 20 orless | 16 or less
binder course
Sand asphalt 20 orless | **
Bituminous-concrete 3.0 3.0 Bituminous-concrete 24 2.4
Percent surface course Percent surface course
voids total Bituminous-concrete voids total Bituminous-concrete
mix binder course 40 30 mix binder course 35 4-6
Sand asphalt 5.0 *x Sand asphalt 4-6 **
Bituminous-concrete Bituminous-concrete
Percent surface course 85 80 Percent surface course 80-90 75-85
voids filled Bitumi 1 voids filled Bituminous-concrete
with b.‘ dm‘”"“s‘“’“m €| 75 65* with bindor conmse 70-80 55-75
bitumen uder course bitumen ok
Sand asphalt 75 ** Sand asphalt 70-80

" If the inclusion of bitumen contents at these points in the average causes the voids total mix to fall outside the limits, then the optimum bitumen
content should be adjusted so that the voids total mix are within the limits.
" Criteria for sand asphalt to be sued in the designing pavements for 200 psi tires have not been established.
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Figure 2. Pedestal, hammer (mechanical) and mold used in preparing Marshall
test specimens. (Asphalt Institute 1994)
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Figure 3. Marshall stability and flow test, using an automatic recording device.
(Asphalt Institute 1994)
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Table 3. Laboratory Test Data Summary, 75 blow Marshall compaction

procedure.
Percent voids
Filled with
Percent Air Asphalt
Voids (calculated Flow
Asphalt Unit Wt. (calculated using same Marshall Value —
content lab/cu. ft. from values unit weight Stability - 1b. ]0.01 in.
(Percent of (average of taken from values as in (average of (average of
Total Weight | four unit weight voids deter- four four
Mix) specimens) curve) mination) specimens) specimens)
3.5 150.3 6.6 55.7 1955 9
4.0 150.9 5.4 63.8 2037 9
4.5 1514 4.5 70.4 2075 10
5.0 1514 3.9 75.3 1884 12
5.5 150.5 3.6 78.3 1494 14




Table 4. Bitmumen Content and Penetration Grade of Asphalt for Various Temperature Index Ranges
(Department of the Army)
Bitumen Content by Traffic Areas
Type A Traffic Areas Type B and C Traffic Areas Type D Traffic Areas’

Pavement | Asphalt Intermediate Intermedi- Intermediate Heavy

Temp. Pen. |Light Load Load Heavy Load | Light Load ate Load |{Heavy Load | Light Load Load Load
Index Grade |Pavements | Pavements' | Pavements Pavements Pavements | Pay ts Pavements | Pavements | Pavements
Negative | 120-150 - Optimum 3 Opt. +10% | Opt. +10% Optimum - Opt. +10% | Opt. -10%
0-40 100-120 - Optimum 3 Optimum Optimum | Opt. - 10% - Opt. +10% | Opt. -10%
40-100 85-100 -—- Opt. -10% 3 Optimum Optimum Opt. —20% - Opt. +10% Optimum
Above 100 | 60-70 Opt. —20% 3 Optimum | Opt--10% 3 Optimum | Optimum

! Intermediate load pavements, for the purposes of this tabulation, include those for the twin bicycle, twin tricycles, and twin-tandem tricycle gear
configurations for which design criteria are included in this manual.

2 Blast zones within overrun areas are included with Type D traffic areas.

? Design bitumen content to be furnished by OCE at time of airfield design.

Pavement Temperature Index:

The sum, for a one-year period, of the increments above °75F of monthly averages of the daily maximum temperatures.
Average daily maximum temperatures for the period of record should be used where 10 or more years of record are
available. For records of less than 10-year duration, the record for the hottest year should be used. A negative index
results when no monthly average exceeds 75°F. Negative indices are evaluated merely by subtracting the largest monthly
average from 75°F.

91
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To stimulate the long-term densities obtained under traffic loading, Vallerga
and Zube introduced the concept of subjecting a specimen, compacted by the regular
procedure at the design asphalt content, to additional compactive effort (Vallerga and
Zube 1953). By testing this specimen in the stabilometer one could assess whether or
not expected traffic compaction would have a deleterious effect on stability. Their
work is briefly summarized as are some additional studies to evaluate the effects of
traffic compaction on mix performance as measured by the stabilometer test on
specimens subjected to additional compactive effort.

Mix Design Procedure (as developed by Hveem)
A brief summary of the methodology is as follows and associated California Test
Methods utilized are included in Table 5.

1. Select type of aggregate form from a consideration of stability and grading
of aggregate for workability, pavement texture, perviousness, and
economy.

2. Select type and grade of asphalt.

3. Calculate surface area from grading (on a volume basis) and surface area
factors.

4. Evaluate surface roughness and porosity of aggregate by CKE test
procedure (California Test Method No. 303)

a. kerosene equivalent (fine aggregate)
b. oil equivalent (coarse aggregate)

Determine the preliminary design asphalt content by surface area procedure from
CKE nomographs (CTM 303).

Note: Theoretically, the asphalt content obtained from the CKE test procedure and
accompanying nomographs should be satisfactory since the calculation procedure has
been correlated with field performance and actual laboratory tests. However, unless
there has been previous experience with the particular aggregate, one doés not know
whether the mix will be stable or unstable, i.e., be able to support the anticipated
traffic loading. In addition, from the CKE test procedure one does not know how the
material will behave with small variations in asphalt content, a factor quite necessary
from a field control standpoint, since it is possible that mixes leaving the asphalt plant
will have variations of at least £0.3 percent from the design value. Thus, the CKE
procedure provides a starting point for laboratory testing of mixes.
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Table S. Caltrans (Hveem) Mix Design Procedure [Mixes with Coarse and
Medium Gradations, Section 39, Standard Specifications
(California Department of Transportation 1999)]

Material Test California Test Method
Sieve and Wash Analysis 202
Sand Equivalent 217
Los Angeles Abrasion 211
Percent Crushed Aggregate 205

Aggregate
Sodium Sulfate Soundness 214
Specific Gravity (coarse aggregate) 206
Specific Gravity (fine aggregate) 208
CKE and Oil Equivalent 303

Asphalt Absolute Viscosity 346 (AASHTO T202)

Approximate Bitumen Ratio (ABR) 303

Specimen Preparation / Kneading Compaction | 304

Mix Hveem Stabilometer 366
Bulk Specific Gravity Compacted Mix 308
Optimum Bitumen Content (OBC) 367
Cohesiometer 306
Swell 305
Other
Moisture Vapor Susceptibility 307
Surface Abrasion Test 360

5. Prepare three trial mix specimens, one at the value indicated by the CKE
procedure, one 0.5 percent above, and one 0.5 percent below the CKE
value.

a. Mixing — vertical bowl mixer, 5 minutes for specimens containing
asphalt cements. Actual maximum mixing temperatures may vary
from 250°F for 150-300 penetration asphalt cements up to 325° for 60-
70 penetration asphalt cements.®

b. Curing — 15 hours at 140°F.

¢. Compaction to prepare specimens 4 in. in diameter by 2% in. high —
kneading compaction (California Type Kneading Compactor,
California Test Method 304), Figure 5 - 150 tamps at 500 psi tamping

& Mixes containing modified binders may be mixed at temperatures higher than 325°F.
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pressure and 230°F compaction temperature for specimens containing
asphalt cements. This compactive effort produces densities in
laboratory specimens comparable to values now obtained in the field
at the time of construction if good compaction procedures are
followed.

6. Laboratory testing to determine desirable mix properties.

a. Hveem Stabilometer — closed system triaxial compression test
(California Tests Method No. 366), Figure 6. In this test the lateral
pressure is measured as the vertical stress is increased at a slow rate of
deformation (0.05 in. per min). In asphalt mixes, the lateral pressure
corresponding to a vertical pressure of 400 psi is used as a measure of
stability. The test is performed at 140°F to simulate average high
temperatures occurring in pavements during hot summer months.

A. Triaxial Institute Mechanical . B. Servo-hydraulic kneading
Compactor. 1949 - Compactor.

Figure 5. Kneading Compactors.



20 ASPHALT MIX DESIGN AND CONSTRUCTION

HEAD OF TESTING M&
K E CHINE/

// | FOLLOWER FOR APPLYING

LOAD TO SPEQIMENM

HOT TO SCaLE

NEEDLE YALYE
AlR CHaM
k BER  MAHUALLY OPERATED
SCREW TTPE PumP

LIDUID UNDER SMALL
INITIAL PRESSVARE

FLEXIBLE DIAPHRAGM

FRESSURE GAUG

RECORDING POUNDS
PER SQUARE INCH

NN
\‘"\\‘

kL Le
UL R LLEATRA RN

// -{-—PLATEN OF TESTING MAGHINE
/

NOTE: Specimén given laieral-support by flexibie side wall which
transmits horizonta! pressure to liquid.
" Magnpitude of pressure may be read on gouge.

Figure 6. California (Hveem) stabilometer.

Since the test is conducted at this high temperature and at a slow rate
of deformation, it measures primarily the frictional resistance of the
aggregate mass and how this resistance is reduced due to the addition
of asphalt. From the test results, a measure of stability is obtained
from the following empirical equation:

+0.22

P v—P h
where
S = Relative stability (0 for water, approximately 90 for

steel

Py = Laterally transmitted pressure, psi,
P, = Applied vertical pressure, usually 400 psi,
D = Number of tums of displacement pump handle

(measure of roughness of surface of test specimen; D=2
for smooth specimen). This may be thought of as a
correction to be applied to the laterally transmitted
pressure. Due to the nature of the test, the roughness of
the surface of the specimen influences the laterally
transmitted pressure. Also it serves to standardize the
instrument.
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The state of California has set a minimum value of stability, depending
on the type of mix [Section 39, Standard Specifications of State of
California Department of Transportation (California Department of
Transportation 1999)]:

Type A asphalt concrete — minimum value 37

Type B asphalt concrete — minimum value 35
These limits have been set on basis of correlation of laboratory tests
with field performance.

b. Hveem Cohesiometer — bending or breaking test to determine the
cohesive or tensile resistance of an asphalt mixture (California Test
Method No. 306). This test is also conducted at 140°F. The
cohesiometer value, C, is calculated from the equation:

L

C= 3 2
0.0800H +0.178H
where
L = Load in grams required to fracture specimen,
H = Specimen height in inches

While not specified, a minimum cohesiometer value of 50 has been
recommended for fresh mix to preclude surface disturbance caused by
tires turning in place.”
¢. Density determinations for the laboratory prepared mixes (California
Test Method No. 308). From the density determinations, percent air
voids in the compacted mixes are calculated. Design is adjusted if
necessary to allow not less than 4 percent calculated air voids to
preclude bleeding or possible loss in stability.
d. Tests for durability (resistance to water action):
i. Swell Test — maximum value of 0.030 in. in 24 hours for dense
graded aggregates (California Test Method No. 305)
ii. Moisture Vapor Susceptibility (MVS) Test — for dense graded
aggregate at design asphalt content (California Test Method No.
307). Minimum value of stability after MVS Test depends on
mixture type:
Type A asphalt concrete — minimum value 30
Type B asphalt concrete — minimum value 25
iii. Film Stripping Test — for open graded aggregate (California Test
Method No. 302)
e. Section 39 of the Standard Specification also contains design criteria
for mixes to be used as base courses and for open graded surface
courses.

" Most mixes containing asphalt cements have “C” values considerably larger than 50. Hence in most
instances this test is no longer performed.
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Mix Design Example.

This example illustrates the selection of the design asphalt content for a mix
containing a granite aggregate (rough surface texture). According to the CKE
procedure a preliminary binder content, selected according to the surface area
procedure (CKE procedure), is 5.2 percent (by weight of aggregate). This binder
content is based on the following parameters:

Surface area 28.6 sq. ft. per Ib.
C Value 2.65 gr. oil per 100 gr. coarse aggregate
F value 3.0 gr. kerosene per 100 gr. fine aggregate

Aggregate, sp. gr., Gager 2.92

Asphalt AR-4000 asphalt cement

Five specimens were prepared and the following data were obtained from the
laboratory tests:

Specimen No. 1 2 3 4 (MVS) 5 (Swell)

Asphalt Content — Percent 4.7 5.2 5.7 52 5.2

Relative Stability 46 41 34 32 -

Cohesiometer Value 220 250 260 - -

Percent Air Voids 6.3 4.5 3.1 - -

Swell - in. - - - - 0.008

The stability data are plotted in Figure 7. From this plot a value of 5.2 percent
is selected. Actually, a value of 5.5 percent could be used since the stability
corresponding to this asphalt content is 37. However, due to plant variations, some
mixes leaving the plant could conceivably have stabilities less than 37. Thus, to
allow for this variation, a value of 5.2 percent is selected. At this asphalt content the
calculated percent air voids is approximately 4.5 percent, Figure 8; hence, no further
adjustment is necessary. It will also be noted that the results of the swell and MVS
tests are satisfactory. Therefore, the recommendation is adequate to satisfy these
requirements as well.
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In this procedure, the basic philosophy of mix design is adhered to in that as
much asphalt as possible is incorporated into the mix without reducing the stability
below a minimum desirable value consistent with traffic and also taking into
consideration production variations. This concept is illustrated in Figure 9.

Current Method — Design Asphalt Content Selection

As noted earlier, subsequent to the retirement of Hveem, the method for
binder content selection was modified somewhat. California Test Method 367
reflects this modification and is sometimes referred to as the “pyramid method.”
Figure 10 from California Test Method 367 illustrates the selection of the design
binder content termed optimum content (OBC).

In this revised procedure, four rather than three specimens are prepared as
described earlier including: 1) the calculated value obtained from California Test
Method 303, 2) two above in 0.5 percent increments, and 3) one 0.5 percent below
the calculated value.

The added feature in this method (California Test Method 367), as compared
to that described in the previous section, is the observation of surface flushing at the
conclusion of kneading compaction. Surface flushing and/or bleeding is considered
slight (acceptable), moderate (unacceptable), or heavy (unacceptable) and guidelines
are provided to assist the person performing the testing.

The following example illustrates the modified procedure based on a
calculated binder content of 5.5 percent (dense-graded aggregate, surface area of 32.3
sq. ft. per 1b. and an AR-2000 asphalt cement).
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Specimen No. 1 2 3 4
Asphalt Content - percent 5.0 5.5 6.0 6.5
Relative Stability 48 45 36 25
Percent Air Voids 4.5 3.6 3.0 1.8
Observing Flushing During Compaction | None None Slight Moderate

Following the procedure in Figure 10, the asphalt contents are entered into the
pyramid as shown below using the criteria for a Type A mix (S>37).

5.0

50 | 55 | 60| 65
2 2 2 2

Guidelines are provided in Method 367 for selecting the recommended range
for binder contents called for in Figure 10. Following the procedure described in the
previous section the recommended value would be 5.3 percent (based on a minimum
air void content of 4.0 percent) as seen in Figure 11; the recommended range for this
example would be 5.0 to 5.3 percent.

Modification — Added Compactive Effort.

As a part of an investigation of different design methods for asphalt mixes,
Vallerga and Zube subjected a mix for which they had field density measurements, to
different levels of compactive effort in the kneading compactor (Vallerga and Zube
1953). The results of this investigation are shown in Figure 12. It will be noted that
increased members of tamps result in both an increase in density and an increase in
stability for this mix up to a point beyond which the stability drops off with further
increase in density.
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Figure 11. Air -void content vs. asphalt content.

As seen in Figure 13, which is based on the results of triaxial compression
tests on specimens prepared by kneading compaction (Monismith and Vallerga
1956), when the volume of air, Vi, of air in the mix is reduced below about 2.0 to
2.5 percent, the stability (as measured by the stress at 2 percent strain) drops off
significantly.

The data presented in Figure 12 suggested that to evaluate the effects of
additional traffic it would be appropriate to subject a compacted specimen at the
design asphalt content to additional compactive effort. Vallerga and Zube
recommended that 500 tamps at 500 psi and a temperature of 140°F (60°C) would be
an appropriate combination of compactive effort and temperature to use.

The importance of added compaction is illustrated in Figure 14 (Tayebali
1990). In this instance, mixes with a single aggregate type and gradation were
prepared over a range of asphalt contents. Based on stabilometer criteria and
depending on the traffic site, a suitable mix design would likely range from about 5.0
to 4.2 percent. If the traffic were very heavy and the environment quite hot, then mix
behavior at 1000 to 1200 tamps might be the appropriate and the design asphalt
content would be less than 4.7 percent. Reference (Vallerga et al. 1995) illustrates
this point for a pavement in the Dubai area.
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Combination of USACE/FAA and Hveem Procedures

At times the two procedures have been used together. A recent example is
that for mixes used on the taxiways at the San Francisco International Airport
(Vallerga et al. 2000, Monismith et al. 2000). In this instance, because of rutting due
to the stop-and-go operations and slewing action of fully-loaded Boeing 747-400
aircraft, requirements for mixes meeting the current FAA specifications (San
Francisco International Airport 1996) were modified to include the Hveem
Stabilometer test results and the added compaction consideration described above.
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Figure 12. Effect of prolonged kneading compaction on density and
stability.(Vallerga and Zube 1953)
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Mixes, termed High Stability mixes, used for taxiways and aprons are now
specified as follows (San Francisco International Airport 1996):
For High Stability mixes, verification of the Job Mix Formula (JMF),
developed by the Marshall Method of Mix Design, shall be performed on 4 in.
by 2.5 in. test specimens:
a. Fabricated from Marshall JMF mix by kneading compaction at each of
two levels of compaction as follows:
Level 1 - 150 tamps at 230°F (110°C)
Level 2 - 150 tamps at 230°F (110°C) followed by
1000 tamps at 140°F (60°C)
b. Tested in the Hveem Stabilometer in accordance with Hveem Method of
Design in Manual Series MS-2" shall be required to meet the following

criteria:
Compaction Level “S” value, minimum
Level 1 40
Level 2 35

SUPERPAVE" and RELATED METHODOLOGY

The Superpave mix design procedure is one of the products of the Strategic
Highway Research Program (SHRP) (Kennedy et al. 1994). As originally developed,
the method included both a volumetric design procedure and performance tests on the
mix or mixes resulting from the volumetric design (Cominsky 1994, Cominsky et al.
1994). At this time (2002) only the volumetric method is being used by a number of
states and other agencies, as discussed by Harman in this symposium. The
performance tests, to predict in-situ mix performance, have either been modified [
e.g. low temperature cracking (Roque et al. 1995)] or new test methodology is under
development [e.g. permanent deformation / rutting (Witczak et al. 2000)]. The new
test methodology includes development of a simple performance test or tests;
developments in the area of performance prediction and the associated tests are
discussed by Witczak and Bonaquist. References (Asphalt Institute 1997, Asphalt
Institute 1994) are excellent sources of information on both the binder and mix
requirements and tests associated with Superpave.

Superpave Volumetric Mix Design

The volumetric mix design procedure includes three steps: (a) selection of
component materials; (b) selection of design aggregate structure; and (¢) selection of
the design asphalt content. Upon completion of these three steps the resulting mix
design is checked for water sensitivity, in effect following the process shown in
Figure 1.

" Manual Series MS — 2, (The Asphalt Institute 1994) .

* The material presented in this section on Superpave is adapted from material included in the Hot-Mix
Asphalt Paving Handbook 2000 prepared under the aegis of the Transportation Research Board and
published by the U.S. Army Corps of Engineers and the Federal Aviation Administration
(Transportation Research Board 2001).
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Selection of Asphalt and Aggregate. This step requires selection of the appropriate
asphalt/binder performance grade (PG) and aggregate with the requisite
characteristics for the traffic applied.

The asphalt/binder requirements are defined by the PG specifications
(AASHTO-MP-1) (American Association of State Highway and Transportation
Officials 1997). These specifications help in selecting a binder grade that will limit
the contribution of the binder to low-temperature cracking and permanent
deformation (rutting) and may assist in controlling fatigue cracking under some
circumstances within the range of climate and traffic associated with the project site.

As compared to earlier asphalt specifications [based on penetration (American
Association of State Highway Transportation Officials A) or viscosity (American
Association of State Highway Transportation Officials B)], the physical properties
included in the PG specifications remain constant; however, the temperatures at
which the properties must be achieved vary depending on the climate in which the
binder is expected to serve. Consider, for example, a binder with the designation PG
64-22; this binder is expected to provide adequate service for a properly designed mix
in an environment in which the average

7-day maximum pavement design temperature is 64°C (147°F) or lower, and
the minimum pavement design temperatures is -22°C (-8°F) or higher. Reference
(Asphalt Institute 1997) contains an excellent discussion of this system.

To control the surface texture and angularity of the aggregate, the coarse
aggregate angularity and fine aggregate angularity tests have been included in the
aggregate specifications (Asphalt Institute 1994). In addition the specifications
require a control of clay content [as measured by the Sand Equivalent Test (American
Association of State Highway and Transportation Officials C)] and of the amount of
flattened elongated particles (American Society for Testing and Materials 2002).

Design requirements for the parameters are more stringent as the traffic,
expressed in equivalent 80-kN (18000 Ib.) single-axle loads (ESALS), increase.

Aggregate gradation is specified using the aggregate gradation chart
developed by the Bureau of Public Roads [now the Federal Highway Administration
(FHWA)] (Goode and Lufsey 1962). The chart together with the requirements added
to the chart for gradation control are shown in Figure 15a for a 19 mm (3/4 in.)
maximum size while Figure 15b shows an aggregate grading conforming to these
requirements. Details of the basis for the requirements are discussed in Reference
(Asphalt Institute 1994).

Selection of Design Aggregate Structure and Design Asphalt Content. At least three
trial blends of aggregate are selected which meet the grading requirements (which are
a function of the nominal maximum size of the aggregate used). Selection of the
design aggregate structure is then made on the basis of the properties of the mixes
compacted using the Superpave gyratory compactor, Figure 16."

For each of the blends, the trial asphalt content (mix basis) is used that is
either calculated to produce 4 percent air voids at a design number of gyrations in the

* This equipment was patterned after the original Texas gyratory compactor (Philippi) which served
not only as the basis for the SHRP gyratory compactor, but also for the Corps of Engineers and LCDC
gyratory compactors.
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compactor or selected based on experience. The design number of gyrations, Naesign,
is established as a function of traffic (design ESALSs) and climate (air temperature).

Heavily frafficked pavements require a relatively high Ngesign, While low-
volume pavements require low Naesign. Because the asphalt content used during this
step is merely a trial value, 4 percent air voids is rarely achieved at Nyesign.
Accordingly, the compacted properties of each trial blend are evaluated to estimate an
asphalt content that would produce 4 percent air voids. The following parameters are
then estimated for each of the trial blends: (1) VMA at Nuesign; (2) VFA at Nyesign; (3)
percent of maximum theoretical density at Ninisia;; (4) percent of maximum theoretical
density at Nmaximum; and (5) dust proportion Pagg /effective Pwigp.

The parameter Ninitial is calculated from Nyesign. Ninitial IEpresents mix response
during initial compaction, as in breakdown rolling. A high density at Nipia is
generally considered undesirable since it is likely that the mix would compact very
easily, and thus could be susceptible to rutting. Although some data indicate this, it is
not always true.

A high density at Npyaximem 1S also considered undesirable since Niaximum
represents a traffic level much higher than that for which the project is designed. By
limiting the density at Npaximum, it iS expected that the mix will not densify to
extremely low air voids with unexpectedly high traffic. Figure 17 illustrates
schematically mix response in the gyratory compaction test; Figure 17a shows the
relationship between mix density (expressed in terms of the theoretical maximum
density) and gyrations while Figure 17b shows the relative positions of Ninia and
Nimaximum 10 Neesign.  Figure 17c illustrates the influence of aggregate structure and
binder content on the compaction relationship.

The trial blends are then compared with established criteria, and a blend
estimated to meet the criteria is selected. This blend is termed the design aggregate
structure. To determine the design asphalt content, trial specimens are compacted at
Naesign, With the design aggregate structure at four different asphalt contents
bracketing the estimated asphalt content (usually duplicates at each asphalt content).

Volumetric properties of the compacted mix (e.g., air voids, VMA) are
determined for the four asphalt contents. The design asphalt binder content is
selected to achieve 4 percent air voids at Nuesign. Usually, the design asphalt binder
content is within 0.1 to 0.2 percent of the estimated binder content from the previous
step. Reference (Jester 1997) provides a summary of experience and applicability of
the Superpave system through 1996. It includes discussions of field and laboratory
investigations pertaining to both binders and mixes.

Water Sensitivity Evaluation

When the design mix has been selected, it is subjected to a water (moisture)
sensitivity evaluation. For this purpose the AASHTO T-283 procedure (American
Association of State Highway and Transportation Officials D) is utilized.

Specimens are compacted to approximately 7 percent air voids. One subset of
three specimens are considered control specimens. The other subset of three
specimens are conditioned. Conditioned specimens are subjected to partial vacuum
saturation followed by an optional freeze cycle, followed by a 24 hour thaw at 60°C.
All specimens are tested to determine their indirect tensile strengths. Moisture
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sensitivity is determined as a ratio of the average tensile strengths of the conditioned
subset divided by the average tensile strengths of the control subset. The Superpave
criterion for tensile strength ratio is 80 percent, minimum (Cominsky et al. 1994,

Asphalt Institute 1996).
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EXAMPLES OF APPROACHES USING PERFORMANCE-RELATED TESTS

With the advent of mechanistic-empirical pavement design and rehabilitation,
performance-related tests have been developed not only for structural thickness
design but also for asphalt mix design. While there have been a number of such
procedures presented, e.g., References (Finn 1967, van de Loo 1978, Viljoen and
Meadows 1981, Cooper et al. 1985, Bonnot 1986, Monismith et al. 1989, Von
Quintus et al.1991, Lytton et al. 1993, University of California at Berkeley et al.
1994), only a few examples will be illustrated herein. These include a procedure
developed by Shell researchers to predict rutting in asphalt concrete layer using the
results of static creep tests (Asphalt Institute 1994) and applied to mix design/analysis
in Saudi Arabia and the Southwestern United States (Whiteoak 1990), and three
SHRP developed procedures — one for rutting using the repeated simple shear test at
constant height (RSST-CH) (Sousa at al. 1994), a second for flexural fatigue (Deacon
et al. 1994), and a third for low temperature cracking evaluation using the thermal
stress restrained specimen test (TSRST) (Jung and Vinson 1994A).

Rut Depth Prediction using Static Creep Test

An approach to rut depth prediction was developed by the Shell researchers
[e.g., Reference (Finn 1967)] and incorporated in the Shell pavement design
procedure. The purpose was to permit the designer to compare the permanent
deformation characteristics of different mixes as measured in creep and to select a
mix or mixes in which the estimated rutting for specific traffic loading and
environmental conditions would not exceed some predetermined value.

The rut depth at the pavement surface due only to permanent deformations in
the asphalt-bound layer is determined from the following expression:

Ay =C,y by 22 mm ®
Smix

where:

Cy = correction factor for the so-called “dynamic effect” which
takes account of differences between static (creep) and
dynamic (rutting) behavior. This factor is dependent on the
type of mix and has been found empirically to be in the range
1-2;

hy = design thickness of asphalt layer, m;

Oav = the average stress in the pavement under the moving wheel,
N/m?

Cay = 20y, Nim?
Z is a parameter dependent on the stiffness of the pavement
layers; oy is the contact stress between tire and pavement;
Smix = = the value of the stiffness of the mix at Sp;; = Shir, visc-
If it is to be desired to subdivide a thick asphalt-bound layer into a number of sub
layers, equation (3) can be stated:

Ak =Cy 2, {hm : -——-ECST g"“ } @
i=l mix Ji-1
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Figure 18 shows an example of creep test equipment for asphalt mixes as
utilized by the Shell investigators (Whiteoak 1990). To illustrate the use of this
methodology, examples are included for mix evaluation for an airfield pavement in
Saudi Arabia and for mixes used in street intersections in Las Vegas, NV (Finn et al.
1983). For the Saudi Arabian project, mixes for the taxiways and runways for a
major new airport were designed by the US Army CE procedure (200 psi tire
criteria). Hveem stabilometer tests and creep tests were also performed.

Based on the results of the US Army CE procedure, a preliminary design
binder content (60-70 pen asphalt) of 6 percent by weight of mix was selected.
Hveem stabilometer results, however, suggested that the stability characteristics of
the mix were very sensitive to asphalt content as seen in Figure 19 with a change in
binder content from 4.5 to 5 percent resulting in a decrease in the stabilometer “S”
value of about 30 points.”

The Shell procedure was selected to obtain a measure of the relative
permanent deformations of mixes containing 4.5 and 6.0 percent binder. Creep tests
were performed by kneading compaction in the temperature range 70°F (21°C) to
100°F (38°C). Results of these tests are shown in Figure 20 and results of
compactions using the Shell procedure [Equation (4)] are shown in Figure 21. Based
on the results of these analyses, test sections of the mix were constructed and
subjected to proof rolling immediately after construction (March 1981) and during a
period with high ambient temperature (August 1981). Results of these tests are
summarized in following tabulation:

Cumulative Deformation (in.)
Time Coverages Average Maximum
4.9 Percent 5.4 Percent | 4.9 Percent | 5.4 Percent
March 1981 1,150 0.05 0.08 - -
August 1981 1,224 0.05 0.04 0.09 0.12

This mix would be considered a critical mix, i.e., a small increase in asphalt content causes a

significant reduction in stability.
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A

Figure 18. Example of creep test equipment. (Whiteoak 1990)
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Figure 19. Stability (stabilometer “S” value) versus asphalt content relationship.
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Based on the results of the new test program, a design binder of 4.9 percent
content was selected. Results of performance over at least a 10-year period (through
1991) corroborated this selection. The second project involved investigations of a
number of mixes, some of which contained absorptive aggregates and others non-
absorptive aggregates. These mixes were in use in the Las Vegas, Nevada area and
had been designed using the Marshall stability test and following the criteria
established by the Asphalt Institute (Asphalt Institute 1994).

Four of the mixes were evaluated, two with absorptive aggregates (Projects |
and 2) and two with non-absorptive aggregates (Projects 3 and 4). Results of
Marshall stability and flow values for remolded cores specimens and stabilometer “S”
values for both cores and remolded specimens are summarized in Table 6. From
these data as well as other information included in Reference (Whiteoak 1990), it was
concluded that:

1. High Marshall stability values do not assure adequate rutting resistance;

2. Stabilometer “S” values decrease significantly as the air-void content is

reduced below 4.0 percent.

3. Stabilometer “S” values are generally less than the values recommended

for highway design, i.e., S = 35 min.

4. Flow values from the Marshall test are high, i.e., values in range 15 to 23

for four of the eight conditions shown in Table 6.

Creep tests like those described above were performed at 100°F (38°C) on
core specimens. Creep moduli were ascertained at different times after the initial
stress application. In this study only the creep moduli obtained after one hour of load
application were reported. Results of the creep tests are included in Table 7. Also
shown in this table are the mean stabilometer “S” values. In general, it will be noted
that as the stabilometer “S” value increases, the creep modulus also increases. If the
creep data were plotted versus the “S” values, it would be noted that a creep modulus
of 34,500 psi would correspond to an “S value of 35.

Interestingly, the airport pavement data reported earlier exhibited similar
trends, i.e., for an average stabilometer “S” value of 46 (4.5 percent asphalt) the creep
modulus at 100°F and one hour loading time was 37,000 psi; whereas for a
stabilometer “S” value of 1 (6.0 percent asphalt), the creep modulus for the same
conditions is 2,000 psi.

Based on the result of this test program, modifications were recommended to
the mix design procedure and subsequently incorporated by the local government
involved.
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Table 6 Stability Data — In Situ Mixes

Marshall Test Data Stabilometer “S” Value

Project Performance Stability Flow Core Remolded

1b. (0.01 in.) Specimen
1 Acceptable 5,480 10 31 20
Unacceptable 4,570 12.5 7 10
Nontrafficked (I) 29
Nontrafficked (I) 18
2 Acceptable 4,590 16 29 12
Unacceptable 4,100 17 1 5
Nontrafficked 17 8
3 Acceptable 4,540 10 45 22
Unacceptable 3,595 15 6 2
Nontrafficked 42 21
4 Acceptable 3,435 11 22 16
Unacceptable 2,625 23 3 3
Nontrafficked 24 7

Table 7 Creep Moduli and Stabilometer “S” Values Associated with Different
Levels of Performance

Creep Modulus — psi Stabilometer
Performance Standard | Number of | Mean “S” | Number of
Mean o . .
Deviation | Specimens Value Specimens
Acceptable 29,000 7,900 8 8 8
Unacceptable 13,400 5,300 9 9.0 14
Nontrafficked Upper Section 32,600 11,600 6 28,36 -
Nontrafficked Lower Section 20,900 4,800 6 ———- -

While this approach, that is the use of the creep test to define Sy, has worked
satisfactorily for mixes containing conventional asphalt cements, Valkering, et al.
(1990) reported that when the procedure was used for mixes containing non-
conventional binders “a correction is required to take account of the different
relationship between rutting and binder viscosity. The dynamic creep test has shown
potential for a more universal applicability, extending to include those asphalts based
on a modified binder... The greater suitability of the dynamic test for rating the effect
of the binder modification is ascribed to the recovery effects of the test.”

In another publication (Lizenga 1997), the work of the Shell investigators
suggest that the use of creep test data may overpredict rutting for mixes containing
some modified binders.

The research of Tanco (1992) on the pavement deformation response of
conventional and modified asphalt-aggregate mixes under simple and compound
loading conditions supports the work of the Shell investigators. He found that
repetitive load tests were more responsive to the presence of modified binders in AC
mixes than static constant load (creep) tests. Similar research had been reported
earlier by Tayebali (1991).!

! 1t should be noted that Tayebali and Tanco presented convincing evidence that a conventional test
like the Hveem Stabilometer, while adequate for mix design with conventional asphalt binders, is not
suitable for mixes containing modified binders.
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SHRP-Developed Methodologies

During the SHRP program a number of mix performance-related tests were
developed including those to measure: (1) shear stiffness and permanent deformation
characteristics (Sousa et al. 1994); (2) low temperature cracking potential (Jung and
Vinson 1994A); (3) flexural stiffness and fatigue response (Deacon et al. 1994) and
(4) water sensitivity (Terrel and Al-Swailmi 1994). In this section the shear, fatigue,
and low-temperature cracking tests will be briefly discussed together with their use
for mix evaluation.

Constant Height Simple Shear Test. The objective of the constant height shear test is
to measure properties associated with shear response of HMA. Analyses (Weissman
1997, Harvey et al. 2001) suggest that the primary contributor to rutting is shape
distortion which results from shear stresses. For the shear test, the majority of testing
in current practice is done with cylindrical specimens with a diameter of 150 mm (6.0
in.) and a height of 50 mm (2.0 in.).

An approach to mix design and analysis using the RSST-CH was presented in
Reference (Sousa et al. 1994) and has been used in a number of instances for this
purpose (Monismith et al. 2000, Harvey et al. 1995, , Monismith et al. 2001,
Monismith et al. 2002). Essentially the procedure consists of testing a mix over a
range in binder contents and selecting the highest binder content which will permit
the mix to accommodate the design traffic at a critical temperature” without
exceeding  some  predetermined level of rutting, e.g. 12 to
13 mm (0.5 in.).

The RSST-CH test (Figure 22) is conducted for 5,000 stress repetitions, or a
permanent shear strain of 5 percent if this occurs at less than 5,000 repetitions.
Figure 23 illustrates a relationship between permanent shear, 7y, and stress
repetitions, N, for a mix containing PBA-6a* (PG 64-40) binder tested at 50°C.
Results of tests for this mix over a range in binder contents are plotted as shown in
Figure 24. Also shown on the figure are results for a mix containing the same
aggregate and grading with an AR-8000 (PG 64-16) asphalt cement.

The tests are usually done with specimens prepared by rolling wheel
compaction to an air-void content of 3 to 3.5 percent. The test is performed at the
critical temperature, 50°C for the data shown in Figure 22 (Deacon et al. 1994).

The design procedure is illustrated schematically in Figure 25. As seen in this
figure, the results of the laboratory tests, termed Ny, (the repetitions corresponding
to 5 percent shear strain), must satisfy the following:

N 2 M ' N demand &)

supply

In this expression, Ngemaq is determined from the estimate of the design
ESALs, a temperature conversion factor (TCF) which converts the traffic applied
year round to an equivalent number applied at the critical temperature, and a shift

* The critical temperature is defined as the temperature at a 50 mm (2 in.) depth at which the maximum
permanent deformation occurs, assuming in this case that the truck traffic is applied at a uniform rate
throughout the year.
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factor (SF) which converts the repetitions applied in the field to an equivalent number
in the laboratory; that is:
N, = Design ESALs-TCF - SF )

demand
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Figure 22. Shear test.
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For the example shown in Figure 24, the design ESALs were estimated to be
30 x 10°, the TCF = 0.11, the SF = 0.04, and Nyemana= 660,000 repetitions.

Permanent Deformation

Analysis Input
e Structural Section
»| « Traffic (ESALs)

¢ Environment

e Trial Mix

¢ Reliability (M)

e Allowable Rut Depth (RD)

N, supply N, demand
« Repeated load shear e ESALs (to T)
test at critical temp e TCF
¢ RD=kyv, « Shift factor
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NO
N, 2 M X Nyomana

supply

OK

Figure 25. Permanent deformation mix design/analysis system.

The term M in Equation 5 represents a reliability multiplier which reflects the
test variance and the estimated variance in the In(ESALs) for a specified level of
reliability. In the example, M was determined to be equal to 5.0. In Figure 24 it will
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be seen that the mix with the PBA-6a* asphalt will satisfy the design requirements at
a binder content of 4.7 percent (by weight of aggregate).1

As a part of the CAL/APT program, rutting studies have been performed
using the Heavy Vehicle Simulator (HVS) on a number of different mixes. Results of
studies on a dense-graded asphalt concrete (DGAC) containing an AR-4000 asphalt
cement and a gap-graded asphalt rubber hot mix (ARHM-GG) subjected to
channelized trafficking in the HVS at a temperature of 50°C [at a 50-mm (2-in.)
depth in the mixes] are shown in Figure 26 (Harvey and Popescu 2000). These two
mixes were used as overlay in an asphalt concrete pavement which had been
subjected to the HVS loading prior to placement of the overlays (Harvey et al. 1999).
For these mixes, RSST-CH test results at 50°C were also available, with both mixes
sustaining about 3 x 10° repetitions to 5 percent permanent strain in the shear test.

To evaluate the results of the mix design suggested by the data presented in
Figure 22, a section was constructed with the PBA-6a* binder using the same
aggregate as used in the RSST-CH tests. Results of the HVS test on that mix under
the same loading and temperature conditions are also shown in Figure 26. As seen in
Figure 24, the PBA-6a* mix sustained about 1 x 10° repetitions at a shear strain of 5
percent. From the results presented in Figure 26 the HVS rutting data reflect the
results of the RSST-CH tests and provide support for the recommended design.

30

=4~ 38-mm ARHM-GG
~fi= 62-mm ARHM-GG
=/r~ 75-mm DGAC AR-4000
=>é= 76-mm PBA-6A

25

Rut Depth, mm

NN

50,000 100,000 150,000 200,000
HVS Load Applications

Figure 26. HVS rutting study results (40 kN load, 50°C at 50 mm depth).

! 1t should be noted that the response of the PBA-6a* mix at 4.2 percent binder content is less than the
660,000 repetitions. However, the air-void content of this mix was at about 6 percent. Had it been in
the range 3 to 3.5 percent, it would have been exhibited at least the same behavior as the mix at 4.7
percent binder content.
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Flexural Fatigue Test. When the design binder content has been selected, the
performance of the mix in a selected structural section is evaluated to insure that the
anticipated traffic for the design period can be carried so that the level of fatigue
cracking will not exceed some prescribed level such as 10 percent in the wheel paths
(Deacon et al. 1994). The approach to considering fatigue is similar to that for rutting
and is shown schematically in Figure 27. SHRP-developed flexural fatigue
equipment is shown in Figure 28.
For fatigue, Nyemana is determined from the following expression:

1

N = Design ESALS -TCF - (—-J @)
SF

demand

All of the terms in this equation have the same meaning as those in Equation
(6). Reference (Harvey et al. 1997) contains a discussion of the values for the TCF
and SF.

Nsuppiy 1s determined from a relationship between applied strain and cycles to
failure. This relationship generally has the form:

b c
1 1
N=a|—||— 8
a(ng (Smixj ®

and may include parameters reflecting mix properties such as bitumen content and
air-void content, e.g., References (17, 71, 72).

Analysis of the selected structural section in which the mix is to be used
provides the value of strain to use in Equation (8) which provides Ny, Combining
Niemana With Ng,ppp, using Equation (7) allows the designer to determine whether the
mix will provide an adequate service life. If the particular mix does not satisfy
Equation (7), a number of choices are available. These include, but are not limited to,
the following: 1) increase the thickness of the asphalt concrete layer to reduce the
strain to a level which will provide a value of Ny to satisfy Equation (7); or 2)
change the mix to provide improved fatigue response.
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Figure 27. Fatigue mix analysis/design system.

(to 20°C)
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Figure 28. Flexural fatigue test equipment.

Thermal Stress Restrained Specimen Test, TSRST. To assess the propensity of a mix
to low temperature cracking the thermal stress restrained specimen test (TSRST) was
developed as part of the SHRP (Jung and Vinson 1994A). The mechanism of low
temperature cracking is associated with a reduction in temperature of the asphalt
concrete pavement in the low temperature regime, usually less than about 10°F. As
the temperature of the asphalt concrete pavement is reduced below this level, tensile
stresses develop in the mix being largest at the surface. With continued decrease in
temperature, this tensile stress eventually exceeds the fracture strength of the mix and
cracking takes place. This phenomenon is illustrated schematically in Figure 29.

The TSRST, shown in Figure 30, attempts to simulate this process using an
HMA specimen maintained at constant length as its temperature is reduced at a
constant rate. Eventually the specimen breaks and the fracture temperature is
measured as seen in Figure 29. The measured information is shown as the bold
portion of the thermal stress versus temperature relationship.

Results for tests on laboratory compacted specimens representative of mixes
used in the WesTrack pavement test (Rao Tangella et al. 1990) are shown in Figure
31. The binder used in this pavement was a PG-64-22.
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Figure 29. Schematic of low temperature cracking — TSRST.

Figure 30. TSRST.
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Figure 31. Schematic of low temperature cracking — TSRST.

It will be noted that fracture temperatures of the various mixes after long time aging
(LTOA) are generally less than -22°C indicating the AASHTO MP-1 specification
for low temperature cracking is appropriate for HMA containing conventional
binders, a fact established during the validation study for the test (Jung and Vinson
1994B).

TEST SPECIMEN PREPARATION

Over the years, a number of different procedures have been developed to
compact specimens for laboratory testing. These have included: static compaction
(Vallerga 1951), impact compaction (Highway Research Board 1949), kneading
compaction (Endersby and Vallerga 1952), gyratory compaction (Phillipi, McRae and
Foster 1959, Cominsky et al. 1994), and rolling wheel compaction (van Grevenynghe
1986, Bonnot 1986, Sousa et al 1991). In recent years considerable data have
developed emphasizing that when preparing specimens for permanent deformation
evaluation in laboratory tests, it is important that the aggregate structure of the
laboratory-compacted mix be about the same as that of the mix compacted in situ by
conventional compaction. Hveem was one of the first asphalt researchers to
recognize this; his efforts along with those of B. A. Vallerga led to the development
of the Triaxial Institute kneading compactor (Vallerga 1951, Endersby and Vallerga
1955, Vallerga 1955).

Laboratory Central Ponts et Chaussees (LCPC) conducted a study of
specimens prepared by a number of different compaction procedures soon after the
introduction of their gyratory compactor developed to evaluate the compactability of
mixes. It was observed that the rolling wheel compactor developed by the LCPC
produced specimens that best reflected performance on comparable specimens
compacted in situ (van Grevenynghe 1986). The LCPC does not use gyratory-
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compacted specimens for permanent deformation evaluation; rather they use a form
of rolling wheel compaction (Bonnot 1986).

During the Strategic Highway Research Program an extensive study was
conducted of the influence of compaction method on the permanent deformation
response of mixes. The compaction procedures included a mechanized version of the
Texas Gyratory Compactor [150 mm (6 in.) diameter mold], the Triaxial Institute
Kneading Compactor and a form of rolling wheel compaction (Harvey 1991).
Results of the study supported the work of the LCPC suggesting that some form of
rolling wheel compaction was most suitable for laboratory specimen preparation.

Recently, through the CAL/APT program, it was possible to compare the
permanent deformation characteristics of field and laboratory compacted cores
obtained from two overlay pavements, one containing a conventional dense-graded
aggregate with an AR-4000 asphalt cement and the other a gap-graded material with
an asphalt rubber cement. The pavements were constructed according to Caltrans
procedures. The laboratory specimens were prepared with rolling wheel compaction
(Harvey 1991) and the Superpave gyratory compactor (Cominsky et al. 1994).
Simple shear tests (RSST-CH) were performed according to AASHTO TP7-94 at 40,
50 and 60°C (104, 122, and 140°F) (American Association of State Highway and
Transportation Officials 1995). Results of these tests are summarized in Figure 32
for the asphalt rubber mix at 50 and 60°C (122 and 140°F). Similar tests were
observed for the conventional dense-graded AC. The specimens prepared by the
SHRP gyratory compactor exhibit greater resistance to permanent deformation than
the field cores. This difference is due in a large part to the difference in aggregate
structure created by the SHRP gyratory compactor as compared to rolling wheel
compaction (Harvey et al. 1995). Also, the data suggest that the specimens prepared
by rolling wheel compaction are similar in response to the field cores.
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Figure 32.  Influence of compaction method on behavior of mixes in the

RSST-CH at 50°C and 60°C; gap-graded asphalt-rubber hot mix.
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LABORATORY TEST SPECIMEN SIZE AND LOADING
CONSIDERATIONS

Laboratory specimen size is an important factor to be considered in material
testing. Laboratory testes are usually developed around theories (e.g. continuum
mechanics and constitutive relationships), and are designed to identify specific
parameters associated with the models. An important question is whether the theory
stipulated is applicable to a specific test. In particular, many models in common use
in the field of mechanics of materials are based on homogenization of properties
across heterogeneous media. Thus, it is important to have enough material for the
homogenizing process to provide “reasonable” properties.

For AC mixes, the question of scale between the particle size and the
dimensions of the specimen is important because the maximum aggregate size may
not be much smaller than the specimen size. Thus it is important to verify at what
minimum specimen dimensions continuum mechanics, or any other theory based on
homogenization, becomes applicable. This specimen dimension is referred to as the
representative volume element (RVE), defined as the smallest volume large enough
so that the global characteristics of the material remain constant, regardless of the
location of the RVE.

When specimens smaller than the RVE are tested, much variability is
observed. Consequently, the mean value of the results must be obtained from a large
number of test specimens to arrive at a statistically meaningful value (Hashin 1983).
On the other hand, it is likely that less variable test results will be obtained when
specimens larger than the RVE are used.

Using specimens smaller than the RVE has two major disadvantages. First, a
large number of specimens may be required. Second, an averaging process ignores
any bias in the test procedure, which may result in large errors. Bias might occur, for
example, because of the mix compaction method and selection of test specimens from
a specific part of the compacted mix. In view of these limitations, the use of
specimens larger than the RVE is recommended. However, in some cases, the use of
specimens smaller than the RVE may be unavoidable; for example, in a mix
containing larger aggregates. In such cases, statistically meaningful results can be
obtained by testing a large number of replicates, although the above limitations
should be noted. Results of typical laboratory tests of AC mixes show the classic
indications noted in the literature for specimens smaller than the RVE (e.g.,
Weissman et al. 1999, Harvey et al. 1999).

Current laboratory procedures typically use only two to four replicates. Thus,
if specimens are smaller than the RVE, there is no guarantee that the average result
obtained predicts a statistically meaningful value of the material property.
References (Weissman et al. 1999) and (Harvey et al. 1999) provide data to support
the above discussion.

Dimensions of the RVE are dependent on aggregate size, shape, and
orientation. Accordingly, the RVE for mixes containing different aggregates with the
same nominal-sized aggregate may differ. Finally, because of aggregate shape and
construction procedure, the dimensions of the RVE may differ in the three
characteristic dimensions, particularly at higher temperatures (Weissman et al. 1999).
The RVE dimension also depends on temperature and rate of loading. This is due to
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the rate of loading and temperature dependence of the material properties of the
mastic (asphalt and fine aggregate), whereas the aggregate properties are relatively
insensitive to these effects. As a result, at low temperatures the properties of the two
compornents are closer, whereas at elevated temperatures the aggregate may be orders
of magnitude stiffer than the mastic.

Thus, larger size specimens are required at high temperatures than for tests on
the same mix at lower temperatures. Additionally, dynamic tests may require smaller
specimens than static (creep) tests because the properties of the aggregate and mastic
are closer at higher frequencies of loading.

In addition to RVE considerations, loading conditions will also influence
specimen size. Consider for example, the simple shear test discussed above. In this
test, a major imperfection results from mixing tractions on the leading and trailing
edges of the specimen, as indicated in Figure 33. This introduces boundary layers
near these edges that may affect the solution. Fortunately, the width of this boundary
layer is independent of the specimen length and instead depends on the specimen
height. Therefore, the relative contribution of these boundary layers can be
diminished if the length-to-height ratio of the specimen is increased.

To demonstrate the effect of the length-to-height ratio, a series of three-
dimensional finite element simulations were conducted. In this simulations, a 50 mm
(2.0 in.) high and 100 mm (4.0 in.) wide specimen, with a length that varied between
25 and 500 mm (1.0 and 20.0 in.), was used. Results are shown in Figure 34; these
are based on an elastic model discussed in Reference (Weissman et al. 1999).

This figure highlights two important findings. First, 10 percent error, or less,
in the predicted shear modulus (G) can be expected for specimens with a length-to-
height ratio greater than 3. Second, Gueasurea COnVerges to G- monotonically from
below. This provides a conservative value for G. In general these results indicate
that the level of error can be reduced by increasing the length-to-height ratio. Thus,
assuming the specimen height is prescribed by the RVE requirements, it is possible to
select a specimen length that would result in an error level smaller than a specified
value. Plane-strain finite element simulations of the simple shear test reported in
Weissman et al. (1999) support the results of the analyses shown in Figure 34. The
results of these analyses also suggest that the reliability of the test could be improved
by using rectangular parallel sided rather than cylindrical specimens. For a length (or
diameter) to height ratio of 3, the critical dimension for RVE is the height.
Accordingly, the height of the shear specimens should probably be about 75 to 100
mm for a 19-mm nominal size aggregate. With most compaction methods, the
nominal size of the aggregate will be oriented in the vertical direction (i.e., the longer
side will be oriented parallel to the surface) and the aggregate length to height ratio is
not important.

A similar analysis (Weissman et al. 1999) suggests that the height of a
specimen subjected to axial loading should be at least twice the diameter plus the
RVE in the vertical direction. The RVE within the specimen length should be
maintained free of end effects, which necessitates the addition of the two-diameter
requirement and an RVE length in the vertical direction. As a result, specimen
dimensions for a 19-mm nominal aggregate, the type evaluated in this study, may
have to be about 125 mm (5.0 in.) in diameter and as much as 350 mm (14.0 in.) tall.
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Figure 33. Simple shear test; traction represented by dotted arrows is not
applied.
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Figure 34.  Convergence of the measured G with increased ratio of length to
height.

Such a large specimen poses severe problems for testing field cores because
the compacted AC layer of interest is usually less than 200 mm thick. It must be
emphasized that these dimensions are subject to the limitations of the analysis and
should be validated by laboratory testing. Some validation testing has been recently
performed in the axial loading mode (Harvey et al. 1999), although only to a
temperature of 40°C, which is below typical temperatures at which rutting occurs.

These results suggest that smaller specimens may be used for the standard
repeated simple shear test at constant height than are required for an equivalent creep
test in axial loading. Regardless of specimen type, however, the results emphasize
the importance of considering the size of the specimen relative to the maximum size
of aggregate used, the loading configuration axial or shear (for permanent
deformation evaluation), load rate, and test temperature.

TEMPERATURE AND TRAFFIC CONSIDERATIONS

Selection of loading and temperature conditions for mix evaluation should
reflect the environment in which the mix will be used. While a number of approaches
have been developed (Asphalt Institute 1982, Cominsky et al. 1994, Deacon et al.
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1994) only one will be discussed herein; i.e. the use of a temperature conversion
Jactor (TCF). Reference (Deacon et al. 1994) describes this approach in detail and its
use has already been illustrated in an earlier section.

The TCF is a multiplicative factor which converts the number of design load
repetitions occurring in the mixed temperature environment in situ to its equivalent at
a single temperature. The ability to make such a conversion is critically important for
routine work, because it reduces the requisite laboratory testing and structural
analysis to a single temperature. The TCF has been shown to be dependent on both
the pavement structure and the thermal environment. At the same time, it has been
hypothesized that the TCF may be relatively unaffected by mixture characteristics,
particularly for asphalts of normal temperature sensitivity. It remains for future study
to determine the limits within which this hypothesis is valid.

Reference (Deacon et al. 1994) provides values for the TCF for two
hypothetical pavement structures located within nine geographic regions of the
United States.

To illustrate the results for a specific area, in this case California, three
locations representative of a variety of climatic conditions were examined including:
Blue Canyon in Placer County (mountain envircnment); Daggett Airport in San
Bernardino County (desert environment); and Santa Barbara airport in Santa Barbara
county (coastal environment). At each location, two hypothetical pavements were
examined having 102 mm (4.0 in.) and 203 mm (8.0 in.) surface courses (Harvey et
al. 1997).

The asphalt mix was thought to be representative of those used in California,
and laboratory stiffnesses and fatigue lives were measured and characterized in an
earlier investigation (Harvey et al. 1996). Pavement temperature profiles were
simulated using the climatic-materials-structural (CMS) pavement analysis model
developed at the University of Illinois (Herlache et al. 1996). Results of these
computations are shown in Figure 35 and represent factors necessary to convert
traffic to a temperature of 20°C, a temperature convenient for fatigue testing of
asphalt mixes.

A similar approach can be used for permanent deformation testing, in this
instance defining a test temperature in the range 40° to 60°C where rutting is likely to
occur; examples are included in References (Monismith et al. 2000, Harvey et al.
1995, Monismith et al 2001).

At this stage in time, to enable direct comparisons between field and
laboratory traffic estimates, a shift factor must be applied to the traffic forecast. This
shift factor is intended to account for traffic wander, construction variability,
differences between laboratory and actual (field) states of stress, frequency of
loading, as well as other factors.
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Figure 35.  Effect of location and surface thickness on temperature conversion
factor for fatigue life estimation.

In the case of fatigue, for example, crack propagation time as well as many of
the above listed factors, highway pavements have been found to sustain from less
than 10 to as much as 100 times the number of load applications based on measured
laboratory mix response for specific values of calculated strains.

One investigation (Harvey et al. 1996) has suggested that the shift factor for
fatigue follows an equation of the form:

SF=ae® )
where:
€ = simulated strain on the underside of the asphalt concrete layer
for standard wheel load
ab = coefficients determined by comparisons of calculated and

measured degrees of cracking

This relationship appears reasonable since the rate of crack propagation, a
principal difference between in-situ and strains laboratory behavior, is affected by
strain level. Small strains, for example, not only increase the number of load
repetition to crack initiation but also slow the rate of crack propagation as well. The
opposite is expected for large strains.

For permanent deformation an example of the development of a shift factor to
relate shear strains in the laboratory to estimate for field loading conditions is
described in Reference (Sousa et al. 1994).

RELIABILITY AND VARIABLITY

Decisions about anticipated mix performance cannot be made with absolute
certainty. Although large safety factors can reduce the likelihood of error, their cost
consequences can be considerable. Reliability analysis ensures an acceptable level of
risk in mix design without the cost of excessively large safety factors.
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Reliability is considered, herein, to be the probability that the mix will provide
satisfactory performance throughout the design period. The reliability level for each
specific mix design is set by the designer. Larger levels of reliability reduce the
chances of accepting deficient mixes; however, the tradeoff is the potentially larger
cost associated with reducing the number of acceptable materials or mixes or
increasing the thickness of the asphalt concrete.

Reliability can be introduced in the mix design and analysis system by a
reliability multiplier, M, which is calculated as follows:

M= F N yatnSALs)

(10)

in which e = the base of natural or Naperian logarithms, Z = a factor depending solely
on the mix design reliability, var (In N) = the variance of the logarithm of the
laboratory mix performance, e.g. fatigue life estimated at the in-situ strain level under
the standard 40 kN (9,000-pound) wheel load, and var (In ESALs) = the variance of
the estimate of the logarithm of the design ESALs. Z is related to design reliability as
follows:

Design Reliability (percent) Z
95 1.64
90 1.28
80 0.84
60 0.253
50 0.000

The variability associated with forecasts of design ESALSs is not well defined.
However, as a point of reference, the AASHTO design guide (American Association
of State Highway and Transportation Officials 1993) suggests that actual traffic may
be 1.6 times that predicted at a one-standard-deviation level. Assuming a log normal
distribution, this corresponds to a var (In ESALs) of about 0.22.

The parameter var (In N) can be considered to be the sum of three components
as follows:

var(n N) =5’ +s2 +S? an

in which s? = the testing variance, s> =the mix variance, and s’ = the structure

variance.
References (Deacon et al. 1994, Sousa et al. 1994) contain values of M as a function
of var (In N) and var (In ESALs).

To illustrate the testing variability, for fatigue testing this variability reflects a
combination of factors including the inherent variability in fatigue measurements
(associated both with specimen preparation as well as testing equipment and
procedures), the nature of the laboratory testing program, and the extent of
extrapolation necessary for estimating fatigue (using a least-squares, best-fit line) at
the design strain level. Var (In N) is calculated as follows (Harvey et al. 1997):
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in which s° = the variance in logarithm of fatigue-life measurements, n = number of
test specimens, X = In (in-situ strain) at which In (N) must be predicted, X = average
In (test strain), g = number of replicate specimens at each test strain level, and x, =In
(strain) at the p™ test strain level.

Similar information can be develop for other mix tests [e.g. Hveem
Stabilometer test data (Benson 1996), RSST-CH test data (Sousa et al. 1994)], so that
the reliability of the mix design can be selected consistent with pre-selected levels
risk dependent on the pavement under consideration.

(12)

SUMMARY

This paper has attempted to cover some of the developments in asphalt mix
design and analysis during the past 60 years. The initial part has concentrated on two
methodologies; (1) the so-called Marshall procedure developed by the U. S. Army
Corps of Engineers (USACE/WES) during the early 1940°s for airfield HMA design
and modified subsequently for mixes to be used in highway pavements; and (2) the
Hyeem procedure developed in California in the 1930’s and subsequently used in
some form by a number of states in the U. S. As noted in the paper, both methods are
still in use, with the USACE-developed procedure utilized, for example, by the
USACE for military pavement applications and by the FAA for commercial and
general aviation airfields while the Hveem-developed procedure is used by some state
highway authorities, particularly in the Western U. S.

While both methodologies have been used successfully, changes in loading
conditions particularly, have necessitated modifications of the procedures. Also, as
noted above, the procedures may not successfully accommodate new materials or
further changes in loading conditions; hence the reason for SHRP.

With the advent of the Superpave volumetric design procedure, the Marshall
method has been replaced by it in a large number of states in the U. S. It should be
noted, however, that a mix performance test to supplement the volumetric procedure
is still under development (2002). While Superpave is still limited to volumetric mix
design, there have been performance-related tests developed over the years and
during SHRP. A few of these have been discussed herein.

The Shell procedure, with a creep test to assess mix rutting potential as a part
of mix selection, has been successfully used for mixes with conventional asphalt
binders. For mixes containing non-conventional or modified binders, however, it has
been demonstrated that some form of repeated load test is required.

During SHRP a number of performance-related tests were developed,
including the RSST-CH, flexural fatigue, and the TSRST, to define permanent
deformation, fatigue, and low temperature responses, respectively. These tests have
been applied successfully to mix design and analysis.

In performing mix design and analysis, using the improved test methods
developed in the past 20 years, examples of which have been described herein, does
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require careful consideration of a number of factors. These include: (1) specimen
preparation-especially for permanent deformation measurements; (2) specimen size
and shape including the effects of aggregate size; (3) test temperature and loading
conditions; (4) the relationship between laboratory and actual traffic load
applications; and (5) reliability that reflects variability in both traffic and testing
estimates.

Asphalt/binder aggregate mixes used in paving as well as in other engineering
applications are complex; simple test methods (including specimen preparation) may
not be suitable to define mix characteristics necessary to reflect expected
performance. Accordingly, we should not settle for something simplistic in the
interest of expediency. It is important that technical merit rather than simplicity and
ease of implementation drive the selection of test methods and analysis techniques.
This should be tempered at times by the need to transfer technology to the new
generation of engineers and from research into practice. Thus, a degree of
simplification may be required to communicate the fundamental principals in order to
provide a proper basis for exploiting the extensive research knowledge that has been
developed in the past 20 years.

Today we have analysis tools that were not available in the 1930-1960 period.
Moreover, we have improved understanding of materials behavior and the ability to
measure requisite characteristics. In addition, the ability to validate aspects of
pavement behavior through accelerated pavement testing provides the opportunity to
more quickly introduce new materials and innovative design concepts.

With all of this said, it is important not to discard past knowledge accrued
since at least the 1930’s, but rather to build on it to improve our mix design and
analysis capabilities. This will permit us to respond to changed loading conditions
and to be able to take advantage of new materials as well as more effective use of
existing materials which have been used successfully for many years.
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Abstract

This paper discusses the future of asphalt pavement design and construction. It poses
the following question: how do we make long-life pavements? In addressing this
question, the answer is framed around three areas of asphalt technology: 1-Structural
design; 2- Materials; and 3- Construction. Additionally, the paper presents the current
trends in transportation environment, and relationships with technological advances
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Introduction

What is the cost of poor performance? In April of 2001, The Road Information
Program (TRIP) released a report quantifying the individual vehicle operating cost
(VOCQ) attributable to poor roadway condition, Figure 1. In the United States, on
average we spend individually an additional $222 each year to maintain and operate
our vehicles due to poor roads. As a nation, this represents a significant annual
expenditure of $41.5 billion.

TRIP reports a wide range of operating costs: ranging from a high of $432 to a low,
in a State with an aggressive maintenance program, of only $23 per year.

Another major cost imparted on the driving community is linked to congestion and
user delay. From the period of 1980 to 1998 in the United States, we have seen a 72%
increase in traffic volume with only a 1% increase in capacity (road miles).

So what can we as asphalt technologist do to reduce VOC’s and congestion? Simply
stated, we need to build long-life pavements. In other words, “Get in, Stay in, Get
out, and Stay out.” Improving performance will reduce VOC’s and reduce frequency
and the number of work zones, which significantly contribute to congestion.

So, how do we make long-life pavements? In addressing this question, the answer is
framed around three areas of asphalt technology: 1. Structural design; 2. Materials;
and 3. Construction, Figure 2. However, before discussing these areas it is important
to discuss the current transportation environment or relationships and the keys
associated with technological advancement and success.

Range of Expenditures

Figure 1. TRIP Findings on VOC.
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“So, how do we make long-life pavements?”

In addressing this question, the answer is framed
around three areas of asphalt technology:
1. Structural design; 2. Materials; and 3. Construction,
Figure 2. However, before discussing these areas it
\ is important is discuss the current transportation
N\ environment or relationships and the keys
associated with technological advancement and
success.

Construction

Figure 2. Three Areas of Asphalt Technology

Relationships

In the highway community, information flows principally in one direction, Figure 3.
The structural designers request information from the traffic group and obtain
information about the project’s environment, in turn providing a cross-sectional
design to the materials and construction groups. The Materials designers obtain
information from the suppliers and provide the construction group with a mixture
design. And then the construction group builds the pavement. A separate group
typically maintains the sections and long-term performance is only looked on at a
network level through pavement management systems.

Figure 3. Typical Relationships
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In this process, important “what if” questions are not addressed. “What if materials
are weaker or stronger than the structural design assumptions?” “What if certain
materials are easier to maintain?” “What if the supplier or contractor wants to try
something new?”

Innovation and accountability are lost in the process. Ideally, what we need is two-
way communication, feedback, and accountability, Figure 4.

—
@ y the right things to

insure
performance?
What is working?
Suppliers What last longest
and is easiest to
maintain? (Not
always the same
answer) What is
our common
goal? Do we have
a common goal?

Performance

Figure 4. Idealize Communication Model

The Three Keys to Success

There are three keys to achieving our common goal of long-life pavement:
1. Communication,

2. Innovation, and

3. Fostering Expertise.

To reach this goal, a vibrant and dynamic asphalt research, development, and
technology (RD&T) program is needed. One view of the RD&T process as a linear
model, Figure 5, where researchers identify and work on a problem and then the
developers are brought in. The developers engage the technology transfer (T2)
specialists and then the users implement the innovation. The approach is very slow
and all too often leaves the researchers looking for things that do NOT address the
users’ needs.

Effective RD&T is not that simple, Figure 6. It involves total involvement throughout
the process, often called stakeholder involvement. Users and producers have to be
involved at the identification and inception of research. Continuous involvement of
equipment manufacturers and other developers as well as T2 specialists greatly
increases the likelihood of success and reduces the time to implementation. This is
not a new concept to the asphalt industry. During the Strategic Highway Research
Program (SHRP), User-Producer groups were fostered to vet research ideas.
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Developers

-y

Researchers

Figure 5. Linear Model of the RD&T Continuum

100%

Developers

Researchers

Zero

Figure 6. Model of Effective RD&T.
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Superpave and Stone Matrix Asphalt (SMA) are excellent examples of how to do
RD&T right!

There are three basic rules that govern the ease of the RD&T technology transfer
process. For timely implementation and lasting impact, products should fulfill three
simple little rules:

1. Easy to set up,

2. Easy to run, and

3. Easy to analyze.

This does not mean products cannot be technologically complex. But laborious
procedures and overly complex equipment with elaborate criteria do not lend
themselves to daily use in the highway community. As we look to the future, what
research and products hold the greatest promise in helping us achieve our goal of
long-life pavements?

LOOKING TO THE FUTURE: STRUCTURE / MIXTURE /CONSTRUCTION
Structural Design (The right cross-section)

Several major efforts are coming to fruition in the area of structural design. Most
significant are two projects being managed by the National Cooperative Highway
Research Program (NCHRP). Project 1-37(A) charged with developing a new
mechanistic-empirical pavement design guide and Project 9-19 developing a
framework for advanced performance modeling. Both of these projects will be
providing the paving community with new tools (models) in the area of structural
analysis and design.

MODELS? Simply stated, a model is a mathematical equation that predicts
something you want to know based on something else you can easily measure. For
example, we can use parameters like traffic volume, asphalt stiffness, and aggregate
gradation to predict mixture rutting resistance.

These improved models offer more flexibility in how we analyze our pavement
systems. In the continuum of pavement response modeling, Figure 7, we are moving
closer to the state-of-the-art. One of the main catalysts behind the shift in the
continuum is the recent dramatic increase in computer computational power.

A critical element, being proposed, is a common material characterization test for
asphalt mixtures for both structural analysis and mixture design - the dynamic
modulus, /E*/. This provides the “missing link” between these two areas. /E*/ may
also lend itself to field quality control; fully closing this aspect of the technology
loop.

In the future, we also need to better understand the loading being applied to our
pavements. How we measure and monitor Traffic is a critical element in the modeling
equation. In addition, our models need to focus more on the users’ perspective. The
proposed pavement design guide relates common distress modes (rutting and
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cracking) to roughness (international roughness index, IRI). Roughness or ride is
definitely focused on the user, however, can we develop models or develop designs
accounting more for: safety, smoothness, noise, or even appearance?

State-of-Practi

e State-of-Art

Burmister f_-

Actual Current Practice?

Key: Burmister — close form response model
MLET — Multi-layer elastic theory
2D FEM — 2 dimensional finite element method
3D FEM — 3 dimensional FEM

Figure 7. The Continuum of Pavement Response Models.

Materials (Optimum Performance)

How should we design our materials? To maximize performance or meet a required
design life? How can faster, better, more economical equipment and procedures for
design be developed? And how do we tie material properties more closely to
Structural Design and Construction? The answer to all these questions has its roots in
Superpave®.

It is impossible to talk about asphalt mixture design with out saying the word
Superpave. Developed under the SHRP program, Superpave provides a performance-
related binder purchase specification coupled with a volumetrically based mixture
design system that employs gyratory compaction. In the very near future, Superpave
will also include a simple performance test (SPT). The simple performance test will
use specimens compacted in the gyratory and loaded uniaxially, Figure 8.

L 3

Figure 8. Uniaxially Loaded Specimen
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In Superpave the binder specification, grade selection is a function of environment
and traffic level. Binders are tested at different temperatures, loading conditions, and
levels of aging to simulate the changes that occur throughout a pavement’s service-
life and assess resistance to distress, such as rutting, fatigue cracking, and low-
temperature cracking.

Under the guidance and direction of the Transportation Research Board’s (TRB)
Superpave Binder expert task group (ETG), the Superpave binder specification is
continuing to evolve. On the horizon are significant changes in the way we condition
and test our materials. These changes are primarily driven by the current specification
inability to fully capture the benefits of modified materials.

In the area of conditioning, considerations are being given to replace the rolling thin
film oven test (RTFOT) with either the German rolling flask or a new distillation
system developed at Texas A&M University. Several proposed changes to the test
procedures are being considered, including using the dynamic shear rheometer (DSR)
to assess rutting by measuring a new parameter called “zero shear viscosity (ZSV).”
In the end, Superpave binders will still be performance graded based on two
temperatures, ex. PG 64-22, However, the properties we measure to determine the 64
and -22 will be different and will be truly performance-related and blind to
modification.

Over in the mix lab changes in both aggregate characterization and laboratory
compaction are in sight. New procedures are being developed to more effectively
measure the specific gravity (density) of the constituent materials, Figures 9 and 10.
Also, imaging technology to enhance characterization of aggregates and better link
their physical properties to performance is being evaluated, Figure 11.

Figure 9. Automated Specific Gravity Devices Figure 10. Corelok™ Device

Improvements are also being sought to increase the precision and repeatability of
existing practices. Issues of gyratory compaction calibration have lead to the
development of the dynamic angle validation (DAV) kit, Figure 12. However, DAV
only addresses one issue on the compaction horizon. The proposed simple
performance test (SPT) requires taller specimens than ever envisioned by the SHRP
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researchers and, in addition, the NCHRP 9-16 has further developed the concept of
measuring shear resistance during compaction. The demands of the SPT and the
findings of NCHRP have prompted the TRB Mixture/Aggregate ETG to form a new
task group to explore the development of the next generation of laboratory

compaction.

2 R . { B 1
Figure 11.  Researchers at the Washington State University use an Automated

Image System (AIMS) to quantify aggregate shapes and texture
properties.

Figure 12. FHWA DAV
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Construction (Get in. Stay in. Get out. Stay out.)

What is the best way to effectively place the pavement? How do we best monitor
performance? What is the most effective way to conduct field management: quality
control and quality acceptance (QC/QA)? What innovative contracting tools do we
need? What innovations are occurring in testing and placement equipment? And how
do we best insure work zone safety?

Monitoring

We need to effectively monitor performance to allow us to further develop models,
including calibration and validation. This will allow for better optimization of
materials and more cost effective layer thickness designs. The effective use of
accelerated performance data to refine specifications in a compressed timeframe and
validate innovative concepts is needed, Figure 13.

Figure 13. FHWA Test Facility, featuring 2 Accelerated Lad Frames (ALF’s)

Contracting

Statistically based quality-control and quality-assurance (QC/QA), performance-
related specifications (PRS), and warranties offer a mix of contractual tools to ensure
performance. PRS is helping us to identify what is most important during the
construction process; by linking testing to actual performance. The performance
indicators, identified by PRS, are changing what we control in standard QC/QA
contracting and are identifying what is important to contractors warranting their
work. Not surprisingly, proper compaction is one of the most critical parameters in
achieving performance.

Equipment

Much of the new testing equipment being developed in the mixture laboratory lends
itself to use in the field. In addition we are seeking new ways to measure density and
uniformity of the pavement mat; using means of thermal imaging and non-nuclear
density gauges. Specifying agencies are also placing more of the responsibility of
testing on the contractor. This has raised some questions of accountability. Smart
testing equipment that automatically tracks location and number of testing is being
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investigated. What if we tie a global positioning system (GPS) to a nuclear gauge
and track all readings?

Innovations in production equipment and placement equipment continue to advance.
Technology is allowing vibratory rollers to get smarter. This trend will continue in
the future.

Equipment manufactures are rising to the challenge of increase production rates and
paving speeds, while achieving the smoothest pavements possible.

If we turn back the clock fifty years what do we see in the area of construction and
data analysis at the AASHO Road Test, conducted in Ottawa, Illinois, what do we
see? (Figures 14, 15, 16, 17, 18)

If we turn the clock forward 10, 20, 30 years, what advancements will we see? How
will computers, GPS, telecommunications, the internet, shape our future? One thing
is certain, we will be asked to do more with less and we will have to look to
technology and innovation to find the solutions.

-

Figure 15. Bituminous Laydown

Figure 14. Subgrade Prep

AASHTO Road Test — “State-of-the-Art” Data Analysis

Figure 16. IBM tape-to-card printing punch Figure 17. Chart Reader Used
with Longitudinal Profilometer
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Fostering Expertise in the Perfect Storm

As we move to the future, the environment of the asphalt paving industry is changing.
The realization of research, development, and technology transfer activities continues
to provide a wide range of new tools. We have made significant advancements in the
way we characterize and design our materials; analyze and design our pavement
cross-sections; test and predict our pavement performance; and manage the
construction process.

This new technology comes at a critical time for the agencies entrusted with the
stewardship of our nation’s infrastructure. Recent years have been accompanied with
changes in contracting practices that have shifted the responsibility of understanding
and technology application from the specifying agencies to the contractors. Along
with this shift, we see a loss of expertise and institutional knowledge due to
retirement and downsizing occurring in many of the specifying agencies, and the
inability of many contractors to identify and retain personnel to meet the new
demands being placed upon them.

This is the perfect storm: new technology, shifting responsibility, and diminishing
expertise. How can we continue to be good stewards and still meet the needs of the
motoring public?

Simply stated, business as usual cannot continue on; partnerships are changing.
Needs are growing along with the demands of technology. The transportation
industry must adapt, remove barriers, and focus our actions.

The Strategic Highway Research Program, along with developing products, nurtured
and rekindled lines of communication between users and producers. The Federal
Highway Administration and the Association of State Highway Transportation
Officials through the Transportation Research Board continue to nurture and



ASPHALT MIX DESIGN AND CONSTRUCTION 83

strengthen the communication infrastructure essential to the continued success of our
nation’s pavement infrastructure.

The Storm mounting around us is surmountable, but only with your help. Our
relatively small community of transportation specialists and paving technologists
must continue to rise to this occasion. Innovation, communication, and partnerships
will shore the sheets of our sails and allow us to weather the storm.
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Section One: Introduction

Modification of asphalts is prompted mainly by the limitation of the
conventional refining practices used today in production of asphalts from crude
petroleum. The chemical composition of asphalt and, in consequence, its properties
are largely dependent on the crude source and the refining process. Asphalt
production in most refineries is a secondary process that cannot compete with fuel
and other products in revenue generation. Therefore production of better performing
asphalts is not one of the common st