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Introduction
The SHRPAsphalt Research Program passes its midpoint in 1990. This presents an
appropriate occasion to evaluate its progress and examine restructuring which may be
needed to achieve the program's goals within the time and money available.

This report documents the strategic plan for the remainder of the program which ends
on March 31, 1993. In this respect it is reemphasized here that the entire program is
focused on delivering two main products: .....

the Asphalt Binder Specification; and

the Asphalt Aggregate Mixture Specification including an Asphalt-
Aggregate Mixture Analysis System (AAMAS).

Both specificationswill also include the necessarysupporting tests. Those activities
which do not contribute to the development of these specifications must be curtailed
(figure 1.1). Additionally, it may be periodically necessary to refocus the research
efforts.

This report attempts to concisely describe the SHRPasphalt research program, with
emphasis on defining itsgoals and explaining how the program has been structured to
achieve these goals. Effort has also been made to illustrate the methods of data
analysis which are and must be used, in particular the rather freeform, intuitive
approach employed for interpretation and synthesis to achieve specific products when
rigorous mathematical methods are ineffective.

The report is also intended to serve as a resource for the midterm 1990 assessment of
the SHRPasphalt research program which will be conducted in August 1990. In that
regard, it presents possible options for the restructuring of the program to most
effectively and efficiently attain its goals and objectives within the time and money
constraints established at its outset ....

Finally, SHRP is a product-oriented R&D program; its goal is the development of
performance-based specifications and associated test methods and devices. The
establishment of concurrent implementation strategies for these products, integral with
the research program itself, is explored in this working paper. This includes a very
preliminary discussion of the economic issues, data and analysis methods needed to
guide the implementation activities toward the most cost-effective ends.

In succeeding chapters the following topics are discussed in detail: Chapter 2 -
evolution and organization of the program; Chapter 3 - research products; Chapter 4 -
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Figure 1.1 Focus of research activities.
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experimental design and data analysis; Chapter 5 - performance based specifications
for asphalt binder and asphalt-aggregate mixes; Chapter 6 - economic analysis to
assess product viability; and Chapter 7 - product implementation.
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Evolution, Organization and Strategy of
the Research Program
This chapter is organized to present a brief reviewof the developmentof the SHRP
AsphaltResearchProgramand a moredetaileddiscussionof how the programis
organizedto achieveits principalproducts,performance-basedspecificationsfor
asphaltbindersand asphalt-aggregatemixtures.

Program History and Evolution

The emphasisand need for specificationdevelopment in the SHRP Asphalt Program
originatedinTRB SpecialReport202, America's Highways: Accelerating the Search for
Innovation, the so-called"Blue Book," that presentedthe conclusionsand
recommendationsof the StrategicTransportationResearchStudy (STRS).The
objectiveof the asphaltresearchprogramwas statedas follows:

"To improvepavementperformancethrougha researchprogramthat will
provideincreasedunderstandingof the chemicaland physicalpropertiesof
asphaltcementsand asphaltconcretes.The researchresultswould be used to
develop specifications,..tests,.,,°needed to achieveand control the pavement
performance desired."

This emphasis was reinforced and further defined in the May 1986 TRB report titled
Strategic Highway Research Program Research Plans, the so-called "Brown Book," in
which it was stated (page TRA 1-11) that a specific constraint or guideline for the
asphalt program was that "... the final product will be-performance-based specifications"
for asphalt, with or without modification, and the development of an asphalt-aggregate
mixture analysis system (AAMAS)."

Moreover, this report described (page TRA 1_14)Project 1-4 of the research program,
titled "Preparation of Performance Based Specifications for Asphalt and Asphalt-
Aggregate Systems" that would be composed of two tasks, one to develop the asphalt
specification and one to develop the AAMAS.

Finally, the SHRP Executive Committee in 1987 approved A Contracting Plan For SHRP
Asphalt Research. This contracting plan is the "gold standard" strategic plan for the
SHRP asphalt program and takes precedence over the earlier research plans when
issues of proper technical direction arise. The contracting plan combined the
multiplicity of tasks identified in the 1986 research plan into a coordinated, manageable
structure of six main contracts (since expanded to nine with the further division of the
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original contracts A-002 and A-003). The contracting plan assigned the respor sibility to
develop the performan(;:e-I;)_sedasphaltbinderspecificationto contract A-00! and the
performance-based soe;ifi(;:ationfor AAMA$ to contract A-006.

In the 3 years since the establishment of the contracting plan, the asphalt research
program has been put into action by the award of nine major research contracts and
15 supporting studies. Yet the goals of the program remain substantially unchanged
from those originally articulated in the "Blue Book," Special Report 202. Both
specifications are still required to be performance-based; the ramification of tnis
terminology is discussed in more detail in the following paragraphs.

Furthermore. the orima(;:yof the developmentof the asphaltbinderspecificationthat
was establishedin Special.Report202 ove¢the study of the behavior of asphalt-
aggregate mixtures and the developmentof a mixturespecificationis unchanged.To
quote the 1987 contracting plan on this point:

"In the asphalt area, the original report, Ameri_:a',,;Highways:Acceleratingthe
Search for Innovation,clearly put the dominant focus on asphalt binders.
Subsequent discussions by the AASHTOTask Force, the AASHTO Select
Committee on Research, and the National Research Council's SHRP Executive
Committee have reinforced this initial vision, placing the primary emphasis on
research to improve asphalt binders."

While the goal of the SHRPasphalt program is the successful delivery of both
specifications, this primacy of emphasis on the asphalt binder specification must be
clearly recognized when issues of technical direction and allocation of resources are
decided. Thu_, the focus Ofte(thnicaleffortsand resourcesmustbe to ensurethe
deliveryof the asphalt I;)inderspecifi(;:ati0n,even at the expense of successfully
(;:ompletingwork on the asphalt-aggregatemixturespecificationand its mix anal'/_;is
system.

Two subtle but important changes to the research and contracting plans have evolved
in the interim through an ongoing dialogue among those in the highway community
who have taken part in the development, conduct, management and oversight of the
program.

1. The term "asphalt" has been broadened to "asphalt binder" in order to
recognize the fact that the specification will encompass modified binders
as well as unmodified asphalt cements.

2. The concept of a specification for an asphalt-aggregate mixture analysis
system (AAMAS) has changed to one for asphalt-aggregate mixtures
which includes a mixture analysis system, mixing and compaction
procedures and accelerated test methods.

In both cases, the material or mixture properties needed to obtain satisfactory
pavement performance with respect to permanent deformation, fatigue cracking, low
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temperature cracking, adhesion, moisture sensitivity and aging will be specified.

In this scheme, the mixture analysis system itself does not represent a specification per
se, rather it supports the mixture specification as a protocol for us_:in designing
mixtures that will achieve the required performance levels. This change also reflects the
fact that much fundamental work on development of a mixture analysis system has
already beer, accomplished through NCHRP Project 9-6(1). It is enwsioned that the
SHRP mixture specification development will incorporate and evolve _om the NCHRP
AAMAS results to yield a robust, well-validated mix analysis system (MAS).

At this midpoint of the asphalt program, there is a renewed need to examine program
objectives and anticipated products and to decide whether additional changes are
warranted to more closely tailor the research tasks to the attainment of performance-
based specifications:Specificrecommendationsare neededwith respect to the
following:

1) curtailmentof currenttasksand work elementsthat no longerappear
to adequatelysupportthe programobjectives,and

2) additionor restructuringof tasksor work elementsto exploittechnical
breakthroughsand assuredeliveryof the primaryproducts.

These recommendationsfor the second halfof the asphaltprogramwillbe a key goal
of the $HRP Summer Workshop,to be held in Denver,Coloradoin August1990.

Program Organization

To accomplish the developmentof the performance-basedspecificationproducts,the
SHRP asphalt research program is organizedinto sevenmain asphaltresearch
contracts. These contractswere formed inthe April1987 Contracting Plan For SHRP
Asphalt Research from the tasks presentedin the StrategicHighwayResearch
ProgramResearch Plans,FinalReport (NCHRP,"1986). The resultingcontractsare:

• A-001 -- "ImprovedAsphalticMaterials,Experiment
Design,Coordinationand Controlof
ExperimentalMaterials,"

• A-002A -- "Binder Characterization and Evaluation,"

• A-003A -- "Performance Related Testing and Measuring of
Asphalt-Aggregate Interactions and Mixtures,"

• A-003B -- "Fundamental Properties of Asphalt-Aggregate
Interactions IncludingAdhesion and
Absorption,"

• A-004 --"Asphalt Modification,"
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• A-005 -- "Performance Models and Validation of Test
Results,"

• A-006 -- "Performance-Based Specifications for Asphalt-
Aggregate Mixtures."

These seven contracts are critically placed in the asphalt program to provide
necessary fundamental findings and applied research support for the evolution of the
performance-based specifications and related products.

Two other major contracts, viz. A-002B, "Novel Approaches for Investigating Asphalt
Binders," and A-002C, "Nuclear Magnetic Resonance (NMR) Investigation of Asphalt,"
support main contract A-002A. In addition, 15 relatively small A-IIR (Asphalt
Independent, Innovative Research) contracts were let to support contracts A-002A, A-
003A and A-003B.

All SHRP contracts must be viewed as components of the overall asphalt research
program rather than as self-contained or stand-alone studies since their success will
be measured solely by how well they contribute the specific, well-defined results
needed for the development of the performance-based specifications.

The important hypotheses and models employed in each of the main contracts to
organize the research are discussed in detailed form in the companion report
(Kennedy et al., 1990) to this one.

Present Program Strategy

The overall strategy of the program, the mission of the individual contracts and the
integration of the individual contract efforts and results in the asphalt program are
discussed below.

Overall Strategy

Figure 2.1 presents the strategy employed within the SHRP Asphalt Program to
achieve its key products, performance-based specifications for asphalt binders and
asphalt-aggregate mixtures, in terms of a graphical time-line. The strategy is planned to
provide the necessary fundamental research findings and applied research support
needed for the development and implementation of the specifications within the limited
time period allowed for completion of SHRP.

In the first phase of the program (Conceptualization), candidate physicochemical
properties of asphalt binders and mechanical and structural properties of asphalt-
aggregate mixtures that affect pavement performance will be identified and defined.

In the second phase (Definition), the effect of important asphalt binder properties will
be validated in asphalt-aggregate mixtures primarily through the use of highly
simulative laboratory test methods and, to a lesser degree, full-scale, accelerated
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pavement testing (the first-stage validation process described in chapter 4).
Concurrently, accelerated, standardizable test methods suitable for support of the
binder and mixture specifications and for inclusion in the asphalt-aggregate mixture
analysis system will be developed.

In the third phase (Validation), field performance data will be employed to complete
the validation of those binder and mixture properties judged to have an important effect
on pavement performance (the second-stage validation described in chapter 4).

In the fourth and final phase (Adoption), the binder and mixture specifications will be
formed with those properties which the validation process has demonstrated have a
major, significant effect on pavement performance, and their implementation will be
begun.

A thir(;;l-_t_ge validation process will occur after the completion of the SHRP asphalt
research program through the use of a Specific Pavement Study (SPS-9) in the SHRP
Long Term Pavement Performance (LTPP) program which will be constructed
beginning in 1992 to validate specific asphalt research program results.

Contract Missions

Each main contract has a definite mission established by the 1987 Contracting Plan in
support of the overall program strategy. The specific missions are as follows:

Contract A-002A: Identify the chemical and physical properties of asphalt binder
believed to influence the performance of asphalt-aggregate pavement systems.
Refine into test methods those t:hemical and physical characterization
processes that appear to offer the most practical basis for specification testing
in terms of: correlation between binder properties, mixture performance and
pavement performance established by contracts A-003A and A-005; reliability;
cost; ease of use; and other features of the tests themselves.

Contract A-003A: Validate in asphalt-aggregate mixtures the candidate
relationships identified in contract A-002A (and to a lesser extent, A-003B and A-
004) between the physical and chemical properties of asphalt binder and
asphalt pavement performance (first-stage validation). Develop standardizable,
accelerated test methods for asphalt-aggregate mixtures that may be employed
in a mixture analysis system to support a performance-based specification for
mixtures.

Contrsqt A-00$B: Develop a fundamental understanding of the chemistry of the
asphalt-aggregate bond and how it affects adhesion and water sensitivity.
Develop a fundamental understanding of the mechanical and chemical basis of
asphalt absorption into highly porous aggregates. Prepare reliable, practical test
methods that measure asphalt-aggregate adhesion, water sensitivity and
absorption and estimate their effects on pavement performance.

}
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Contract A-O04:Adapt as necessary performance-related test methods for
binders and mixtures to permit their use with the full range of modified systems.
Explore innovative refinery processes to enhance the performance of modified
asphalt binders. Develop a modifier evaluation protocol to permit evaluation and
selection of modified binder systems that remedy specific pavement
performance gaps.

(;:;Qntri_ctA-O05:Validate relationships between asphalt binder and asphalt-
aggregate mixture properties and pavement performance (second-stage
validation). Establish, on the basis of documented field performance data,
criteria, limits and requirements that may be used for asphalt binder and
asphalt-aggregate mixture specifications. Develop performance prediction
models incorporating the properties of asphalt binders and asphalt-aggregate
mixtures........... _.......

ContractsA-001 and A-006: Prepare model, performance-based specifications
for asphalt binders and asphalt-aggregate mixtures, respectively, using the
validated results of contracts A-002A, A-003A, A-003B, A-004 and A-005.

Integration of Each Contract Component In the General Strategy

Figures 2.2 and 2.3 present the general strategy discussed previously from an
alternative perspective. The contribution of each contract component of the SHRP
Asphalt Program to the development of the key products, performance-based
specifications for asphalt binder and asphalt-aggregate mixtures, is defined.

A Performance-Based.Specification for Asphalt Binders

The development of the binder specification (figure 2.2) is founded upon the
identification and quantification in contracts A-002A and A-003B of candidate
compositional (or chemical) properties that significantly affect pavement performance.
Additionally, the effect of these compositional properties on the physical behavior of
the asphalt binder is measured, and both chemical and physical test methods for the......
asphalt binder that can support a performance-based specification are developed.
Contract A-004 evaluates whether these test methods can be utilized with modified
binder systems; if not, changes to the test methods or, less preferably, new test
methods are provided to accommodate the presence of the modifiers.

In contract A-003A, highly simulative laboratory tests are employed to validate the
effect of the candidate binder properties on the performance of asphalt-aggregate
mixtures (refer to the fuller discussion of first-stage validation in chapter 4).

Binder properties which are shown to have a significant influence on mixture
performance are correlated in contract A-005 with various types of field data to directly
validate their influence on pavement performance; limits and/or ranges of the
properties are determined (see the discussion of second-stage validation in chapter 4).
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Figure 2.2 Strategy to achieve performance-based asphalt binder specification.
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Figure 2.3 Strategy to achieve performance-based asphalt-aggregate mixture specification.
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Finally, the validated binder properties and their limits or ranges are incorporated in
contract A-O01into a performance-based asphalt binder specification supported by
the necessary test methods and conditioning protocols.

Performance-Based Specification for Asphalt-Aggregate Mixtures

Figure 2.3 is a flow chart for the development of the mixture specification. While this
work is in many respects highly interrelated with the work on the binder specification, it
is presented separately to emphasize that the program 1) is aimed at the binder
specification first, the mixture specification a close, but distinct, second, and 2) is
structured to assure the timely, successful development of the binder specification
even if other key products, including the mixture specification, must be sacrificed to
accomplish it. It should be noted that the trade off is not the binder specification
versus the mixture specification because the program is organized and
committed to delivering both specifications. If the program, however, is
designed to deliver both specifications by focusing on the mixture specification,
the trade off becomes both versus none; this is unacceptable.

Asphalt-aggregate mixture properties that strongly influence pavement performance
are identified and quantified in contract A-003A and correlated in contract A-005 with
various types of field data to validate their influence on pavement performance; limits
and/or ranges of the properties are determined.

Accelerated laboratory tests (ALT) that measure the mixture properties in performance-
related, fundamental engineering units that may be directly employed in mathematical
models for predicting pavement performance are being developed in contracts A-003A
and A-003B. Results from the ALTs are correlated in contract A-003A with those from
the simulative laboratory methods employed in the first-stage validation process
discussed in the previous section to validate their ultimate use in the mixture
specification and its supporting mixture analysis system.

The applicability of the ALTs to modified systems is evaluated in contract A-004;
changes to the test methods or, less preferably, new test methods are provided to
accommodate the presence of the modifiers if the need is identified. A modifier
evaluation protocol is being developed to determine if a modifier system is needed to
enhance specific mixture properties to meet stringent performance requirements.

Contract A-005 also develops and validates mathematical models that predict
pavement performance on the basis of material (binder and mixture) properties, traffic
loads, structural factors and environmental conditions. These models may be useful for
indirectly validating relationships between mixture properties and pavement
performance; they are more generally employed to estimate how the durability and
serviceability of pavements are affected by variations in material properties,
construction parameters, traffic loads, etc.

Finally, the validated binder properties and their limits or ranges are incorporated in
contracts A-001 and A-006 into a performance-based asphalt-aggregate mixture
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specification supported by the necessary standardizable, accelerated test methods,
conditioning protocols, mixture analysis system and modifier evaluation protocol.

.... . .... .... .............. • ...... • .... . .
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3

Products of the Research Program
Introduction

An importantand distinctivefeatureof the StrategicHighwayResearchProgram is its
organizationto yieldhard, specificproductsin a form amenableto immediate
implementation.Whilethe sheer volumeof researchunderway in SHRPwill alsoyield
dividendsin terms of information,data and reportseminentlyusefulto the highway
research communityin the future,acquisitionof these "soft"productsis of minor
importanceto the programexceptinsofaras they facilitateproductdevelopment.

Thiscommitmentto productdevelopmentis especiallyprominentinthe SHRPAsphalt
ResearchProgram where the programwillnot be judgedsuccessfulunlessit provides
the highwaycommunitywiththe two previouslymentionedspecificproducts,viz.
performance-basedspecificationsfor asphaltbindersand for asDhalt-aggregate
mixtures,in a form ready for immediateimplementation.It is also mandatorythat a
significantand meaningfulportionof this implementationbe accomplishedbeforethe
program ends in 1993.

The Principal Products: Performance-Based Specifications

A performance-based specification may be defined as the limits and requirements
developed from an extensive database related to pavement performance factors that
can be defined quantitatively. These factors must be quantified by standard and, in
some cases, accelerated performance-based tests by means of well-established
performance prediction models which have been validated by correlation with in-place
field performance data.

Distinguishing Features of the Specifications

The distinguishingfeatureof such specificationsis that they allowthe rationalselection
of materialsto achieveperformancelevelsrequiredby the presentand projectedtraffic
loadingand environmentalexposureof the pavement.Presentspecificationsfor
asphaltcement, e.g. AASHTOM 20, PenetrationGradedAsphaltCement and M 226,
Viscosity_Graded AsphaltCement.do not meet this requirement.Specificationsfor
asphalt-aggregatemixturesdo notexistper se; rather,mixturespecificationstend to
reflect limitsderivedfrom localexperiencerelatedto what has providedadequate
pavementperformance in the Dast.Additionally,almostall specificationsfor modified
bindersand mixtures are specializedto fitthe particularmodifiersunderconsideration
and yield little objective information about their performance.
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Performance-based specifications, however, should not necessarily be considered
more restrictive than current specifications. On the contrary, by specifying performance
levels rather than arbitrary material properties or test responses, performance-based
specifications may actually allow the engineer more latitude in the selection and
combination of materials than at present.

The SHRP asphalt program is designed to develop specifications that address six
pavement performance factors: viz., permanent deformation (rutting); fatigue cracking;
low-temperature (thermal) cracking; moisture sensitivity; aging; and adhesion.
Conceptually, it is envisioned that an engineer will be able to define the requirements
of a new or rehabilitated asphalt pavement in terms of attaining satisfactory levels of
serviceability in each of these areas for present and projected traffic loads and
environmental conditions.

For example, for an urban freeway in a desert or semi-arid climate, the main concern
might be control of permanent deformation due to the combination of high
temperatures and heavy traffic, and to a lesser extent, fatigue cracking due to the
heavy repeated loads. Aging of the asphalt binder due to the combination of high
temperature and the prevalent sunlight would also need to be considered since the
hardening would tend to increase fatigue and thermal cracking, but minimize
permanent deformation.

On the other hand, in designing a pavement on a rural primary route in the upper
Midwest, the primary concern might be the control of low-temperature cracking, as a
result of the prevailing climatic conditions, and to a lesser degree, long term
permanent deformation and fatigue cracking as traffic volume increases. Additionally,
in this example, moisture sensitivity-would be the principal conditioning factor that must
be taken into account.

In either of these situations, present specifications for asphalt binders and asphalt-
aggregate mixtures are of little help in controlling, preventing or predicting distress.
Selection of a specific viscosity or penetration grade of asphalt cement allows only a
limited response to the requirements of controlling permanent defoi'mation or low-".....
temperature cracking. Often, the control of one of these distress types leads to a
heightened susceptibility to the other. Moreover, no present asphalt binder
specification addresses long-term aging, moisture sensitivity, fatigue cracking or, most
fundamentally, adhesion. ................

At present, asphalt-aggregate mixture properties are not specified in the usual sense of
that term. The sole purpose of the Marshall and Hveem mix design methods is to
determine acceptable asphalt contents for paving mixes. Mixture properties such as
stability, flow and void content obtained from these methods have only an intuitive link
with pavement performance. It is not possible, for example, to specify a minimum
Marshall stability that will eliminate the possibility of rutting on a high volume, urban
freeway in a hot, dry climate.
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Nor is it possible to specify an acceptable Hveem stability that will prevent rutting on a
rural primary highway on the basis of projected traffic volume 10 years in the future.
State highway agencies often employ standard mixes with well-defined asphalt
contents and aggregate gradations for specific applications such as base and surface
courses, but there is generally no known, rational relationship between the properties
of these mixtures and their expected performance.

This lack of credible performance-based specifications for asphalt binders and asphalt-
aggregate mixtures hinders the highway engineer in another important way. Consider
that design guidelines very often employ pavement structural thickness as a means of
controlling material response to load and environmentally induced stresses. The union
of true performance-based specifications for asphalt binders and asphalt-aggregate
mixtures with pavement design guidelines, especially the improved ones to be
developed from the SHRP Long Term Pavement Performance (LTPP) program, will
allow the investment in materials for pavement construction or rehabilitation to be
minimized without sacrificing needed performance. This may be done by judiciously
balancing binder and mixture performance with pavement thickness to achieve
optimum, robust performance at the least cost. This topic is discussed in much gremer
detail in chapter 6.

The first step is to select an asphalt binder whose properties, insofar as possible,
ensure the required minimum performance level. The SHRP asphaltprogramis
founded on the premise that asphalt pavementperformanceis significantlyinfluenced
by the propertiesof the asphaltbinder.Therefore, to design a pavement to provide the
performance dictated by its present and future "environment," first consideration must
be given to selecting an asphalt binder whose properties, insofar as possible, ensure
the required minimum performancelevels.

Once the influence of the asphalt binder on performance is defined, the effect of its
combination with aggregate must be considered. In certain cases, the locally-available
aggregates may detract from the performance-based response of the binder,
necessitating a change in aggregate or asphalt binder. There is also the possibility,
however, that certain aggregates may actually enhance binder performance, allowing
the engineer wider latitude in materials selection or pavement thickness.

In any case, the mixture specification should be viewed as modulating the binder
response in each performance area. The availabilityof both specifications allows a
range of material selection options to be considered for any particular paving project.
In the authors' judgement, neither specification will be as useful alone as when used in
unison with the other specification and ultimately with structural design procedures.

In the most basic terms, a specification is simply a table of property limits that, taken
together, define the required behavior of a material or combination of materials under
prospective conditions of use. However, all specifications, and in particular the
performance-based specifications under development in the SHRP asphalt program,
also must provide standard test methods and protocols for their use that measure the
specified performance factors. In this respect, the performance-based specifications for
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asphalt binders and asphalt-aggregate mixtures differ significantly.

Supporting Performance-Related Tests

The performance-based specification for asphalt binders is conceived to incorporate a
suite of tests that principally measure physical and chemical properties of the binders,
which will have been validated as directly influencing the six pavement performance
factors. Insofar as possible, only fvn(;iamentelproperties of the asphalt binder will be
selected, i.e. those properties which affect performance and whose effect may be
explained and estimated from a theoretical treatment of the underlying physical and
chemical behavior of the material at the molecular or microscopic levels. Test methods
which measure asphalt binder behavior purely on the basis of correlation with mixture
and pavement performance will be used only when fundamental measures prove
ir_adeqbate.............................................. _

For example, the ductility of a briquette of asphalt cement, as measured by the test
machine specified in AASHTO standard method T 51, provides an experiential estimate
of asphalt performance for which no sound theoretical basis exists. Viscosity, by
comparison, is a fundamental measurement that has been empirically related to
pavement performance factors. The influence of viscosity on pavement performance is
also susceptible to analysis by the use of thermodynamics and consideration of the
detailed molecular structure of the constituent asphalt molecules and their atomic,
molecular and colloidal-scale interactions although such a theoretical treatment has not
yet been completely accomplished, mainly due to a lack of pertinent chemical data.

Similarly, the performance-based specification for asphalt-aggregate mixtures will be
based upon fundamental _nqineering properties of the mixture from which reasonable
estimates of pavement performance can be computed. The laboratory test methods
that are employed must measure the true stress-strain relationships or other
performance-related properties on an acceleratedbasis so that the degree of
permanent deformation, fatigue cracking and low-temperature cracking in actual
pavements may be realistically gauged and compared to estimates derived from a
theoretical analyses of these related factors. ..............

An example of a fundamental engineering property is tensile strength. One explanation
of low-temperature cracking suggests that as the pavement temperature drops,
thermal stress increases until it is equal to.the tensile strength of the pavement. At that
temperature, a microcrack develops which subsequently propagates throughout the
pavement layers.

An accelerated test method that permits the development of this thermal stress to be
simulated with an asphalt-aggregate mixture in a realistic specimen configuration would
be sL_itablefor a performance-based specification. It would furnish a measurement of
the temperature at which the thermal stress exceeds the tensile strength and yield a
fundamental engineering property of the mixture that may be compared to values
theoretically derived from an analysis of the pavement distress mechanism.
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By comparison, the characteristic stability value for an asphalt-aggregate mixture
obtained from the Marshall mix design method, although commonly employed as an
estimate of the stability or rutting resistance of an asphalt pavement mixture, is not a
fundamental engineering property and in reality is not a measure of the rutting
resistance of the mixture. The test method employed for its measurement induces a
complex stress pattern in the laboratory Marshall specimen that is uncharacteristic of
the stresses actually experienced in a pavement. Moreover, no theoretical analysis
has proven capable of directly relating Marshall stability values to expected pavement
performance. Indeed, Foster (1984) has pointed out that the limiting stability values
"specified" in the Marshall design method (Asphalt Institute, 1988) for different
categories of pavements and traffic volumes were empirically determined more than 40
years ago by a comparison of laboratory data with the observed degree of distress
experienced by a small number of test pavements.

It is important to point out here that while supporting test methods that yield
measurements in fundamental scientific and engineering units should be favored for
performance-based specification, the test methods employed in the validation of the
effect of asphalt binder properties on asphalt-aggregate mixture performance need not
meet this requirement. Indeed, it may be strongly argued that this validation process
principally requires test methods that are highly simulative of field conditions. A good
example is the use of a wheel tracking test to validate the predicted effect of asphalt
binder properties on the rutting behavior of asphalt-aggregate mixtures.

Conditioning Protocols

In addition to the test methods, the performance-based specification must include or,
more specifically, be supported by,-r'nethods or protocols for the conditioning of
specimens to simulate environmental effects. These protocols must be developed
through examination of the fundamental effects involved, and must address the
molecular mechanisms involved in the interaction of asphalt with oxygen and moisture,
and its interaction with aggregate in the form of adhesion and absorption.

The performance-based specification for asphalt-aggregate mixtures will require
methods or protocols for 1) mixing and compaction of laboratory mixture specimens
that realistically simulate the effects of field operations; 2) the combination of materials
to obtain a job mix formula that provides the required performance levels; and 3) the
evaluation and selection of modifiers or modification techniques when it is determined
that unmodified mixtures cannot meet the performance demands present in project.
These represent a mix analysi_ system (MAS) that, together with the performance-
based specifications itself and the accelerated test methods, allow an informed
selection and combination of materials to achieve the performance levels required of

the pavement.

Summary

The important features of the two specifications that will be the primary products of the
SHRP asphalt program are as follows:
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1) they are performance-based - their use allows the present and future
performance of the pavement to be closely estimated;

2) they are readily implementable - the development of supporting test
methods and conditioning schemes considers, as much as is possible,
the need for simplicity, reasonable time required for testing, good
precision and accuracy, and affordable equipment cost;

3) they employ fundamental properties - wherever possible, the effects of
materials on performance are susceptible to theoretical analysis using
underlying chemical, physical and engineering principles; and

4) they aflow an informed pavement design selection - used in concert with
......... iml3rOvedpavemenrdesignguidelines,thepavement layer design options

that willyieldthe necessaryperfOrmanceat the leastcost may be "
identified.

Since the implementation of these specificationswill require their adoption by the state
highwayagenciesand standard-settingorganizationssuch as AASHTO and ASTM, the
final report for the SHRP asphaltprogramwillincludethe following:

1) the specifications;
2) the supportingtest methods,mix analysissystemand modifierevaluation

protocol;
3) all necessaryprecisionand biasdata; and
4) the field pavement-dataand analysisthat validatethe limitsand

requirementsincludedin the specifications.

The Other Products: Methods, Models and Materials

As a product-oriented research program, the SHRP a_phalt pi'0gram is required tO "
yield many "hard" products that will benefit the state highway agencies by improving
efficiency, reducing costs and enhancing the effectiveness of their operations. More
than 40 potential products of this type have already been identified, exclusive of the
two performance-based specifications, under-development in the program.

While the major monetary savings realized from the SHRP asphalt program will come
from the deployment on the performance-based specifications above, many new,
secondary products of the types described here will also result in significant savings,
directly or through improved efficiency of operation.

These secondary products may be categorized as follows:

• Standard Test Methods;
• Performance Models;
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• Quantifiable Material Characterization;
• Models Relating Asphalt Chemistry, Physical Properties and Performance;
• New Test Devices; and
• New Materials.

Some of the test methods and devices will be available for cooperative testing early in
1990.

Standard Test Methods

As discussed in the last section, each specification will require a specialized standard
test method and/or conditioning scheme to address each of the six performance
factors. Additionally,.,the asphalt.p{ogram.will provide a wide complement of ancillary
test methods intended for both routine laboratory.use and complex research
applications. Several illustrative examples may be given in each category.

An improved, routine asphalt extraction and recovery procedure will be developed that
minimizes the effects of solvent on recovered asphalt binder properties as well as the
environmental and safety hazards associated with the use of organic solvents inherent
in existing procedures. An accurate, rapid method to measure asphalt absorption in
porous aggregates will fill a need now addressed mainly by non-standard, rudimentary
procedures employed by several states.

Asphalt core tomography provides an example of a research technique evolving from
the program. Computerized axial tomography (CAT scan) is being applied to asphalt
concrete specimens with the goal of examining changes in internal structure, such as
the size and distribution of air voids and the orientation of aggregate particles, caused
by application of static and dynamic loads. Several improved methods for separation
and analysis of asphalt binder components are also being developed.

Performance Models .

Performance models permitthe effectof asphalt binderand asphalt-aggregatemixture
properties on the pavementperformanceand serviceabilityto be predicted.They
employ a varietyof computationalmethodsas wellas mechanisticand/or empirical
linkagesbetween properties and performance. These modelsmust account in a
comprehensiveand realisticmanner for the effectsof materialproperties,as wellas for
external factors such as environmental, construction-related and traffic loading effects.

The principal purpose for performance model development in the SHRPasphalt
research program is to assist in the validation of performance-related asphalt binder
properties by correlation with actual field pavement data. However, emphasis will be
placed upon producing models in the form of "user-friendly" software packages for
personal computers so that state highway agencies can easily evaluate combinations
of mixture and pavement design options with respect to pavement serviceability and
performance.
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Moreover, this software, used together with the performance-based specifications, will
allow the effect of variations in the job mix formula caused by plant operations,
changes in materials, laydown operations, etc. on pavement serviceability to be
estimated.

Quantifiable Materials Characterization for Use in Pavement Design

As discussedabove, SHRP presentsa uniqueopportunityto incorporatequantifiable
mixturedesignfactors inthe selectionof an overallpavementdesignstrategythrough
the provisionof performance-basedspecificationsfor asphaltbindersand asphalt-
aggregate mixtures.

Ideally, a pavement design, i.e. the choice of a cost-effective, efficientcombination of
structural layers, should be grounded in an intimate knowledge of the performance
characteristics of the materials employed. Rather than employ Structural numbers
derived empirically from evaluation of a limited number of field pavements without any
consideration of the actual materials employed, pavement performance goals can be
defined and an iterative process utilized to reach a balance of mix design and
structural design considerations that will achieve these goals.

This approach allows the engineer to weigh the practical effects of different alternatives
that may arise. For example,

Is the higher initial cost of employing select materials offset by savings in
maintenance and rehabilitation costs over the life cycle of the pavement? or,
for the materials employed in the construction project, is the incremental first
cost represented by a thicker,pavement layer justified by the predicted savings
accrued from better long term performance?

The answers to these questions require an integrated design system where
quantitative performance characteristics may be allocated between the pavement
structure and the pavement materials to achieve the best solution within the available
funding and design constraints. The SHRPasphalt program will provide the materials ......
characterization necessary to link with structural characterization developed by the
SHRP LTPP program.

Models That Describe the Effect of Asphalt Chemistry
on Physical Properties and Performance

Central to the effortto developa performance-basedspecificationfor asphaltbinders
isthe concept or hypothesisthat the chemicaland physicalpropertiesof the asphalt
binderdetermine, to an importantdegree, the levelof performanceachievedby the
asphaltpavement.

Physicalproperties, in particularrheologicalproperties,presentthe bestopportunityfor
developmentof binderspecificationrequirementsbecause they are directlysusceptible
to expressionin terms of the expected engineeringbehaviorof the asphalt-aggregate

22



mixture and the pavement itself. However, asphalt physical properties are themselves
direct consequences of the chemical composition of the asphalt and especially of the
interactions that occur between its constituent molecules.

Formulation and verification of a model of the structure of asphalt that reconciles the
extensive volume of chemical and physical data coming out of the SHRPasphalt
program are not merely an interesting intellectualexercise. Rather, a model that
describes in a comprehensive, coherent manner how the elemental, molecular and
microscopic makeup of the asphalt determines its physical properties, and ultimately
its performance in a pavement, is an essential tool for binder specification
development, and for the ongoing evaluation of the potential effects of changes in
crude oil sources, refining processes and modification techniques.

Historically, asphalt has been modelled as a stable colloid with micelles dispersed in an.
oily medium (Petersen, 1984). Asphaltenes, that portion of the asphalt virtually
insoluble in all hydrocarbon solvents, have long been associated with the dispersed or
micelle phase. The ability of the oily phase to maintain the dispersion of the highly
associated asphaltene components has been taken as a determinant of the rheological
characteristics of the asphalt binder.

In order to verify this model, the size of the micelles; the molecular basis and strength
of the associative and dispersing forces operating to maintain the stability of the
colloid; the change in chemical composition of the two phases with variations in crude
oil sources and refining processes; and effect of time and environment on the colloid
are important questions among many that will have to be answered through an
ongoing analysis and reconciliation o! the experimental results.

Whether in fact this model is actually the most reasonable or most compatible with the
experimental results is still open to question, and certainly other models will be
proposed. What is certain is that a unified model for asphalt chemistry and structure
and their effects on physical properties and performance that will guide specification
development must evolve from the SHRPasphalt program.

Another essential model is that of the chemistry of the asphalt-aggregate bond. This
model will seek to explain how the chemical composition of the bulk asphalt binder is
perturbed by interaction with the aggregate surface in bond formation and how the
strength and integrity of the bond is affected by the action of oxygen and moisture. A
rational, consistent model of this type will allow prescreening of asphalt-aggregate
pairs to identify potential problems as well as permit the informed development of
strategies and materials to reduce moisture sensitivity and stripping.

New Test Devices

New test methods will require in many instances new test devices. These devices will
be configured to measure fundamental physical and chemical properties of the asphalt
binder and fundamental engineering properties of asphalt-aggregate mixtures.
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As a general rule, when severallcompetingdesigns are availablefor a particular test
device, the design offering the most attractive combination of cost, simplicity and ease
of use will be Selected, even if some small sacrifice in the achievement of
measurements in fundamental engineering units is entailed. When the new devices are
unavoidably mc)recomplex and sophisticated than analogous instruments in present
use, modular, computer-based control and analysis systems will be employed to
facilitate their use in routine laboratory operations.

In cases where chemical measurements are required to support aspects of the asphalt
binder specification, the test devices will be designed so that measurements may be
made by personnel without extensive proficiency in chemical laboratory and
instrumental techniques. One useful model in this regard is the medical diagnostic
testing field where the use of computerbased instruments and prepackaged,
premeasui;edcl-ibmidalr_eagentsallows technician-leVelpersonnelto perform complex
test proceduresin a rapid, routinemanner.

New Materials

At present, the authors feel that the new materialscomingfrom the SHRP asphalt
research programwillbe limitedto modifiersthat enhancespecificperformance
characteristicsof asphalt bindersand,to a lesserextent, aggregates.

The concept for the asphaltbinderspecification,discussedin more detailin Chapter5,
foreseesseveralmulti-gradeperformancelevelsin which petroleumproducedby the
same or slightlymodifiedcurrentprocessessatisfiesallbut the moststringentset of
requirements.At that level,majormodificationsor the use of modifierswouldbe
required,but the base stock-wouldstillessentiallybe conventionalpetroleumasphalt.

It is anticipatedthat some variationinthe operatingparameters(e.g. temperatureand
pressure)of the refiningprocessesemployedcurrentlyto producepavingasphalts
may be requiredto meet the criteriain a new performance-basedspecification;
however,it is unlikelythat majorchangesor limitationson refineryoperationswouldbe
necessary or desirable. .................................

The crude oil sources employed for asphalt production are significantly more important
than the refining processes used in the United States and Canada for asphalt
production in determining the ultimate performance of the asphalt cements. It is
possible that the use of certain crude oils now available may be incompatible with the
requirements of a performance-based specification. Such a change in the refiners'
latitude to choose crude oils would, of course, would probably spur an increase in the
cost of the asphalt binder.

A main thrust of new materials development in the SHRP asphalt program is in the
area of chemical modification of asphalt in the refinery. This is considered high-risk, a
speculative venture where, however, the potential payoff may be substantial if the work
succeeds.
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Asphaltmodificationthroughchemicalreactionexploresthe possibilityof enhancing
the performancecharacteristicsof the asphaltthroughthe actionof reagentssuchas
nitricacid, bromine,chlorine,phenol,etc. in refinery-scaleoperations.This lineof
investigationis founded on a considerationof the effectsof well-known,organic
addition,substitutionand eliminationreactionsusingasphaltas the substrate.

Aggregate modificationwill also be explored. Emphasisis being placed upon
aggregatecoatingswhich controlabsorption,enhanceasphalt adhesionand reduce
the moisturesensitivityof asphalt-aggregatemixtures.
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4

Validation and the Treatment and
Analysis of Research Data
Introduction

A central problem of the SHRP asphalt research program is to discover how best to
translate the large volumes of research results generated by 24 contractors into a
coherent set of performance-based specifications:..........

In this chapter the validation, data handling and analysis methods employed to
address this problem will be briefly described. These range from conventional, well-
defined statistical analysis methods to freeform, intuitive techniques for drawing
conclusions from sets of data of differing quality and completeness.

The analytical process may be viewed as a pyramid (figure 4.1) with the validated,
performance-based specifications at the pinnacle. Individual experiments conducted in
each of the contracts form the base; these experiments are required to be designed
using sound statistical methods.

Higher up on the pyramid, research results from all the different experiments in the
program areevaluated and combined in different ways in order to select a consistent
set of relationships between material properties and performance that may be suitable
as a basis for specifications. Although all of these data sets will have been developed
from statistically-designed experiments, their precision, accuracy and quality will vary
because of the inevitable uncertainties inherent in the various experiments.

Finally, at the highest level of the pyramid is the validation process that occurs in two "'
stages in contracts A-003A and A-005. Relationships that have been selected on the
basis of an analysis of laboratory results as most promising for use in performance-
based specifications must be tested against field data. Ideally, this validation process
would be conducted with well-controlled, long-term field experiments such as those
incorporated in the LTPP Specific Pavement Study (SPS) series.

The tight schedule for the SHRP asphalt research program, which requires that the
specifications be available within 5 '/,, years of the initiation of the research program,
precludes complete reliance upon a long-term program such as LTPP. Rather, the
best-available information, running the gamut from reliable data from controlled field
experiments to personal observations by experienced engineers, will have to be
identified, assessed and combined in an accelerated validation process in order to
reach the pinnacle of the pyramid on time.
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Figure 4.1 The data treatment pyramid.
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Each level of the pyramid requires a different set of analytical techniques and
assumptions. At each stage in the process, a different mix of deductive and inductive
reasoning may be needed. What is most important, therefore, to the ultimate
acceptance of the products of the program, especially the performance-based
specifications, is that all the analytical methods, assumptions, presumption, intuitions,
etc. employed to reach them be openly presented for all to examine and judge.

The following .sections address in more detail the ideas discussed in this introduction.

The Concept of Validation

The successful development of performance-based specifications for asphalt binders
and asphalt-aggregate mixtures requires the validation of binder and mixture properties
identified as important determinants of pavement performance. Validation is defined
here as confirmation of probable relationships be{ween the properties of materials, viz.
asphalt binders and asphalt-aggregate mixtures, and pavement performance through
their correlation with measured characteristics of actual field pavements.

First-Stage Validation

The discussion in chapter 3 established that validation of the asphalt program results is
a two-stage process coordinated between contracts A-003A and A-005. The first stag_
(contract A-003A) will confirm that variation of asphalt binder properties identified as
probable, significant determinants of pavement performance causes reasonable,
meaningful changes in the relevant performance characteristics of asphalt-aggregate
mixtures.

For example, if the elemental nitrogen content of the asphalt binder were to be
hypothetically identified as an important determinant of water sensitivity in asphalt
pavements, then the water sensitivity of asphalt-aggregate mixtures prepared with
asphalt binders exhibiting a wide range of nitrogen contents should vary in a
corresponding manner. •......

Obviously, for the binder property to be useful for specification purposes, its variation
must cause a large enough change in the mixture property to discriminate real
differences from the experimental variation of the test method. To extend the
hypothetical example from the last paragraph, if a 100 percent change in the nitrogen
content of the binder, for example, from three to six mass percent, caused only a one
percent variation in the water sensitivity of the mixture using a test method that has an
experimental precision of + 2 percent, then nitrogen content probably would be of little
practical use as a requirement in an asphalt binder specification.

Second-Stage Validation

The _econd stage of the validation (ContractA-O05_establishes the degree of
correlation between the asphalt binder properties shown to significantly affect
performance-related characteristics of asphalt-aggregate mixtures and relevant field
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pavement performance parameters, and provides data upon which to set the
specification limits for the relevant properties selected to ._ontrolperformance. Using
another hypothetical example, if a laboratory_wheel tracking test demonstrated that the
stiffness of the asphalt binder significantly influenced rut depth in compacted laboratory
specimens, the variation of the binder stiffness in actual pavements would then be
compared with measured pavement rut depths to determine if the laboratory
correspondence carried over into field behavior.

In simplest terms then, validation is based upon mathematical correlation between
pairs of measured properties. In practice, the laboratory validation process is the most
straightforward since, with due care, the experiment may be designed so that the only
independent variable is the asphalt binder property. This requires close attention to
compaction of the mixture specimens, temperature control, control of applied load and
its frequency, aggregate gradation, etc. The experiment design must a!so provide a
mechanism to identify other binder or mixture ;_ropertiesthat might confound the
correlation. For example, if more than one chemical property of the asphalt binder
could affect its water sensitivity, the experiment design would have to enable the
individual effects of the two properties to be measured separately.

The validation of binder properties with field data is much more complex and
problematical. Pavement performance is affected not only by materials behavior, but
also by a myriad of internal and external factors such as compaction, subgrade
condition, drainage, pavement structure, traffic volume and mix, and environment. The
validation must encompass a statistically-sound sample of pavements in which the
effect of the relevant binder property can be isolated from all these complicating
factors. This will not be an easy task even with a full complement of specimens and
performance data availablefrom the LTPP GPSand SPS experiments.

The Need For Statistically-Sound Experiment Designs

The basis for a successful validation process is the use of statistically-sound
experiment designs. All major contracts in the SHRPasphalt research program are
required to establish statistically-sound designs for all major experiments in the
research. The justification for this requirement and suggested techniques for
establishing these designs are contained in Antle (1989), which is summarized in the
following.

For the SHRP asphalt program to be successful, mechanisms must exist that permit al!
the researchers to merge, correlate and draw statistically valid inferences from the data
collected from the various studies. Moreover, an objective means must be available
with which to quantitatively judge the "goodness" and reasonableness of each research
result.

These requirements are satisfied in two ways. First, all research agencies participating
in the program employ the same materials, essentially 32 asphalt cements and _1
aggregates contained in the Materials ReferenceLibrary (MRL) (Cominsky et al., 1989).
Thus, the confusion, prevalent in the past, that arises from attempts to draw
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conclusions from data sets proGuced by the analysis of differing materials with
unknown characteristics and behavior should be eliminated. Inherent in the MRL
selection process is the assumpt;on, qualified by recourse to historical performance
data as well as the informed scier.tific judgment of the selection panel, that the 32 MRL
asphalts span the range of performance expected from the full set of asphalts available
now and in the future in the Unitec,States and Canada.

Second, the research studies in the asphalt program are organized as experiments
selected to test hypotheses and accomplished according to basic statistical
procedures and sound experiment designs. The experiments must be designed to
validate relationships among test variables, to calibrate and validate test procedures
and equipment, and to establish specification variables or criteria. These designs are
distinguished by a minimum of four attributes:

1) independent replication of procedures-and processesto provide an
accurate estimate of experimental error;

2) use of randomization to avoid biases caused by the order of
measurement;

3) use of blocking and control variables to eliminate extraneous sources of
error; and

4) use of blind samples wherever possible.

The use of statistically-sound experiment designs assures that all research results,
principally measures of asphalt, aggregate and asphalt-aggregate mixture properties,
have an appropriate measure of uncertainty. Usually, a 95% confidence interval will be
constructed for the true parameter value, expressed as X + E where X is the mean and
E is the half width of the 95% confidence interval. It also assures that relationships
identified between two properties are physically reasonable, rather than arbitrary,
empirical correlations obtained by the use of computational methods such as least-
squares fitting.

In summary, the validation at the core of the SHRP asphalt program.is founded upon a
series of well-designed experiments that produce research-results whose experimental.-
uncertainties are clearly defined. The relativevalue of relationships established among
experimental parameters may be judged in terms of their physical reasonableness as
well as their degree of correlation. Thus, at this stage of the program the value or
goodness of all the experimental !'esultscanbe compared by the use of a uniform
measure of uncertainty. Moreover, the uncertainty resulting from a merging of data
sets from different experiments can be gauged quantitatively.

The Need For Both Deductive and Inductive Reasoning
in the Validation Process

The validation process has been previously discussed as a two stage process during
the SHRP asphalt program (a third stage is planned subsequent to 1993 as SPS-9 in
the LTPP), involving distinct correlations of binder properties with laboratory mixture
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and field pavement data. The experimentsdescribedin the lastsection are expected to
identify important relationships between asphalt binder properties and predicted field
performance and to provide the first-stage laboratory_validationthat these relationships
translate into significant variation in the corresponding properties of asphalt-aggregate
mixtures. These properties ultimately will be incorporated into performance-based
specifications for binders and mixtures.

The larger and more difficult question is then how to demonstrate that the binder
property is truly predictive of field performance. To this point, the binder property has
only been correlated with a mixture property, and such a correlation in itself does not
prove that the binder property is predictive and useful for specification purposes.

The second stage of .thevalidationprocessconsistsof a mathematicalcorrelation of
the candidatebinderand mixturepropertieswith performancedata gatheredfrom both
full-scalepavementtest facilitiessuch as the FHWAAcceleratedLoad Facility(ALF)
and in-situfieldpavementsstudies,typifiedby the SHRP LTPPGeneraland Specific
PavementStudy (GPSand SPS) pavementsections.

The first stage of the validation process may be looked upon as an inductive process
since it does not provide conclusive grounds for the truth of the conclusion that
relationships exist between binder properties and pavement performance, but rather
affords some support for it. The second stage of the process, however, is a deductive
process in that it provides conclusive grounds for this conclusion.

For example, if hypothetically the tensile strength of the asphalt binder is shown to
have a significant effect on the fracture strength of the asphalt-aggregate mixture, then
strong support, but not concluSiVepi'oof, of an important relationship between the low-
temperature cracking behavior of field pavements and the tensile strength of the binder
has been demonstrated.

The second stage of the validation process by contrast, relies upon the correlation of
binder and mixture properties with actual field performance to demonstrate the
soundness of the inferred relationships between properties and performance. If a
significant, positive correlation is found, for example, between the occurrence of
thermal cracking in pavements and the tensile strength of the asphalt binder, the ability
to predict pavement performance by measuring this asphalt property may be judged to
have been proven conclusively with a certitude that can never be achieved using only
laboratory results.

In practical terms, the strength of the correlation and the ultimate predictive value of
the binder or mixture property will be tempered by several factors including the number
of particular instances (field pavement sections) utilized in the validation and the
degree to which the field pavement sections represent controlled experiments. The use
of performance data from SHRP LTPP SPS sections would be preferred to data from
GPS sections since the SPS sections are being constructed as controlled experiments.
Either would probably be preferable to data gathered from a random assembly of
uncontrolled field pavement sections.
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Moreover, the possibility must be recognized that if insufficient field data are available
from existing pavements, performance data from other sources will also have to be
employed, e.g. historical projects that have been extensively described in the literature,
interviews with experienced materials engineers who can provide information
concerning asphalt properties and pavement performance, etc. While confidence in the
conclusion reached from this data might be lessened, the process employed to reach
the conclusion would be unchanged.

In summary, the validation in the laboratory of candidate properties for incorporation in
performance-based specifications is principally an inductive process. It is aided by the
existence of complete data sets from well-designed, controlled experiments, but cannot
(;:onclusivelyprove perceived relationships to pavement performance.

By contrast, the conclusige selection of the final suite of properties actually used in the
specifications and their limits requires a dedLJctivevalidation process that may,
however, employ a mix of statistical data treatment, judgement, interpretation and
intuition to compensate for a lack of long-term performance analysis and the possible
need to employ incomplete or poor quality performance data. These factors will
influence the strength of the conclusions reached in the validation process.

The Treatment Of Chaotic Data

Chaotic data may be defined as a body of research results of varying origin, quality
and statistical soundness that must be used together to reach a specific research goal.
In the SHRP asphalt program, a wide variety of quantitative data must be employed
along with qualitative judgments, intuitions, etc. to develop performance-based
specifications. If each specificatiorris'to beorganized around the six performance
factors (permanent deformation, fatigue cracking, low-temperature cracking, aging,
water sensitivity, and adhesion), it is likely that confidence in certain limits and
requirements in the specification will be greater than in others, perhaps by a large
degree, because of the chaotic nature of the data employed in its development.

In spite of extensive coordination, use of standardized reference materials, and other
actions to ensure consistency, the chaotic nature of the SHRP asphalt research data
will increase as the program proceeds from identification of candidate predictive binder
properties through their validation with asphalt-aggregate mixture properties to their
validation with field data and incorporation into specifications. Therefore, while
exacting statistical treatment of the data is required almost unanimously in the early
stages of the program (the bottom level of the pyramid in figure 4.1), this will be less
possible in succeeding levels, in particular in the field (second stage) validation
process.

In assembling the specifications, when the available data are not completely
susceptible to established statistical methods of analysis, the intuition and engineering
and scientific judgement of the research team will be strongly relied upon to pick and
choose between confusing or even contradictory results and successfully reach the
program goals.
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For example, suppose insufficient field data are available to validate a candidate
relationship between the tensile strength of the asphalt binder and the predicted
incidence of low-temperature cracking in pavements by standard statistical methods.
How might a practical specification for low-temperature cracking be developed in the
tim_ periodavailableto SHRP?

In lieu of a statistical correlation of data sets, the research team might first examine the
mixture test method itself, estimating how well it simulatesthe stress-strainpatterns
induced in a pavement by dramatic temperature changes. Next, it might reevaluate the
laboratory experiments that correlated binder tensile strength with mixture fracture
strength, perhaps expanding the data set with additional asphalts and aggregates, in
order to gauge how significant the response of the mixture property for the maximum
variation in the binder property would be in terms of actual pavement behavior.

Finally, if the variation was indeed judged to be significant, the team would have to
settle upon the recommended specification limits for both the binder and mixture
properties, recognizing that the relationship of the binder and mixture properties to
pavement performance in this instance was only stronglysuoDorted,not oroven
conclusively.This decision could be assisted by an evaluation of the mixture response
data or perhaps by use of a mechanistic-empirical performance model to estimate
satisfactory limits; these tentative limits would be open to revision as long-term
performance data from the LTPP became available1. If, on the other hand, the variation
did not appear to be significant, different candidate properties and their effect on
mixture properties would have to be examined.

In summary, it is anticipated that the information needed to set SHRP's performance-
based specificatioris will include some gaps and data with variable degrees of
experimental uncertainty in the data sets. This means, particularly in the second-stage
field validation process, SHRP must use qualitative and historical results that cannot be
fully controlled. The chaotic nature of the supporting data will require the balanced
application of well-defined statistical analysis methods in combination with more
intuitive, interpretative techniques that rely upon the scientific and engineering
judgement of the researchers, to develop the two performance-based specifications
and other products of the program by its March 31, 1993 completion date.

Clearly, the acceptance of the specification limits and requirements by the highway
community will be predicated upon a clear; open presentation of the analytical
processes employed to reach them, and the underlying premisses, assumptions,
judgments, intuitions, etc. utilized to deal with the unevenness and uncertainties in the
research results. In particular, open evaluation of data, i.e. whether they are founded
upon field validated or only laboratory mixture-validated relationships, will be absolutely

1Any performance-based specification developed in the SHRPasphalt program will
be subject to revision as long-term field performance data become available from the
LTPP. One of the purposes of developing performance models in contract A-005 is to
facilitate the updating of the specifications by user agencies.
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essential. When either type of validation is incomplete, special efforts must be taken to
ensure that the judgments that are made are balanced and representative of the widest
possible cross section of scientific opinion.

The Employment of Simulative Test Methods and Test Methods Yielding
Results In Fundamental Engineering Units

Asdiscussed in detail in report SHRP-A/IR-90-013,the performance-based
specificationsdeveloped inthe SHRP asphaltprogramshouldinsofaras possiblebe
based upon fundamentalpropertiesof the asphaltbinderand asphalt-aggregate
mixtures,i.e. those materialpropertieswhoseeffecton performancemay be explained
and estimatedfrom a theoreticaltreatmentof underlyingphysicalprinciples.

Whenever feasible, only funclamentalpropertiesshould be employed in developmentof
specificationlimitsand requirements.The use of Simulativelaboratoryor non-
fundamentalfield data to validatehow these propertiesrelateto performancewill
probablybe required. In the firststage laboratoryvalidation,simulativetest methods
such as a wheel trackingtest may be quiteusefuland appropriatefor confirmingthe
effect of asphaltbinderpropertieson mixtureperformance,e.g. rutting.Correlation
may be accomplishedsuccessfullyalthoughthesesimulativetest methodswouldnot
be suitablefor use in predictingpavementperformanceby inputof the test resultsinto
computationalperformancemodels.

Similarly in the second stage field validationprocess,quantitiessuch as rut depth and
transversecrack lengthper unit pavementarea, whichwe willterm "end-resultfield
data," must be viewed as necessary indicatorsof the correspondingpavement
performancefactors (for thisexample;permanentdeformationand low-temperature
cracking),and used in the validationprocessto correlatepavementperformancewith
materialproperties, althougha detailedexplanationof how trafficand environmental
stressescause these responsesis incomplete.

Ideally,an analysisbased upon underlying physical principlesthat quantitativelydefine
how distress is manifested as a pavement structure responds over time to dynamic - "
and static load-induced stresses should be used in developing performance-based
materials specifications. This analysis would provide an uninterrupted, fundamental
linkage between these properties and pavement performance. The effect of the
material property upon the response of the pavement to externally-induced stresses
could be calculated, and then the development of specific types of pavement distress
in response to the corresponding strains would be estimated. Both the former and the
latter are goals of the SHRPasphalt research program (specifically contracts A-003A
and A-005), but realistically the information needed to link pavement response to
pavement distress may not be completely available within time'frame allotted for the
initial specification development.

Since it is not possible to predict using fundamental mixture properties the degree of
permanent deformation caused by any particular combination of traffic loading and
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environmental factors, end-result field data such as rut depths must be correlated with
fundamentally-derived material and mixture properties in deciding upon the limits and
requirements for the material properties incorporated in the performance-based
specifications.

This reliance upon data from simulative test methods and end-result field data in the
validation stage of the specification development and the necessity for refinement of
the specifications as more LTPP program results become available must be clearly
recognized by the state highway agencies, standard-setting organizations such as
AASHTO and ASTM, asphalt producers, contractors and others responsible for their
adoption and use. At the same time, the prohibition against utilizing test methods such
as Marshall stability, that neither adequately simulate field performance nor yield results
in fundamental engineering units, in the validation, development and definition of the
specifications must be scrupulously observed.

The Assessment of the Relative Quality of Different Data Sets

Any research result derived from a statistically-sound experiment design will have a
measure of uncertainty (a quantitative confidence interval) associated with it by which
its comparative quality may be assessed. This will apply to most, if not all, of the
results used in the identification, development and first-stage validation of asphalt
binder property-pavement performance relationships. Standard mathematical methods
can then be applied to estimate the uncertainty in the verified relationships.

In the second stage of the validation process, a mix of results with both quantitative
and qualitative uncertainties will likely be employed. At a minimum, only test methods
with defined precision and biaS-statements should be used in this process to measure
material, mixture, and pavement response properties, such as deflection. Since
precision and bias statements are derived from a statistical measure of inherent
experimental error, an ongoing quality assurance effort is required to assess whether
extraneous factors are affecting the caliber of these results.

The use of end-result field data in the validation process (for example, pavement rut
depths or crack lengths per unit area) complicates the problem of estimating
uncertainties in the experimental data. Standard distress classification and
measurement techniques must be used, and multiple, independent measurements
made on each pavement section in order that the precision of the measurements can
be calculated. Quality control of these field measurements is especially important
because the uncertainty inherent in the measurement process is expected to be large
to begin with; poor experimental technique in taking the measurements could render
the data essentially worthless.

If use must be made of historical results and/or qualitative, anecdotal information (e.g.
interviews with experienced materials and pavement engineers), stringent quality
control of the data will be of overriding importance. Essentially, the researchers will be
required to assign a conservative estimate of uncertainty to this type of data, and this
can be accomplished only after a thorough examination and expert assessment of the
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validityof the information.Obviously,the employmentof substantialamountsof this
type of data wouldreduce confidence(inthe statisticalsense) in the specificationlimits
and requirementsdevelopedfrom them becauseof the large uncertaintiesinvolved.

In summary, a vigorous,independentqualityassessmentof all the data sets employed
inthe developmentof the performance-basedspecificationsis necessary to assure
that the limitsand requirementsof the specificationsrealisticallyreflectuncertainties
due to both experimentalerror and the mixeduse of quantitativeand qualitative
information. ,,:
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5

Performance-Based Specifications

The principal and primary goals of the SHRPasphalt research program are to develop
performance-based specifications for asphalt binders and asphalt-aggregate mixtures.
These specifications will allow the engineer to select an asphalt binder on the basis of the
performance level required of the pavement under the present and predicted traffic and
environmental conditions. Both modified and unmodified binders are to be covered by
these two unified specifications that incorporate a protocol for determining when and what
type of modification may be needed to meet required performance standards. However, it
is unlikely that a binder will be specified that can act as a complete panacea for poor
pavement design or construction practice.

The performance-based specifications will be based on a set of validated relationships
between asphalt binder properties, mixture properties and field (pavement) performance
that establish acceptable response ranges to control fatigue cracking, permanent
deformation (rutting), low-temperature cracking, aging, adhesion, and water sensitivity.
Present specifications assure the producer and user that the asphalt binder will respond in
a predictable, consistent manner during hot-mix production and laydown operations.
However, no minimum level of pavement performance is warranted, or even intended, in
any but a peripheral sense.

An Asphalt Binder Specification

An initialworking concept of the performance-based asphalt binder specification was
developed in May 1989 to guide and coordinate the many components of the asphalt
program (figures 5.1 and 5.2). It was anticipated that this initial concept would be
periodically updated, fleshed out with specific information and adjusted, as necessary, to
exploit new or unexpected results. In essence, it was to serve as a definitive goal for the
entire program and continually to evolve until the final specification is achieved.
Additionally, this evolving binder specification will serve as a focal point for interaction and
information exchange with the.user-producer groups and others within the asphalt
industry involved in implementation activities within the SHRPasphalt program.

It is anticipated that the asphalt binder specification generally will employ physical
properties as surrogates for significant chemical, or compositional, factors that influence
pavement performance. Moreover, the binder specification wilt allow the engineer to
match materials to several levels of pavement service and to tailor the choice of asphalt
binder to eliminate or minimize specific distresses.
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Initial Draft Binder Specification

In the initialworking concept, grading was based upon the properties of the asphalt
binder aged to simulate a specific pavement service period of nominally 5 years. It is a
bimodal system; that is, it was based upon rational performance indices established for
both low temperature (32°F) and high temperature (1760F) pavement service. Thus, a
precise grade could be selected to accommodate the need to control low-temperature
cracking, rutting, or both in a particular construction project. In addition, it addressed
certain aspects of fatigue cracking.

However, fatigue cracking was primarily controlled by specifying a minimum value of a
microcrack healing index that measures the ability of the asphalt binder to chemically
bridge and repair fatigue and low temperature cracks.

Water sensitivity was controlled by the use"ofan iridex based directly upon chemical
composition factors linked with this phenomenon, e.g., a nitrogen factor or an (organic)
acid factor. These indices also served as a measure of adhesion. It was noted that a

surrogate physical test developed by one of the SHRP contracts might be ultimately
employed in place of these compositional characteristics.

The specification also included requirements related to the behavior of the asphalt binder
during hot mix production and pavement construction. A minimum flash index (which may
or may not be the current flash point) was specified as a safety factor; an aging index
employing a test procedure that simulates the effect of hot mix production (as opposed to
the long-term aging accounted for in the grading system itself) also was included as a
requirement. A maximum viscosity value at (135°C) was specified for all grades to ensure
that the bindez is adequately fluid for hot mix production and construction, thus
addressing the practical aspects of constructability.

This initialdraft spmcification brought a reality to the SHRP asphalt program, focused the
research on the final products, and served as a catalyst for development of input from the
user-producer community was well as the researchers. As a result, this initialkoncept
continued to evolve and has led to a second generation concept discussed next. .........

Second Generation Draft Asphalt Binder Specification

A second generation draft specification evolved based on the developments and findings
of the asphalt research program and technical comments provided by users and
producers to date. The general form of the specification is shown in figures 5.3 and 5.4.
The major changes relate to specifying tests for the various characteristics contained in
the original specification and the preliminary identification of environmental conditions
related to performance. It is emphasized that these tests and the details of the
specification are subject to change and continuing refinement.
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Environmental Conditions

Input from the asphalt user-producer community has identified preliminary temperature
regimes that are related to pavement performance. These are shown in figure 5.3.

Low Temperature Cracking and Permanent Deformation

The low and high temperature performance indices will be measured using two different
tests which yield fundamental properties related to low temperature cracking and
permanent deformation (rutting). As shown, figure 5.4 is similar to the original concept of
temperature dependent properties (figure 5.2). However, the lines now represent a series
of binders which have different rheology measured by different tests at different
temperatures.

1. Direct tension test

The direct tension test is conducted at a constant rate of deformation to fracture using a
single "dog bone" shaped specimen. The load and tensile deformation at fracture and an
energy to fracture are recorded. The test is conducted in a self-contained stand-alone
device that includes automatic, computer controlled operation, data acquisition and
temperature control. The test results characterize the strain tolerance of asphalt cement or
modified asphalt binder.

2. Low temperature bending beam test

The bending beam test tests provides a direct measurement of the low temperature creep
stiffness of the asphalt binder. As such; it is a replacement for nomographic methods
used to predict low-temperature stiffness from measurements made at temperatures of
77°F or higher. The test involves a simply supported beam (5 in x 0.5 in x 0.25 in) loaded
in flexure with a constant center point load. The time dependent deflection is measured
and used to calculate the time dependent stiffness modulus. Low temperature cracking
can be controlled by specifying a maximum binder stiffness less than the specification
value, as measured by the bending beam test conducted at the minimum anticipated
pavement temperature, be less than the specification value.

3. Indentation test

At the higher service temperatures, the ability of the asphalt binder, particularly modified
binders, to resist plastic or non-recoverable shear deformation is critical to pavement
performance related to rutting and shoving under load. The indentation test, currently in
the early stages of development, applies a repeated shear stress to the test specimen and
the accumulated, non-recoverable deformation is recorded. By measuring these non-
recoverable shear strains, which are directly related to the shear strains produced by
repetitive, dynamic traffic Ioadings, it will be possible to specify values of dynamic stiffness
to regulate the permanent deformation characteristics of the asphalt binder.
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Fatigue Cracking

The fatigue characteristics are evaluated using the bending beam fatigue test and the
microcrack healing test.

1. Bending Beam Fatigue test

The bending beam fatigue test involves the repeated application of a load to a simply-
supported beam (5 in x 0.5 in x 0.25 in) and the measurement of the number of load
applications required to produce failure. The test can be conducted by applying a
constant repeated load (controlled stress applicable to thick pavements) or a load that
causes the applied strain to remain constant (controlled strain applicable to thin

• pavements): .............................

2. Microcrack Healingtest

The microcrack healing test measures the microcrack healing potential of asphalt cement.
The test involves the uniaxial loading of a fully-supported notched beam composed of
asphalt cement and fine aggregate (-30). The notch is located in the center of the beam to
control the location of crack growth. The applied uniaxial load is large enough to
propagate the crack at the notch. Additionally three replicate rest periods of 5, 10, 20 and
40 minutes are introduced at the beginning, middle and end of the loading sequence.

The healing index is the ratio of the difference of the energies required to propagate the
crack after and before the rest period to the energy required to propagate the crack after
the rest period.

Aging

Aging is subdivided into the changes which occur during construction (short term) and the
changes which occur during the service life of the pavement (long term). The grading
system proposed for the asphalt binders involves short term •aging followed by long term
aging to simulate a 5-year service life.

1. TFOT or RTFOT (Short Term)

It is anticipated that the aging characteristics of the asphalt cement will be evaluated using
the current Rolling Then Film Oven Test (RTFOT)AASHTO T240 or Thin Film Oven Test
(TFOT) AASHTO T179. While improvements could be made, it is not felt that this is a
critical problem and thus the effort required is not justified at this time. Work subsequent
to the SHRP research program may need to consider this question.

It is anticipated that the aging of modified binders will require the development of new test
procedures (Contract A-004). These may also be unchanged from the current AASHTO
and ASTM procedures.
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2. POV Test (Long Term)

The pressure oxygen vessel (POV) will be used to simulate long term oxidative aging
which occurs subsequent to construction. The test involves exposing the asphalt to
oxygen at elevated pressures (300 psi or less) at the maximum anticipated pavement
pressure. Currently the test involves a stainless steel pressure vessel and utilizes oxygen
at a pressure of 300 psi, but it is anticipated that the final procedure will utilize air at a
lower pressure.

Water Sensitivity

The water sensitivity of the binder will be measured by the blister test which provides a
direct measurement of the adhesion force between the asphalt binder and aggregate
surface. As shown in figure 5.5, a film of asphalt binder js placed on the aggregate
surface and is then pressurized to determine the force required to separate the binder
from the aggregate. The aggregate at the interface can be saturated to provide an
estimate of the wet adhesive strength and the effect of saturation. The test may be
conducted statically or with a repeated loading to simulate the action of traffic Ioadings.
By specifying a minimum allowable strength, the asphalt-aggregate adhesion in the
presence of water can be insured and the effects of moisture damage minimized.

Adhesion

Adhesion of the binder to dry aggregate can also be measured by the blister test, possibly
by using an inert gas or a non-polar liquid. It is anticipated, however, that such a test may
produce a cohesion failure rather than an adhesion failure, indicating that adhesion
failures are primarily associated with moisture.

Constructability

This is controlled by a maximum viscosity at 275°F as measured by the present AASHTO
and ASTM procedures. A maximum viscosity of 1500 cSt is specified to insure that the
binder can be pumped and mixed with the aggregate.

It is also recommended that the viscosity be measured at 140°F and 275°F to allow the
mixing and compaction temperatures to be estimated.

Safety

This is controlled by specification of a minimum flash point as measured by the current
AASHTO or ASTM procedures. It is not anticipated that a new test will be developed or
emerge from the SHRP asphalt program.

An Asphalt-Aggregate Mixture Specification

Essentially, there are no existing mixture specifications that address performance.
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Thus, it is necessary for the SHRP Asphalt Program to develop a performance based
asphalt mixture specification and the supporting tests and protocol; while all of the
contracts will provide input in varying degrees to this effort, the actual development is the
responsibility of contracts A-001 and A-006.

In addition to the results of these contracts, it will be necessary to consider the findings
and input from the other related projects, such as the NCHRP 9-6(1) AAMAS study,
NCHRP 10-26A Performance-Related specification study, NCHRP 1-26 study of
Mechanistic Structural Analysis Procedures, and the FHWA study for Development of
Performance-Related specifications.

Initial Draft Asphalt Mixture Specification

As with the binder specification, a preliminary asphalt-aggregate mixture specification
concept was developed in an effort to focus the research efforts, to generate input from
users and producers, and to bring a sense of reality to the end products of the SHRP
asphalt research program.

Like the asphalt binder specification, the mixture specification must be performance-based
and be applicable to mixtures utilizingeither unmodified or modified binders. It must
consider the six performance factors of low temperature cracking, permanent deformation
(rutting), fatigue, water sensitivity, aging and adhesion in conjunction with the effects of
environmental conditions and traffic.

Attention must also be given to fatigue cracking of both thick (> 6 inches) and thin (< 2
inches) asphalt pavements and possib!y to rutting of thick pavements and of thin overlays
on very rigid bases. ............

Figure 5.6 is a first draft of the performance-based mixture specification. While it is
premature to establish values, it is not premature to begin identifying tests and
environmental conditions.

Environmental Conditions

Initially, the four environmental conditions defined by SHRP LTPP have been incl}ded.
These four environmental regions (Fig 5.6) are as follows:

A Wet- Freeze;
B Wet- No Freeze;
C Dry - Freeze; and
D Dry- No Freeze.

As the specification evolves and is adopted by the states, they may wish to further
subdivide the regions and refine mixture specifications to satisfy these environmental
conditions. For example, figure 5.7 illustrates an alternative breakout with nine climate
zones.
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Traffic Conditions

A minimum number of these traffic levels has been included in the initial specification.
Again, as the results of contract A-005 become available it may be necessary, desirable
and possible to specify other traffic conditions and to consider the possible interaction
between traffic and environment. The current traffic ranges in terms of 18 kip EALs are as
follows: (1) LIGHT, < 10'; (2) MEDIUM, 10' to 10_;and (3) HEAVY, > 107.

Mixture Conditioning Procedures

Procedures have been identified to simulate aging and water sensitivity of the mixtures.

Aging

Two aging tests or procedures will be utilized. The first will-simulate the aging which
occurs during plant mixing and construction, and the second simulates the aging that
occurs during the first five years of service subsequent to construction.

1. Mixture Rolling Thin Film Oven Test

The aging that occurs during mixing and construction will probably be simulated by using
a modification of the rolling thin film oven test. This modification involves placing a
cylinder containing loose asphalt mixture on the shaft of the rotating element and
subjecting the mixture to a specified time and temperature.

A second possibility originally suggested by the NCHRP AAMAS research is the use of a
forced draft oven in which the loose_mixtureis subjected to a temperature of 275°F for 4
hours.

2. Pressure Vessel Test

The aging of the mixture during long-term service (5 to 10 years) will be simulated by
using a high pressure vessel in which the loose mixture is placed in a pressure vessel....
containing air or oxygen at an elevated temperature or a temperature equal to the highest
mean monthly pavement temperature.

The backup or secondary method involves the AAMAS procedure using a forced draft
oven in which the mixture is subjected to a temperature of 140°Ffor 48 hours, followed by
225°F for 120 hours.

Moisture Sensitivity
i

A single moisture sensitivity condition procedure will be utilized. This test procedure
involves subjecting the specimen to pressure, moisture and elevated temperature. The
test apparatus is a triaxial compression type cell. A minimum acceptable retained stiffness
or tensile strength will be specified. Additionally, permeability measurements may be
required.
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Performance Related Tests

Modular accelerated laboratory tests and test parameters that relate to field performance
will be utilized in the specification. These procedures and properties must consider the
three basic modes of distress: permanent deformation (rutting), cold temperature
cracking, and fatigue cracking.

Permanent Deformation

ConfinedAxialComDression-ShearTest

The test method utilized to evaluate and control permanent deformation is the confined
axial compression-shear test. This test involves cylindrical specimens (4 or 6 inches in
diameter; 2.5 or 3.5 inches high) which are subjected to a confining pressure. During test
the specimen is subjected to a vertical axial stress and to a repeated shear stress. The
shear stress is applied for 1000 cycles and the accumulation of permanent strain is
measured.

Low Temperature Cracking

Two forms of low temperature cracking must be considered. These two forms involve (1)
a single drop in temperature which causes the tensile stresses to exceed the tensile
strength (figure 5.8) and (2) cyclic temperature changes which result in thermal fatigue.

Both types of behavior may be measured using a restrained specimen-low temperature
tensile test in which the temperature is 1) dropped rapidly through a wide range or 2)
cycled repeatedly through-an-appropriate temperature range until cracking occurs: The
beam specimen is restrained by clamping its ends to prevent movement.

Fatigue Cracking

The specification must consider both modes of testing: controlled stress which simulates
thick asphalt layers and controlled strain Whichsimulates thin layers. Thus, the tests
utilized must be able to simulate both conditions. Although it is premature to make a
judgment concerning the final selection, the following is offered based on the best
information available.

A possible test is the bending beam test or a axial push-pull test. A third possibility
is the combination of two or more test procedures which would be a surrogate procedure
for fatigue.

1. Bending Beam Test

The test would be conducted on beam specimens (1.5 in x 1.5 in x 15 in or 3 in x 3 in x
15 in). Testing would involve a third point loading using a sinusoidal load pulse at a
relative high load frequency (e.g. 20 Hz). Testing would be conducted to failure or to a
specified number of load repetitions (e.g. 50,000) at which time measurements would be
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made to allow stiffness and strain to be estimated and relative to the fatigue
characteristics of the mixture. Test parameter alternativescurrently being considered are
as described below.

1. Subject beam to strain level of 500 x 10 -6 in/in at 68°F; N> 5000 repetitions;
would require approximately 50 minutes of testing at 100 repetitions per
minute (0.1 s loading time, 0.5 s rest period).

2. Subject beam to strain level of 400 x 10 -6 in/in at 68°F; N > 50,000
repetitions; would require 45 minutes of testing at a frequency of 20 Hz.

2. T_n_ile Comoression Fatigue Test

This test involves a cylindrical specimen with a reduced central portion diameter to ensure
fracture in the central region rather than at or near the platens. An alternating axial
tensile-compressive load pulse without rest periods is applied until fracture occurs. Under
a constant applied stress the strain will continue to increase with time. Thus, the fatigue
characteristics can be defined in terms of the applied stress or the initial strain.

3. (_gml_inedTests

The third approach is to use a combination of two or more tests as a surrogate test
procedure for fatigue. While this procedure does not measure the fatigue characteristics
directly, it does provide meaningful information which relates to the fatigue behavior of the
mixtures.

Stiffness Measurement ..............
A specification must consider the determination of dynamic modulus and phase angle
over a range of frequencies (0.01 Hz to 20 Hz) and temperatures (0°C to 60°C). These
tests would be performed using prismatic or cylindrical specimens under confined
pressure.

All of the above tests will be related and correlated with short term or accelerated-
simulated field performance and ultimately with long term pavement performance as p&rt
of the LTPP program.

Aggregate Requirements - -

Although the SHRP program is not focused on the role of the aggregate, it is recognized
that the quality of the aggregate is important and significaPtly influences adhesion and
absorption (A-003B). It is also recognized that the gradation is extremely important.
Thus, the mixture specification will contain requirements related to the aggregate. For
example, the following requirements for voids in the mineral aggregate and gradation are
included.
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Voids in the Mineral Aggregate (VMA)

The initial specificatioP, utilizes the currently accepted VMA requirements specified by The
Asphalt Institute (figure 5.9). It is anticipated however that these values, which are based
on the bulk specific gr_ 4ty of the aggregate, will be modified and ultimately based on the
effective specific gravity of the aggregate.

Gradation

The specification for the gradation of the aggregate is controlled by VMA requirements as
well as the 0.45 power relationship and the hatched zone s:_own in figure 5.10. The basic
premise is that the gradation of the aggregate will be accep{able if the gradation
relationship does not enter or cross the hatched zone and that VMA requirements are
satisfied. Thus, the.aggr.e`gate specification may be above or below the 0.45 power curve
and should involve a relatively smooth curve connecting the nominal maximum aggregate
size and the amount of minus 200 material.

Constructability

Recommended plant temperatures should be able to produce an asphalt binder viscosity
that will allow efficient coating of the aggregate. Similarly, the compaction should occur at
a binder viscosity that allows ready compaction of the aggregate.

The temperatures needed for mixing and compaction may be estimated from a viscosity
temperature relationship and correspond to viscosities of 1.8 and 2.8 stokes, respectively.
In no case should the compaction occur at mixture temperatures below about 175°F.
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MS-2).
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6

Economic Analysis of Product Impacts
on the Highway Community

Performance-based specificationsfor asphalt binders and asphalt-aggregate mixtures
will have profound economic impacts on the public agencies and private organizations
involved in supplying the materials,and inconstructing and monitoring asphalt
pavements. In this chapter, a preliminarydiscussion ispresented of the scope of these
impacts in the following areas: the system-wide supply and demand equation for
asphalt cement; the engineering and costs for individual projects; the reduction of
financial risk to all parties involved in highway construction, operation and
maintenance; and the overall budgeting process for highway construction and
maintenance. The content is intended to stimulate discussion of this important topic
and lay groundwork for more sophisticated economic analyses that will be made
during the next year by specialists in each area.

System Economics: Potential Changes in the Supply and Demand
Equation for Asphalt Suppliers

It is well recognized that different crude oils inherently contain different quantities of
asphalt. Different crude oils also require different refining process conditions for the
separation of an asphalt.

Historically, the price of asphalt has been viewed to a large degree as an economic
loss to the refinery and is "shored up" by the higher value of the lighter products.
Asphalt is generally viewed as a major product of small refineries but only a small part
of the production of many large refineries. For example, refineries with less than
10,000 barrels per day of crude oil capacity yield 7 percent asphalt production
(Holbrook, 1985). On the other hand, larger refineriesyield only 2 percent asphalt
production (Holbrook, 1985).

To understand the functioning of the refinery market economy, one must first
recognize that there are five fvn(;lamentalquestionsto which this economy must
respond (McConnell et. al, 1990). The questions are as follows:

1. How much is to be produced? At what level and to
what degree should available resources be utilized in the
production process?
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2. What is to be produced? What collection of products
and services will best satisfy society's petroleum demand?

3. How is that output to be produced? How should
production be organized? What firms should do the
producing and what productive techniques should be
utilized?

4. Who is to receive the refinery product output? In
particular, how should the output of the economy be shared
by individual consumers?

5. Can the system adapt to change? Can the system
..... negotiateappropriate'adjustmentsin responseto changes

in consumerdemands, resourcesupplieS,and technology?

An Economic Basis for Product Slate

Giventhe refiners'products and resourcepricesestablishedby competingbuyersand
sellersin both the product and resourcemarkets,how would a refinery economy
decide the types and quantitiesof goodsto be produced? Rememberingthat refinery
businessesare motivatedto seek profitsand avoid losses, it can be generalizedthat
those refineryproducts that can be producedat a profitwillbe producedand those
whose productionentailsa losswillnot. What determinesprofitsor the lackof them?
Two things:

1. the total revenuegenerated by.productsalesand

2. the total productioncosts.

Bothtotal revenueand totalcostsare price-times-quantityfigures. (McConnellet. al,
1990). Total revenueis determinedby multiplyingproductprice by the quantityof the
productsold. Total costsare determinedby multiplyingthe priceof each resource ....
used by the amountemployedand summingthe cost of each.

Refinery Economic Costs and Profits

To say that those refineryproductswhichcan be producedwillbe produced and
those which cannot is only an accurategeneralizationif the meaningof refinery
economiccosts is clearlyunderstood. To graspthe fullmeaningof costs, the refinery
businessshould be thought of as a businessrepresentedby an organizationalchart,
that is, a business"on paper," distinctand apart from capital, taw materials,laborand
entrepreneurialabilitywhich make it a goingconcern(McConnellet. al, 1990). To
become an actualproducingrefinery,this "on paper" businessmustsecure all four
types of resources.
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Refinery economic costs are the payments that must be made to secure and retain the
needed amounts of these resources. The per unit(size of these costs will be
determined by supply and demand conditions in the refinery resource market. The
point to emphasize is that .... like land, labor, and capital --- entrepreneurial ability
is a scarce resource and consequently has a price tag on it (McConnell et.al, 1990).
Costs therefore must include not only refinery wage and salary payments to labor, and
interest and rental payments for capital and land, but also payments for the
entrepreneurial skill required to organize and combine the other resources in the
production of some petroleum commodity. The cost payment for these contributions
by the entrepreneur is called a normal profit (McConnell et.al, 1990). Hence, a
refinery product should be produced only when total revenue is sufficient to pay wage,
interest, rental, and normal profit costs. Now if total revenues from the sale of a
refinery product exceed all.production costs, including a normal profit, the remainder
would accrue to the entrepreneur as the risk taker and organizing force in the going
concern. This return above all costs is called a pure, or economic, profit. It is not
an economic cost, because it need not be realized for the refinery business to acquire
and retain entrepreneurial ability.

Traditional Refinery Economics Approach

Refineries,as a resultof the changingeconomies,havemodifiedtheir processesto
meet changing market conditions and also to meet changing crude oil availability. The
increasing price of crude oil and resulting petroleum products has made residual
heating oil, for example, uneconomical as compared with coal and natural gas
(Holbrook, 1985).

Crude oil quality isalso ch_lnging. A VarietyOfdifferent gravities of crude oil is
available in the world. Right now the crude oil processed in the United States is about
60 percent light and 40 percent heavy (Holbrook, 1985). The known reserves of heavy
crude oils in the world are generally found in Venezuela, Mexico, and a number of
other countries. Crude oil discoveries are generally heavy. As a result, it is predicted
that by 1990 there will be a dramatic switch from light to heavy crude oils. That means
more residuum available to convert to asphalt (Holbrook, 1985).

Price of crude oil certainly has an effect on availabilityand what the refinery is going to
process. In the past, the light crude oils have sold at a premium. With the recent
decline in price of the light crude oils and the simultaneous increase in the price of the
residuum, demand for heavier crude oil has increased. This trend is expected to
continue in the foreseeable future. Consequently there are many factors that must be
considered in the analysis of refinery economics (Holbrook, 1985). However, asphalt
production in the majority of the cases is not viewed as an economically attractive
market commodity for several reasons: (a) the market volume is viewed as small and
satisfactorily supplied by current production; (b) asphalt prices are low and crude oil
prices are high (asphalt should recover at least the costs of the crude oils); and (c)
asphalt traditionally competes with the so-called light products, and the economics are
determined by the selling price of the products produced.
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Future:Potential Asphalt Market Economics

Refinery economists ,frequentlyindicate that asphalt prices must increase in order to
insure product viability. They further hypothesize that refinery operations must recover
crude oil costs from asphalt in the market economy, or more of them are going to
cease asphalt production in the future.

In short, refineries have traditionally viewed asphalt market economics from the supply
side. But the consumer aemand for a specific product quality will also affect the
economic equation also. Eig_re 6.1 illustrates conceptually the demand equation term
(Ward, 1967).. By measuring I_orizontallyfrom the vertical axis to the point on the
graph, the product quantity is dete,rmined. Similarly, by measuring vertically from the
horizontal axis, the price is found at which the quantity is bought. Thus, point A in the
diagram correspohds to the second'row in the table indicating that at a price of $5 the
consumers are prepared to buy a total of four U-nits.Furthermore, the producer W_II
recover the same_dollar value if selling 2 units for $10 or 20 units for $1.

Figure 6.2 shows the superposition of the supply graphics (curve SS) onto the demand
graph (curve DD). Conceptually, as with the demand, the supply can be represented
on a diagram, and a smooth curve drawn to represent the points that determine price-
and-quantity pairs (Ward, 1967). At Point B in Figure6.2, the two curves intersect. At
thispoint, the total amountthe consumeris willingto buy at the price of three dollars
justequalsthe total amount the consumeris willingto sell at that price. If the market
can move to that point, everyonewillbe satisfied-- that is, everyonewho is willingto
pay the price or accept itwillbe able to make economicdeals in the market.

Of course, there is one obviousdifferencebetween the supplyand demand curves:
demand slopes downwardto the rightwhilesupplyslopes upward to the right. It
seems reasonablethat thisshouldbe so. Whenthe price is lower, the consumer can
affordmore. When the price is higher,the consumerwillbe more selectivein
purchases,but may be willingto obtainthe commodity if the quality is enhanced.
Herein liesthe potentialfor the futuregrowth of the asphalt-market.

The SHRP performance-basedspecificationsfor asphaltbinderswill identifyacceptable
responserange limitsto controlfatiguecracking,permanent deformation,thermal
cracking, aging, adhesion and water sensitivity.These specificationswillallow the
designengineerto select an asphaltbinder(modifiedor unmodified)based on the
requiredpavement performance level,giventhe expected trafficand environmental
conditions.

SHRP envisionsthat these performance-based specificationswillprovide for significant
increases in pavement service life, with attendant decreases in maintenance and
rehabilitation costs. Although initial or first costs for the asphalt binder may be higher,
when amortized over the extended life of the pavement, this may result in a more
economically attractive engineering investment strategy. Consequently, the demand
for such asphalt binders should significantly increase.
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From the supply side, the refineries might then view asphalt as a specific marketable
commodity (entrepreneurial ability), based both on the potential higher selling price
and the increased demand, that will compete with the lighter petroleum products. The
quality of the asphalt, in terms of superior performance in relation to specific pavement
distress factors, should be accompanied by a price increase. Obviously, the stability
of this increase will be established by marketplace competition. As the refining
industry expands its production, new firms, attracted by these above-normal profits, will
emerge.

The entry of new firms, however, should be a self-limiting process. As new firms enter
the asphalt market, the supply should increase relative to demand. This may lower the
market price to the end that economic profits will, in time, be possibly "competed"
away. The supply and demand situation prevailing when economic profits become
zero or minor will determine the total amount of asphalt produced. At this point, the
asphalt refinery industry will maintain its "equilibrium size" until a change in the asphalt
demand or supply disturbs that equilibrium.

However, if the asphalt market as viewed by the refineries for the performance-based
asphalt binders is less than favorable, then they would not be attracted and view the
market as a declining industry economically. At this point, other entrepreneurs such
as those in the modifier industry would compete in this asphalt marketplace based on
their viewpoint of an expanding industry and above-normal profits created by increased
consumer demand.

Either way, the demand placed on the marketplace for "quality" asphalt binders should
provide suppliers of this material through supply market competition. Eventually this
competition could possibly reach an equilibrium size and initial asphalt binder costs will
also equilibrate.

Project Economics

Specifications which allow for enhanced binder properties or (the use of additives) may
increase significantly the cost of binder systems and thus the mixtures and pavements
produced with these binders. To justify this expense, it is necessary to improve
performance, reduce maintenance and rehabilitation, or sufficiently extend the
pavement life to offset the increased material cost.

General Approach

Pavement performance is usually defined as the trend in serviceability with increasing
number of axle load application{ or time as shown in Figure 6.3. While serviceability
indicates how well a pavement is serving its intended function of carrying traffic, it is
generally described by a pavement condition index which quantifies the condition of a
pavement section with respect to distress at the specified point in time (Penn(DOT,
April 1985).
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Thesepavement condition indicators normally involve or relate to the following:

a. cracking (fatigue, thermal, shrinkage);
b. permanent deformation (shoving, rutting);
c. serviceability (roughness);
d. skid resistance;
e. ravelling;
f. moisture damage; and
g. wear resistance.

All of these charactmristics are influenced by environmental, structural, material, and
construction variables. Thus, the basic element required is an algorithm or rrodel
which can relate these variables to the pavement condition indicators with time or more
specifically to pavement performance; ....

Models

Models relatingmaterialsand mixturepropertiesto performancewillbe focused on the
asphalt binderand its interactionwithaggregate. Figure6.4 providesa frameworkfor
relatingasphaltcement specificationsto predictedpavementperformanceand for
evaluatingthe economiceffectivenessof such specifications.The evaluationof
performance-basedspecificationsinvolvesa stepwiseprocedureconsistingof the
followingmain elements:

1) a model that relatesspecificationcriteriafor asphaltcement_ofundamental
response variables such as viscosity and bitumen stiffness;

2) a system for performing the mixture design and for relating the proportions of
asphalt and aggregate in the mix to fundamental mixture response variables;

3) a pavement structural analysis algorithm; and

4) a performance prediction algorithm. ......

The key element in the framework is the algorithm for predicting the trend of a
pavement condition indicator as a funclion of time or load applications. The
framework established is general and accommodates performance models that are
based on structural criteria (e.g., cracking, permanent deformation), user oriented
criteria (e.g., roughness, skid resistance), and durability criteria (e.g., raveling, moisture
damage, wear resistance). =tis recognized that the importance of the various
pavement condition indicators can vary with the user agency, making it imperative to
develop a framework that is useful for a wide range of performance models.

Numerous models are available for predicting pavement performance in terms of
various condition indicators. Most currently available models relate material response
such as resilient modulus, fatigue, or creep properties to predicted long-term
performance, as evidenced by trends in cracking or rutting. In addition, considerable
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laboratory research has been conclucted to identify models that relate mixture
parameters (e.g., voids, asphalt content, aggregate absorption, etc) to material
response such as resilient modulus or fatigue parameters. Unfortunately, there are
few, if any, models that directly relate mixture parameters to performance. Therefore,
the relationship between mixture parameters and pavement performance will have to
be evaluated using procedures such as the stepwise procedures illustrated in Figure
6.4.

The performance models can be categorized according to the methodology by which
they were developed (i.e., empirical, mechanistic-empirical, mechanistic) or according
to the prediction methodology followed (i.e., the model predicts the time and number
of load applications to a predefined failure condition, or the model predicts the trend in
a pavement condition indicator with time or load applications).

The mocleis for"pred]_ing fundamentai response Variable'sfor asphalt cement and for
the asphalt-aggregate mixture will be developed in SHRPcontracts A-002A and A-
003A, respectively. Validation of these predictive models and test results will be
performed by SHRPcontract A-005.

The performance prediction algorithm will allow the evaluationof the relationship
between asphalt _;pecificationcriteria and pavement performance. The choice of
specification criteria will be aided by the performance model. Logically, the
specification criteria selected must be those that significantly influence the performance
predictions. In adc;ition, the performance prediction algorithm will influence the
selection of other models such as those relating specification criteria to fundamental
response variables for the asphalt cement; models for determining fundamental
response variables for the asphalt concrete mix; and models for analyzing pavement
structural response.

Engineering Economics

The methodologyfor evaluatingthe economiceffectivenessof performance-based
asphaltspecificationswill involve!ife:cyclf_cos.tana!yses. It isrecognized that higher
initialconstructioncosts may be associatedwiththe new specifications. However,the
expected improvementsin pavementperformanceshouldiustifythe implementationof
performance-basedasphaltspecifications.The evaluationof life-cyclecosts providesa
vehiclefor attachingmonetary valuesto performance predictionsfor a varietyof
pavementdesignalternatives.

Life-cyclecosts includecosts associatedwith initialconstruction(or reconstruction),
routinemaintenance,rehabilitation,useroperation,user delay, and salvagevalue
(NCHRP, 1985). Futurecosts are discountedaccordinc_to a specifiedinterestrate so
that cost comparisons can be made on the basis of vaIL-_at a particular point in time.
Costs are considered over a designated analysis period, which can vary in length
depending upon the specific conditions being analyzed. By comparing the life-cycle
costs associated with various design alternatives, the economic effectiveness of
implementing new performance-based specifications for a particular set of conditions
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can be evaluated.

Although life-cycle costing for pavements is not a new concept, it has not been widely
utilized by state highway agencies (NCHRP, 1985). The reason most often cited for
not using these analyses is the lack of certain input information related to user costs,
interest rates, or the time value of money, and the inflation rate. Others question the
appropriate methodology for integrating these factors into the life-cycle cost analysis.

This procedure, however, provides an effective means for analyzing all potential
alternatives. Moreover, many agencies have based their selection exclusively on initial
cost, without consideration of the future costs related to pavement performance. For
long-term investments, such as for pavements, the initial or first cost is not the most
critical issue. Life-cycle costs are dependent on the following: the projected
performance or .life of the-various identified alternatives; the pavement type, design life,
and cost of future maintenance and/or rehabilitation-activities; the length of analysis .
period; and interest rates; etc. These must all be integrated into a procedure that will
ensure the lowest life-cycle cost for a given design alternative.

The approach taken will be as follows:

(1) Estimate the increased first costs associated with the new performance-
based asphalt specifications or the use of modifiers and the performance-
based specification for the unmodified or modified asphalt-aggregate
mixtures.

(2) Relate quantified specification values of asphalt and mixture
characteristics to pavement performance using algorithms or models
developed by the A-005 contractor.

(3) Estimate changes in maintenance, rehabilitation, or user costs based on
the predicted performance and service life.

(4) Conduct life-cycle cost analyses using average annual cost, present ......
worth, rate of return or benefit-cost ratios.

(5) Determine the economic impact of the proposed specification changes or
use of modifiers.

For life-cycle analysis of pavements, mathematical models are needed to estimate the
rate of pavement deterioration associated with each design alternative or rehabilitation
strategy (Penn DOT, April 1985). Performance of a given strategy can then be
predicted under future traffic conditions for a specific environment. These
mathematical models define the damage functions which vary with pavement types
and performance variables.
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These damage functions are extremely important in developing life-cycle analysis
methodology because they are used to predict future pavement condition. Table 6.1
presents a list of performance variables for which different investigators have tried to
develop empirical models (Penn DOT, April 1985). It is evident that some of these
models are unique for a specific pavement type.

Commonly used performance indicators are based on roughness, some form of
distress such as fatigue and thermal cracking or permanent deformation. These
models make it possible to quantify the performance and expected life using different
design strategies by computing the time to reach a user-specified limiting value of each
variable. This in turn helps to compute costs associated with each strategy during its
life-cycle analysis. Figure 6.5 illustrates the comparison of different strategies over the
service life of asphalt pavements (Penn DOT, March 1986).

Sensitivity Analysis

A sensitivityanalysiswillbe used inthe life-cyclecost analysisto determinethe effect
that a variablemay haveon the cost. Specifically,a sensitivityanalysisis used to
determinethe absolute (or relative)change inthe criterionvariableas a resultof an
absolute (or relative)change inthe predictorvariable(NCHRP, 1985). In this instance
the predictorvariablesmight includeany or allof the following:structuraldesign;
material properties; pavement distresses; and some measure of pavement condition.
It may also be helpful in identifying various design options that may need to be
considered in greater detail and variables that require additional information. A
sensitivity analysis is generally more effective in the design stage of a pavement and
should be a normal part of an economic analysis.

...... ., . ...

In the process of selecting a pavement design alternative, the designer may be
uncertain as to the outcome because of inadequate input data, initial assumptions,
accuracy of estimates, or any combination of the preceding. The critical questions in a
life-cycle cost analysis are the following: "(1) How sensitive are the results of the
analysis to variations in these stochastic parameters? (2) Will these variations tend to
justify the selection of an alternative not currently being considered? (3) How much '"
variation in a given parameter is required to shift the decision to select alternative B
rather than alternative A?" The basic purposes of a sensitivity analysis are to
determine how sensitive the outputs from the life-cycle cost analysis are to variations in
certain inputs and to evaluate the risk and uncertainty associated with a selected
alternative. This allows the designer to determine the probability of selecting the wrong
alternative.

Risk exists as a result of the stochastic nature of the input variables, but can be
considered in the analysis to determine its effect on costs (NCHRP, 1985). Pavement
design itself involves a degree of risk in that a certain probability exists that a pavement
will not reach its design life. Decisions are generally based on calculated risks, which
means gambling on the chances that the future will be as predicted by educated
judgments. Decisions that are made with the full realization of the uncertainties
assume that the future may not be the same as planned and the designer knows the
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Table 6.1 List of performance variables to be considered in developing damage
functions

FLEXIBLEPAVEMENTS
Present Serviceability Index
Rut Depth
Cracking

Unear
Fatigue

Roughness
Raveling
Potholes

OVERLAID FI.EXlBLEPAVEMENTS

Cracking ....
Transverse
Longitudinal
Multiple
Alligator

Patching
Roughness
Serviceability Loss
Rutting

• , , . , ..
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Figure 6.5 Comparison of different strategies over the service life of asphalt pavements.
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effect that any variation may have on the predicted results.

The economic analysis for any paving project is, by necessity, based on the
uncertainty of the future and on predictions of performance that often are inaccurate.
Accordingly, the measurement of any economic costs and benefits implicitly includes
probability judgments (NCHRP, 1985). The basic components of input and output
prices and quantities in an economic analysis seldom represent definite events in that
they could be described by single values. It is, therefore, desirable for an economic
analysis to take into consideration the range of possible variations in the values of the
basic components and hence the extent of the uncertainty associated with the
outcome. It is possible to generate performance prediction curves (Figure 6.6) for
dealing with treatment of uncertainties.

Minimizing ProduceF and. User-Risks .....................

As discussed in Chapter 2, the SHRPasphalt program is founded on the intuitive
concept that, first and foremost, asphalt pavement performance is significantly
influenced by the properties of the asphalt binder. Therefore, to design a pavement to
provide the performance dictated by its present and future "environment",
consideration first must be given to selecting an asphalt binder with properties that,
insofar as possible, ensure the required minimum performance levels.

Once the influence of the asphalt binder on performance is defined, the effect of its
combination with aggregate is to be considered. The mixture specification is viewed
by SHRP as modulating the binder response in each performance area. The
availability of both specifications allows a range of material selection options to be
considered for any particular paving.project ......

These procedures will require new equipment, new materials (i.e., asphalt and
aggregate modifiers), and more broadened training related to understanding of the
relationship of material characterization as related to pavement design and resultant
performance. All these parameters will impact the state highway agencies' initial costs
pertaining to their financial investment in the adoption of the asphalt program products. --
However, the results of the SHRPAsphalt Program research efforts should increase
substantially the service life of asphalt concrete pavements due to the better
understanding and definition of the component materials, design and performance
factors. The initial investment amortized over the entire pavement life should reflect a
reduction in the frequency and magnitude of future maintenance and rehabilitation
costs. In other words, it will be more economically attractive to invest in first-cost
dollars today extended over a longer service life, than to invest in future dollars to
maintain that same pavement that did not provide its estimated service life. The
financial risks to the SHA will be greatly minimized, since the range of material and
performance factors are more accurately defined in the specifications.

The producers' financial risks are also envisioned to be reduced since clearly there will
be competition in a market established by performance-based specifications. The two
main thrusts of materials development in the SHRP asphalt program are the
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development of a consistent asphalt and the chemical modification of asphalt in the
refinery. The refinery will have an understanding that through application of refinery-
scale separation and blending techniques it has an opportunity to compete for the
asphalt market related to performance. However, if modification is required, the
physical and chemical response of a consistent asphalt to diverse modifiers will be well
defined. The refiner could take advantage of this knowledge or another industry (i.e.,
modifier groups) could supply the modified asphalt. The less speculation related to the
manufacture of a performance-based specification material, the less the producers'
financial risk. Ultimately, this reduction in risk will be reflected in a stabilizing of
material costs.

The contractors, on the other hand, should be able to cost the project from bid to
construction in a consistent manner. The selection of materials, mix design and
pavement design wilL.befouAded on.-the-samefundamental ,engineeringproperties.
The specifications should eliminate the arbitrary selection of-materials and mix design
which in turn should reduce the contractors' financial risks due to speculation related
to the SHA specifications. This process should provide for more uniform costs
reflected by the contractors' bids. In addition, the state highway agencies should reap
additional benefits related to substantial reduction of materials and construction claims.

Summary: Strategic Plans and Supportive Budget Forecasting

State highway agencies are continually confronted with budget and fiscal constraints
related to highway construction and maintenance activities. Prudent investment of the
taxpayers' dollars in these activities is a primary concern. Consequently, many state
highway agencies have developed strategic plans for future construction (new and
rehabilitation) and maintenance. Many states have developed strategic plans
employing some form of pavement management system whereby each year a specific
number of highway miles is scheduled for construction and maintenance. By such a
process, highway budgets are rationally developed and allocated. Ideally, all existing
mileage would be upgraded cyclically within a designated number of years.

However, when asphalt pavements fail prematurely and require immediate attention it._
drains the fiscal year's budget and delays, or possibly cancels, previously scheduled
construction and maintenance activities. Such unscheduled delays wreak havoc with
the budget planning process and ultimately increase the taxpayers' future costs.

Realistically, pavement service life involves a degree of risk in that a certain probability
exists that a pavement will not reach its design life. Service "life" is broadly defined as a
period during which pavement condition remains satisfactory or relatively better than
the condition at the time of rehabilitation. Although a small percentage of the risk is
derived from poor or improper construction practices, the majority is due to the lack of
proper material characterization linking quantifiable, fundamental physicochemical and
engineering properties of the asphalt binder and the asphalt-aggregate mixture to the
structural design of the pavement layers.
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SHRP anticipatesthat the quantifiedpropertiesincludedin the performance-based
specificationsfor both bindersand mixtureswillmarkedlyimproveperformanceand
substantiallyreduce maintenanceand rehabilitationcosts.Moreover,it is expectedthat
througha better understandingand definitionof the designand performancefactors of
the componentmaterials,the servicelifeof asphaltpavementswillsubstantially
increaseand prematurepavementfailurewillbe greatlyreduced.Thiswillallowrational
planningand more stable,projectedhighwaybudgetestimatesassociatedwith these
plansby the state highwayagencies.
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7

Strategy for Implementation of the
SHRP Asphalt Program Products

Introduction

The implementationof the SHRP asphaltproductscannot be accomplished completely
withinthe time and resourcesavailableto the program.-However,a significantand
meaningfulportionof the implementationmustbe accomplishedpriorto the end of the
SHRP asphaltprogram.Thus, thereare a numberof necessaryactionsthat must be
carriedout concurrentlywiththe researchto assuresuccessful,timelyimplementation
of the products in the post-SHRPperiod.This implementation strategy is described in
thischapter.

At its most elemental level, implementation is simplythe effective disseminationof
information on the products of the asphalt research program to the users and
producers; this type of passive, one-way activity, although necessary to alert a wide
audience to the SHRP products, is not sufficient to achieve their complete, effective
implementation. It is critically important that the overall strategy and execution of the
implementation process actively involve the users and producers in defining the most
practical, readily adoptable form for the products. This involvement must be interactive
with the researchers so that the products of the program represent the best possible
mix of the following characteristics: reliance on sound engineering and scientific
principles; well-planned and documented validation; simplicity; ease of use; reasonable
cost and impact on current operations; and excellent precision and accuracy.

Any implementation strategy must recognize the fact that there is a natural, human
reluctance to change from the "tried and true" materials and techniques of the past to
the new and unfamiliar. Indeed, this tendency serves the important purpose of
minimizing costly errors that may arise from the ill-conceived and uninformed adoption
of new technology. The successful implementation strategy, then, must involve the
users, producers and researchers in an open, three-way dialogue to identify and
assess the positive and negative impacts of new products on the users and producers
and guide their development in such a way that the benefits are enhanced and the
disadvantages minimized.

In the particular case of the products of the SHRPasphalt program, the
implementation strategy must also take account of the fact that the information
presented in the form of new material specifications is, for the most part, of an interim
nature, since a 5 year research and development program is not sufficient for a
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complete validation process requiring the monitoring of the long-term performance of
controlled, well-characterized field test sections. Thus, both the research and
implementation strategies must provide specific tools and techniques to continJe the
validation process and incorporate new results in the specifications.

Of particular importance is the need to integrate the implementation into the fabric of
the research from a very early stage of the program. This requires information _lowto
the various users and producers through both presentations to various interested
groups at national, regional, state and local meetings and, more importantly, the
establishment of meaningful routes for two-way dialogue with user and produ,cer
groups throughout the country. This willhelp satisfythe real need to guide the
researchto readily-implementableproductsby fosteringa continual,activeassessment
of their utilityand practicalityby thosewho willuse and producethem. Thisprocess
ideallywillalso make the productsso familiai"to the highwaycommunitythat any
reluctanceto change willdisappearlongbeforethe researchis completed,to be
replacedby an enthusiasmto employproductswhoseadvantagesover previous
technologyare clear and whosedrawbackshavebeen minimizedby the involvement
of the usersand producersfrom the earlieststageof their development.

In summary, the implementationstrategyfor the products of the SHRP asphalt
research program during the course of the $HRP asohalt research orogram itself will
rely upon three main approaches (figure 7.1):

1) information sharing to familiarize the highway community with the
scope and progress of the product development, especially of the two
model specifications, the mix analysis system and the supporting test
methods; ..............

2) establishment of interactive mechanisms for the ongoing, substantive
participation of users and producers in the process of product defin=tion
and development; and

3) development of marketing plans for well-defined, implementable
products.

To be effective, all three techniques must begin at an early stage of the research. This
strategy will set the stage for similar-post-SHRPinteractive implementation activities
conducted to complete the accomplishment of the marketing plans developed for the
SHRP products; and to further refine and calibrate the performance-based
specifications with LTPP pavement performance data and experience gained through
their routine use.

Finally, to aid in overcoming some of the anticipated problems in the implgmentation of
such a large and complex program area, an Implementation Expert Task Group has
been established in the SHRP asphalt program. This task group will be made up of
recognized representatives of the relevant user and producer agencies and
organizations who can both provide information to their respective agencies
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Figure 7.1 Continuous implementation approach.•
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throughout the five-year research program and advise SHRPon the development of
interactive mechanisms and definition and marketing of products of the program.

Information Sharing

In terms of relative importance, this first approach is the least important of the three.
Although it lacks an effective means for dialogue, information sharing, when done well,
does present the opportunity to inform a wide audience of the progress of the program
and the ongoing definition of the products. Moreover, it is very helpful in preparing
target audiences to participate in the interactive implementation activities discussed in
the next section. The various stratagems discussed here may be employed to
advantage in information dissemination.

Updates of OngOih'gResearch............ ..

Involvement and interest by major industry groups can be encouraged through
periodic distribution of information and research findings beginning at the earliest
stages of the program.

To specifically meet this objective for the SHRPasphalt program, the following tasks
are being performed.

a. Prqvideinfqrm0tionfor SHRP Focus. Up-to-date
information on current studies is being provided for Focus,
the monthly SHRPnewsletter.

b. Prqvi_e infqrrr_tion and articlesfor various trade
publications. These articles provide information on current
activities, proposed research direction, and anticipated
products.

c. Provide updates to various u_er and producer,gr0uDs and
tOthe FHWA.These updates are being presented by A-001 ..........
and SHRP staff to the various trade and technical meetings
held through the end of the program (figure 7.1).

d. Provide u0dates and information tOAASHTO 0nd ASTM
committees. This information is invaluable in facilitating the
smooth adoption of the asphalt program specifications as
standards by these national, standard-setting organizations.

e. Provide information tO SHRPfqr other presentatiens.
Information is being provided for presentation to special
groups (e.g., Congressional committees and AASHTO
committees).
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Develop Information Packages

To ensure that information developed by the research effort will be shared most
effectively, information packages using the findings of the asphalt program are being
developed and a significant information transfer activity conducted to ensure that the
user and producer groups are anticipating the findings and recommendations and are
receptive to their adoption and use. These information packages incorporate data and
results from all aspects of the program with special attention to implementable findings.

Each organization has individuals at different levels with different perceptions of a new
technology. If information is to be shared effectively, these functional classes of
individuals must be identified and their specific informational needs, uses, and
deficiencies determined. Specific tools that have shown to be effective for the sharing
of information with each user,level must.be identified so that each group will be
addressed at the appropriate level of technical detail..........

Technology sharing (or transfer) can be broken into two types, "vertical" and
"horizontal." Vertical transfer takes place when a process or product is implemented
and becomes recognized as "state of the art" in the system. Horizontal transfer is the
process by which a technology from one application is adapted to a different
application. Generally, SHRP will rely upon the vertical transfer process.

Since implementation is the end product of effective technology transfer, the media
tools chosen to make up the appropriate program must be able to impact every level
of user. There are a number of tools available to combine into an effective system of
information sharing for the SHRP asphalt program.

a. Pre_entationsl Presentations given to professional and
trade societies or at other progressional meetings can result
in an estimated time for transfer of one to three years. The
effectiveness depends largely on the size and type of
audience and the effectiveness of the speaker.

b. Visits. Personal visits between implementation team
members and users can shorten the estimated time of
technology transfer to six months to two years. Visits also
allow for interaction on a personal basis and can influence
the user more than pesentations.

c. Courses. Another tool for transferring knowledge is through
short courses, seminars, and schools. The time of transfer
is estimated to be a few days to one year. This ,should not
be confused with general training courses. Instead, these
courses are much more specific and are conducted in
greater detail. Several are currently forecast for very
specialized topics in the SHRP asphalt program.
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d. Audio-Visual. This type of tool is reflected in the use of
films, packaged slide presentations and television, using
either video tape or closed circuit. The effectiveness of this
media alone does not appear to be quantitatively known.
However, the quality of this type of product is a major factor
in its effectiveness.

An optimum information sharing program must utilize several of these available tools to
provide an effective technology transfer system for the type of user involved.

Establishment of Interactive Mechanisms

At this juncture in the SHRP asphalt program, two main interactive mechanisms have
been identified to promote.implementation of. SHRP.products through the direct
involvement of the highway community in their development, viz. user-producer groups
and cooperative test programs. Using these mechanisms for implementation, new
products are not seen as "imposed" on the highway community, rather the entire
community shares the responsibility for their development and acceptance becomes a
foregone conclusion for those products that meet the test of utility and practicality.

User-Producer Groups

Essential to the development of satisfactory specifications is their continuous review
and evaluation by users and producers within the asphalt industry and the highway
community during the development process itself.The objective of this effort is to allow
all interested and affected parties to have input during the development of the
specifications, allowing the specifications to benefit from industry input and insuring
that there will be minimal "surprises" to the producers and users at the conclusion of
the asphalt program in 1993. Thus, implementation will proceed concurrently with and
integral to the research and development process that leads to the finished
specifications.

The interactive mechanism chosen to foster, this continuous evaluation is the .........

development of working relationships with various groups of users and producers and
standard-setting organizations such as AASHTO and ASTM. As shown in figure 7.1,
these groups and organizations involve producers of asphalt and modifiers, hot-mix
contractors, and user agencies .(states, cities, counties and FHWA).

To date, a strong and effective relationships involving the binder specification has been
established with the West Coast User-Producer Group which is working with the A-001
contractor staff and will continue to provide interaction and input during the next 3
years. Working relationships have also been initiated with Midcontinent, East Coast
and Gulf Coast user-producer groups, with relevant committees in the AASHTO and
ASTM organizations, and with the Asphalt Institute. Additionally, steps have been taken
to establish user-producer groups specialized toward modifiers and construction
activities. The latter will utilize the efforts of the National Asphalt Paving Association
(NAPA) and selected state paving associations.
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While it would be ideal to have and interact with a single user-producer group with
national scope, the diversity of interests, materials sources and environments
throughout the United States makes this impractical. Moreover, the size and diversity
of interests represented by such a group would make it extremely difficult to establish
the coherent, two-way flow of information needed to develop and implement the
specifications. Thus, initial efforts are concentrated upon working with smaller groups
with unified, well-defined interests and needs.

Cooperative Testing Programs

Cooperative test programs will be employed by all of the contractors in the SHRP
asphalt program to "shake down" and fine tune prospective test methods, test devices
and protoc.o.ls_lr!d.e_st_blis,h.t.heiz,p.r.ecisionandreliability • There is no better way to
measure the clarity and effectiveness of a new test_method or pinpoint operational
problems with a new test device than to conduct an interlaboratory test program
involving organizations that will be called upon to routinely use them if they become
"standards."

It is very important that the cooperative test programs rely principally on the
participation of laboratories operated by user agencies, asphalt refiners, hot-mix
contractors and other "front line" organizations. While the involvement of research
agencies and consulting laboratories is desirable, these should represent a minority of
the participating organizations.

Large-scale, cooperative test programs foster implementation by promoting wide
dissemination of detailed information on new products and by demonstrating their
benefits to the highway community through "hands on" use early in the development
process. Moreover, this firsthand involvement encourages acceptance of new products
by giving the user and producer agencies an early, continuing identification with the
products and their success or failure.

Development of Marketing Plans

The first two implementation approaches discussed here, information sharing and the
establishment of interactive mechanisms for the participation of users and producers,
are principally designed to promote "real world" feedback into the product
development process. They operate from the premise that new products that are
already familiar to their target audience and, more importantly, in whose development
process the target audience has played a substantive role, will be more easily
implemented into routine, everyday use as specifications, test methods, construction
materials, etc.

The third implementation approach, the development of marketing plans,
shifts ahead from product development to the definition of the most promising
mechanisms to accomplish implementation of specific products. Information sharing
and interactive mechanisms can smooth the way for product acceptance, but a precise
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plan is still needed for each product, or at least each class of products, to successfully
"sell" the product to the target audience.

If the implementation strategy presented here has been followed up to this point, then
as is stated in the Federal Highway Administration's 1990 Marketing Highway
Technology and Programs:

"The result will be a customer base that has participated in the development of a
-product and is waiting for its completion, rather than one that has to be "sold" a
product which they neither know or care about."

At this point, well-tailored marketing plans that "...effectively reach potential users and
convince them to adopt the product..." (Federal Highway Administration) must be in
place. Marketing plans extend the implementationstrategy into the post-SHRP period
and thus must be crafted to both accommodate and take advantage of the specialized
resources and personnel available to organizations such as AASHTO, TRB, FHWA and
ASTM to "close the sale" without the benefit of ready access to the SHRPstaff or
research teams.

A seven-step marketing process, which encompasses the development and execution
of marketing plans for each designated, high-priority SHRP product, is discussed
briefly below; the reader is referred to the above-mentioned Federal Highway
Administration report for a fuller exposition. Certainly, in many instances steps may be
eliminated or telescoped together to improve marketing efficiency and product delivery
time, but the general flow of activity would remain the same.

Of course, for most R&D organizations, the development of marketing plans is a
continual, ongoing process. SHRP's operation must differ from those of other, similar
organizations because SHRP-has a finite-life and will be producing a "cresting wave" of
new products late in its operating term. This means that the marketing process must
also be concentrated into a short time frame, and that the organizations that will be
responsible for the marketing after the end of SHRPmust be brought into the process
at a early stage. If this is not done, there is a strong possibility that the marketing
process will falter or fail regardless of the degree to which information sharing and
user-producer interaction in the development process were successful: ..........

1. Conduct Product Assessment

In this step, potential products from the SHRPasphalt program are identified,primarily
by the researchersand the SHRP staff,and evaluatedinterms of how wellthey may
satisfyspecificoperationalneeds. The evaluationwouldalso includeat least a rough
estimateof the probable economic impactof the products on both users and
producers and a determinationof the most likelyroutes to market.

This step affords a ranking of the various products in terms of their likelihood of
implementation, based on a balance of factors such as the followig: fulfillment of
existing needs; cost; technical reliability and complexity; competition with existing
technology; and probable routes to market. Ideally, it permits the allocation of finite
implementation resources to those products whose implementation has a high
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probabilityof success.

2. Perform Market Analysis

Once implementableproductshavebeen identified,a market analysisis conductedto
identifythe probable users and assesspotentialobstaclesto the adoptionof each
product. :,

These issuesare addressed in fairly specificterms, by considering the following: the
geographic location of the target audience;the size of the target audience; the
organizational level at which a decisionto use the product would be made; and any
special skill or resources dictated by product-use;etc.

An effort must also be-made to fully explore the advantagesthat would accrue to.the
target audience through the use of the product;this should attempt to estimate its- .....
positiveeconomic impact compared to anyhigh production costs or increased first
costs of use.

At the conclusion of this step, those potential products which have a low probability of
success, either because of their cost or technical complexity or because they fail to
provide a clear-cut benefit to a well-defined target audience, would be assigned a low
priority in the remainder of the process.

3. Perform Product Analysis

In conjunction with the market analysis, a product analysis is also desirable, at least for
those products judged to be "winners," This would cover an initial estimate of the costs
and benefits to the user of adopting the product, or at least a plan for obtaining this
information as part of the overall marketing effort.

It would also be necessary to analyze how the product matches the user's perceived
needs and whether its adoption would require substantial changes in operations,
training, facilities, etc.

Finally, the specific resources needed to manufacture and distribute the product must
be quantified. While this may be fairly straightforwardfor a product such as a new test
device, it could prove very complex to accomplish for a new specification for asphalt
cements since the economic impact On many industries and users agencies must be
assessed.

4. Evaluate Marketable Products

This step essentiallywill allow a midcourse review of the marketing process,
distinguishing those products which would require more detailed market and product
analyses. For those products for which adequate analyses are in place, marketing
strategies (or in other terms, routes to implementation) would be determined and the
mix of organizations needed to accomplish the marketing identified. It is possible that
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at this point a decision would be made to limit the implementation of certain products
to information sharing only.

5. Perform Additional Market and Product Analyses

For certain high priority products, for example, performance-based specifications for
asphalt binder and asphalt-aggregate mixtures, expanded analyses may be necessary.
These analyses, probably best conducted by professionals in the areas of economics
and marketing, will focus upon obtaining detailed estimates of costs and benefits to
users and producers; the types of resources needed to successfully market the
product; and the capital requirements and profit margins needed by industry to assure
its ready production.

6. Prioritize Products and _AIlocate Resources .....

Based upon the detailed market and product analyses and an examination of the
resources available for marketing, a decision must be made on what priority to assign
to products for marketing activities. This decision is moot for certain products; the
performance-based specifications developed in the SHRP asphalt program are its
principal products and it is a foregone conclusion that they will be marketed
vigorously.

The asphalt program will produce many dozens of other products, of the types
discussed in report SHRP-A/IR-90-013, that will all have to be prioritized in this step.
Certain test methods and test devices that directly support the specifications will have
to receive a "bye" into the marketing process, but the ultimate utility of many other test
methods, test devices, new.materials, computer software, etc. will need to be weighed
and a decision made upon which to allocate the finite resources available for
marketing.

7. Develop Marketing Plans

A marketing plan will be developed for each product designated for marketing. Inform;
a marketing plan is a formal document that sets out in detail the actions, schedule,
resources and budget for marketing a product such that it is readily made available by
producers and accepted into routine operational service by its target audience of
users. For our purposes here, the exact form of the marketing plan is not important,
but a very useful format is presented in appendix A of the Federal Highway
Administration report Marketing Highway Technology and Programs.

Those products which have been identified as requiring intensive marketing efforts may
require the assistance of a professional marketing specialist to develop a
comprehensive plan. It is envisioned that while a specific plan would be developed for
each high priority product, "generic" or "standard" marketing plans for classes of lower
priority products may be sufficient.
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9

Glossary of Terms

A(_CELERATEDLABORATORYTESTS (AL'I3. Laboratorytests specificallydesigned
and developedto simulatepavementperformance-relatedproperties.

ADHESION. Molecular attractionor bonding exerted between the surfaces in contact
between asphalt and aggregate ...........................

AGING. Chemical and physicalphenomena resultingfrom the lossof volatile
components(shortterm) from the asphaltand progressiveoxidationof the in-place
asphalt-aggregatemixtureinthe field (longterm) resultingin hardening(stiffening)of
the asphalticmaterial.

ALGORITHM. A step-by-stepprocedure for solvinga problem.Specifically,a
procedurefor solvinga mathematicalproblemin a finitenumberof stepsthat
frequentlyinvolvesrepetitionof an operation.

ALTERNATIVES.Different coursesof action or systemsthat will
satisfyobjectivesand goals.

AMORTIZE. An economics term indicatingthe processof
extinguishmentof a debt over a specifiedperiodof time.....................

ANALYSISPERIOD. The time period used for comparing designalternatives. An
analysisperiod may containseveralmaintenanceand rehabilitationactivitiesduringthe
life-cycleof the pavement beingevaluated.It is sometimesreferredto as the economic
life,whichis that period over whichan investmentis consideredfor satisfyinga
particularneed.

ASPHALT-AGGREGATEMIXTURE ANALYSISSYSTEM (AAMAS). A systematic
mix designprocess employinga specificmix procedure,compactionmethod and
performance-related,acceleratedlaboratorytests to providefor the selectionof an
optimaljob-mix formula that meets performance-basedspecificationsrequirements.

88



BOND STRENGTH. Force of molecular attractioneither withina material (e.g. asphalt)
or betweentwo differentmaterials(e.g. asphaltandaggregate).

CHAOTIC DATA. A body of researchresultsof varyingorigin,qualityand statistical
soundnessthat must be used togetherto reacha specificresearchgoal.

COMPOSITIONALPROPERTIES. Those propertiesof an asphalt which through
chemicalanalysisare observedto be directlyrelatedto chemicalactivityor reaction
processes(e.g. molecularattraction,associationor combination).

CONDITIONING PROTOCOLS. Prescribed proceduresfor conditioningthe test
sample and established conventions governing the strict adherence to correct testing
practices.

CONFIDENCE INTERVAL. The statisticalintervalwithinwhich measured values are
estimatedto be containedwith a specifiedprobability.

CORRELATIONPROCESS. A statisticalprocedure for determining the degree of
relationshipbetween variables,whichseeksto determinehow well specificmodels
describeor explainthe relationshipbetweenthe variables.

DEDUCTIVE REASONING.-The derivationof a conclusionby inferencein which the
conclusionaboutthe part=cularsfollowsnecessarilyfrom a setof logicalpremises (e.g.
the conclusiveselectionof a finalsuiteof propertiesbasedon positivecorrela':ion
found between asphaltbinder and mixturepropertieswithactualfield performance).

DESIGN LIFE. The lengthof time (inyears) for whicha pavementfacilityis beng '
designed, includingprogrammedrehabilitation.Atthe end of thisperiod,the ohysical
lifeof the facilityis consideredto be ended, i.e., the pavementstructurehas
deterioratedto a pointwhere total reconstructionwouldbe necessary.

ECONOMIC PROFIT. The remainder value from total revenuesfrom sale o_a product
or service after subtractingallproductionor businesscosts.

END-RESULT FIELD DATA. In-placepavementperformancedata relatedto a distress
factor obtained by somespecifiedmeasurementprocess (e.g. pavementrut depths or
crack lengthsper unitarea).

ENGINEERING E(_ONOMICS. Techniquethat allowsthe assessmen_of proposed
engineeringalternativeson the basisof consideringtheirengineeringconsequences
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over time.

FATIGUE. The tendency of a material (e.g. asphalt binder or mix) to fail (crack
development) under repeated stress or strain application. Cracking results from tensile
stresses or strains (less than the fracture stresses or strains-at-break under one load
application) at a specific number of stress or strain applications, the number of load
applications being larger as the magnitude of the stress or strain is smaller.

FIRST-STAGEVALIDATION. Confirmationby SHRP ContractA-003Athat variationof
asphaltbinderpropertiesidentifiedby SHRPContractsA-002Aand A-004 as probable,
significantdeterminantsof pavementperformancescauses reasonable,meaningful
changes inthe relevantperformance.characteristics_ofasphalt-aggregatemixtures.
Thisvalidationprocessemploysthe use of inductivereasoningsincethisprocessdoes -,
not provideconclusivegroundsfor the truthof the conclusionthat relationshipsexist
t._.etweenbinder propertiesand pavementperformance,but ratheraffordssupportfor
it.

FUNDAMENTALPROPERTIES. Those propertiesof the asphaltbinder or mix which
affect pavementperformanceand whoseeffectmay be explainedand estimatedfrom
a theoreticaltreatmentof the underlyingchemicalor physicalbehaviorof the material
at the molecularor microscopiclevels.

For example,viscosityis a fundamentalpropertyof an asphaltbindersincethe
influenceof viscosityon pavement.performanceis susceptibleto analysisby use of
thermodynamicsand considerationof detailedmolecularstructureof the constituent
asphalt moleculesand their atomic, molecularand colloidal-scaleinteractions.

Tensilestrengthis a fundamentalpropertyof a mixsincethe influenceof tensile
strengthon pavementperformance may be analyzedby measuringthe increasein
tensilestresses withthe loweringof pavementtemperature.At some.lowtemperature
valuethe tensilestressesequal the tensilestrengthof the mixand at that temperature
a microcrackdevelopswhichsubsequentlypropagatesthroughthe mix.

FUNDAMENTALTEST METHODS. Test methods the resultsof which are suitable for
use in performance prediction models for predicting thermal cracking, permanent
deformation, fatigue, etc. These tests are statisticallycorrelated and validated
with actual field oerformance data and have validated precision and accuracy
statements associated with them.

GENERAL PAVEMENT STUDIES (GPS_. Existing in-service pavement sections that
have a suitable range of characteristics to develop a national data base that will
provide the needed data to meet the objectives of the Long-Term Pavement
Performance (LTPP) Program.
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HARD PRODUCTS. Those products of the SHRPAsphaltResearchProgram that will
directlybenefit the statehighwayagenciesby improvingefficiency,reducingcostsand
enhancingthe effectivenessof their operations(e.g. performance-based
specifications,quantifiablematerialcharacterization,newtest devices,new materials,
etc.).

HEALING INDEX. An index developed from the healingtest procedure which
quantifiesthe abilityof asphaltto resistcrack propagation,and fiexurallyand thermally
inducedfatigue by relaxationand healingof microcrackswithinthe processzone or
damagezone.

HYPOTHESES. Tentativetheoriesor suppositionsprovisionallyadoptedto explain
certainexperimentalfacts andto guidein the investigationof others.

INDUCTIVE REASONING. Inferenceof a generalizedconclusion supportedby a
particularset of data or circumstances.For example,tensilestrengthof asphaltbinder
may be shownto have a significanteffect inthe laboratoryon the fracture
strengthof the asphalt-aggregatemixture,thenstrongsupport, but not conclusive
proof, of an importantrelationshipbetweenlow-temperaturecrackingbehaviorof field
pavementsand the tensilestrengthof the binder has been demonstrated.

INITIALor FIRSTCOSTS. Costsassociatedwithinitialdevelopmentof a facility,
includingproject costs (fees, realestate, site,etc.) as wellas constructioncosts.

LIFE-(_YCLECOSTS. Economic cost assessment of an item; area, system or facility
and competing design alternatives considering all significant costs of ownership over
the economic life, expressed in terms of equivalent dollars.

MAINTI_NANGE.Anything done to the pavementafter original construction until
complete reconstruction, excluding shoulders and bridges. It includes pavement
rehabilitation.

MARKETANALYSIS. An objective review of a product's supply and demand to identify
the probable users and assess potential obstacles to the adoption of the product.

MARKETINGPLANS. A formal document that sets out in detail the actions, schedule,
resources and budget for marketing a product such that it is readily made available by
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producers and accepted into routineoperationalserviceby itsaudience of users.

MATERIALSREFEREN(_ELIBRARY(MRL_. Facilitiesfor storingsufficient quantitiesof
selected asphalts, modifiers, and aggregates which will be used throughout the SHRP
Asphalt Research Program and possibly by future asphalt •research efforts. The
materials were selected by SHRPso that all SHRPasphalt researchers would have
access to and use of the same materials in their studies. The materials represent
currently available materials representing a wide range of performance histories,
sources, production practices and physical and chemical properties.

MODIFI(_',ATIONPROCESS. Proceduresfor altering refinerypractice producing an
asphaltor addinga modifyingagentto the producedasphaltto enhancethe asphalt's
abilityto minimizepavementperformancedistressfactors.

MOISTURESENSITIVITY. A distressfactor manifestedby inclusionor intrusionof
wateror moisturevapor in the asphaltpavementlayer. Damage resultsby loss of
adhesionbetween the asphaltand aggregateand by loss of cohesionin the asphalt
bindermatrix.

NORMAL PROFIT. An economicsterm referringto the entrepreneur'sreturn. This is
the minimumreturnor paymentnecessaryto retainthe entrepreneurin some specific
lineof production.

PAVEMENT MANAGEMENT SYSTEM. A set of tools or methods that assistdecision
makers in findingoptimumstrategiesfor providingand maintainingpavementsin a
serviceableconditionover a givenperiodof time.

PAVEMENT PERFORMAN(_,E.Measureof accumulatedserviceprovided by a facility;
i.e., the adequacywith which it fulfillsits purposebased on all indicatorsor
measurementtypes.

•PAVEMENT SERVICEABILITY. The ability of a pavement to serve high-speed, high
volume traffic at any given time.

PERFORMANCE-BASEDSPECIFICATIONS. Specification limits and requirements
developed from an extensive data base related to the types of pavement performance
factors that can be defined quantitatively as measured by accelerated, standardized
tests using well-established performance prediction models validated by correlation
with in-place field pavement data.
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PERFQRMAN(_,E-BASEDSPECIFICATIONLIMITS. Tolerances established for
satisfactory pavement performance factors developed from statistical procedures and
well-established and validated performance prediction models representing the full
range of mixture design considerations.

PERFQRMANCEINDICATORS. Measures of the condition of an existing pavement
section at a particular point in time. When considered collectively, such indicators (i.e.,
fatigue, permanent deformation, thermal cracking, etc.) provide an estimate of the
current overall adequacy of a particular pavement and identify deficiencies which can
lead to accelerated deterioration of pavement condition.

PERFQRMAN_E PREDICTION MODELS. Mathematical procedures developed for
predicting pavement performance criteria using laboratory test results from validated
tests which are statistically correlated to actual, in-place field performance
data.

PERFORMANCE-RELATEDTESTS. Those tests developed intuitively to evaluate
asphalt binders and mixes that individually or interactively have an influence on
pavement performance but are not necessarily correlated and validated with actual
field performance data. A performance-based test is correlated and validated with
actual field performance data.

PERMANENTDEFORMATION (RUTtiNG). Combination of densification (volume
change) and shear deformation (plastic deformation without volume change). Shear
deformations resulting from high shear stresses are the primary cause of this
permanent deformation. The repeated application of these stresses under conditions
of comparatively low mix stiffness are responsible for the accumulation of permanent
deformations in the form of ruts at the pavement surface.

PHY$1(_ALPROPERTIES.Those properties of an asphalt binder and mixture that can
be measured by mechanical processes (e.g. the rheological properties of asphalt; the
stiffness and thermal properties of asphalt-aggregate mixture).

PHY$1COCHEMICAL A term used in chemistry to emphasize the interrelationship of
the physical and chemical properties of a material such as asphalt binder.

QUANTIFIABLEMATERIALCHARACTERIZATION. Those chemical and physical
properties of an asphalt binder or asphalt-aggregate mixture that are directly validated
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with field performance (e.g. tensile strength of asphalt-aggregate mixture to low-
temperature cracking in the field; or, oxidation of the asphalt binder to thermal cracking
in the field).

RECONSTRUCTION. The complete rebuilding or replacement of a pavement
structure.

REHABILITATIQN. The work undertaken to extend the service of an existing facility.
This work comprises placement of additional surfacing material and/or other work
necessary to return an existing roadway, including shoulders, to a condition of
structural or functional adequacy.

RHEOLOGI(_ALPRQPERTIE$. Those properties of an asphalt binder dealing with the
abilityto flow or deformation.

RISK. Conditionsthat existwhen each alternativewill lead to one of a set of possible
outcomesand there is a knownprobabilityof each outcome.

SECOND-STAGEVALIDATION. The correlationof binder and mixture properties with
actualfieldperformanceto demonstratethe soundnessof the inferredrelationships
between propertiesand performance. Thisvalidationprocess employsthe use of
deductivereasoningand providesdata upon whichto set the performance-based
specificationlimitsfor the relevantpropertiesselectedto controlperformance.

• .. . . . ..

SENSITIVITYANALYSIS. A techniqueto assessthe relativeeffecta change in the
inputvariable(s)has on the resultingoutput.

SIMULATIVETEST METHQD$. Test methods usingdevicesthat enable the operator-.
to representunder laboratorytest conditionsphenomenalikelyto occur in actualfield
performance.

SOFT PRODUCTS. Productssuch as information,data and reports which may be
eminentlyusefulto the highwayresearchcommunityin the future but are not directly
relatedto the state highwayagenciesby improvingefficiency,reducing costsand
enhancingthe effectivenessof operations.

SPE(_,IFICPAVEMENT STUDIES !SPS). Provisionsfor study of specificdesign and
constructionfeatures usingspecificallyconstructedsections for the Long-Term
PavementPerformanceProgram (LTPP). The highwaysectionsare specifically
designedand constructedthrougha cooperativeeffortwith interestedstate highway
agencies,frequentlywiththe test sectionscollocatedto ensure the same subgrade,
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climate and traffic.

STANDARDTEST METHOD. Well-establishedreference test methods preferably
developed to measure fundamental chemical, physical and engineering properties.
These tests are related phenomenologicaUyto the asphalt binder or asphalt-aggregate
mixture and systematically to the pavement structural design and performance.

STATISTICALLY-DESIGNEDEXPERIMENT. Factorial designs or other approved
statistical designs established for evaluating the effects of various independent
variables, and their interactions, on a dependent variable of interest.

STOCHASTIC. Conditions involvinga random variable, chance or probability.

STRUCTURALNUMBER. An index number used by the design engineer derived from
an analysis of traffic, roadbed soil conditions, and regional factor which may be
converted to thickness of flexible pavement layers through the use of suitable layer
coefficients related to the type of material being used in each layer of the pavement
structure.

SUPPLYAND DEMAND. An economics term employed in market analysis whereby
the supply of a product and the demand of that product are viewed simultaneously to
establish pricing trends and future market expansion and declines for that product.

• • .... _ ........ -. _ . .............. ,.. _ •

THERMAL CRACKING. A pavement distress factor manifested by either low-
temperature cracking when the temperature drops and the tensile stress is equal to
tensile strength at that temperature and a microcrack develops; or, thermal fatigue
cracking resulting from temperature cycles at higher temperatures resulting in failure or
crack development over a period of time due to thermally induced strains. _....

TIME VALUE OF MONEY. Recognition that all organizations have limited resources
(finances, people, facilities, equipment) and that the commitment of these to a project
precludes their use for any other investment. Whether internal resources are
used, or borrowed ones are used, the interest that these resources could produce is a
cost to the project.

USERCOSTS. Those costs that are accumulated by the user of a pavement facility.
In a life-cycle cost analysis, these could be in the form of delay costs or change in
vehicle operating costs.

VALIDATION. Confirmation of the probable relationships between the properties of
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materials (e.g. asphalt bindersand asphalt-aggregatemixtures)and pavement
performancethroughtheircorrelationwithmeasuredcharacteristicsof actual field
pavements.

WORKING CONCEPT. Abstract ideas of researchprocedures, tests and specification
formatgeneralizedfrom historicaldata or preliminaryresearchfindings. The concept
is initiallyformulatedto be refutedwithfutureresearchdata. Eventuallya prototype
wouldevolvesupportedby validatedresearchdata.
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