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CHAPTER 1
INTRODUCTION

1.1 BACKGROUND

Hot-mix asphalt (HMA) is a materia that has been used
extensively throughout the United States and the world as a
reliable and cost-effective pavement surfacing for highways,
streets, parking lots, and airfields. Despiteits popularity, itis
generally acknowledged that HMA is a sensitive material in
that its performance can be greatly affected by many materi-
alsand congtruction (M& C) factors, aswell astraffic and envi-
ronmental variables.

Historically, HMA mix design and construction proce-
dures have tended to be more of an art than a science. They
have relied heavily upon the expertise of the engineer and
mix designer and the experience and commitment to quality
of the contractor. The advent of polymer and crumb rubber
additives, aswell asrecycling, has made these activitiesmore
complex. For example, in the case of mix design, the intro-
duction of the additives has called into question the adequacy
of currently used test procedures and equipment.

1.1.1 Technology Advancements

During the last two decades, advancesin HMA technology
have occurred in several important areas including materials
(particularly binders), mix design, and construction specifica
tions. With regard to materials, the practice of including var-
ious polymers, crumb rubber, and other additives has helped
address the temperature sensitivity issues associated with
asphalt binders. In the area of mix design, there have been
developmentsin the use of aggregate gradations which rely
more on the aggregate structurefor load distribution, for exam-
ple, stone matrix. In addition, considerable emphasis was
placed on mix design in the Strategic Highway Research Pro-
gram (SHRP). The Superpave (1) mix design method pro-
posed the use of new laboratory equipment, test procedures,
and prediction modelsto better account for theindividual and
interactive effects of the following:

+ Mix characteristics (including asphalt type, asphalt con-
tent, aggregatetype, aggregate gradation, and compactive
effort).

+ Environment (temperature and moisture).

+ Loading.

Its development is still in progress.
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Thethird area of recent advancement in HMA technology
has been in performance-related specification (PRS) devel-
opment. This research has taken place under the sponsorship
of both the National Cooperative Highway Research Program
(NCHRP) and the Federal Highway Administration (FHWA).
A major research project dealing with HMA pavement con-
struction was accomplished by Shook et al. (2) in 1993. This
study focused on the development of improved relationships
between M& C factors and other performance-related mea-
sures of HMA quality. Since 1990, however, the most signif-
icant enhancementsto the fundamental PRStechnology have
taken place under FHWA sponsorship by Darter et d. for port-
land cement concrete (PCC) pavements (see references 3, 4,
5, 6, and 7). By focusing on issues related to pay adjustment
and field application, thisresearch has produced aPRS model,
PaveSpec, for PCC pavement construction that is both defen-
sible and implementable (7).

1.1.2 Performance-Related Specifications

In a synthesis for NCHRP, Chamberlain (8) offered a
diagram (Figure 1) which hel ps distinguish between the dif-
ferent levels of construction specifications that take pave-
ment performance into consideration. On one level are
specifications where the M& C factors used to control qual-
ity (also known as acceptance quality characteristics
[AQC¢]) are primarily tied to performance through intu-
ition, engineering judgment, or both. Minimum density, for
example, is an AQC used in a specification where the con-
nection to better performance is intuitive, that is, higher
densities generally mean better performance. Like many
other types of specifications, there is a consequence to the
contractor for not satisfying the specification. Typicaly,
the problem would have to be corrected (to the satisfaction
of the engineer), the defective pavement would have to be
removed and replaced or the contractor would have to
accept areduced payment.

On the second level are specifications where the AQC isa
mesasure of performance. These are specificationsthat describe
how the finished product should perform over time. Exam-
ples of performance specifications are “no cracking after
10 years,” “permanent deformation less than 10 mm after
5years,” and “PSI greater than 3.0 after 15 years.” Because
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of the time factor involved with performance specifications,
they have not, so far, been widely accepted in the United
States. The ones that have been used typically take the form
of warranty or guarantee specifications, under which the con-
tractor agrees to build and maintain the pavement for a spec-
ified period of time.

In between these two levels are performance-related and
performance-based specifications. A performance-based spec-
ification (PBS) is one in which the AQCs are tied to perfor-
mance through prediction models and through various tests
intended to measure fundamental engineering characteris-
tics, for example, layer thickness, tensile strength, and shear
strength; initial pavement condition, that is, smoothness; or
both. It should be emphasized, however, that the selection of
aparticular AQC, by itself, does not make the specification
performance-based. There must be the connection to perfor-
mance through some valid empirical or mechanistic predic-
tion model that accounts for the effect of deviations of the
as-constructed AQC level from the as-designed AQC level.
The difference in predicted performance between the
as-designed and as-constructed pavement is then used as a
basis for a contractor pay adjustment (PA). Also, depending
on the as-constructed AQC level, the potentia for no pay-
ment or removal and replacement still exists.

A PRSissimilar toaPBSinthat a performance prediction
model (or models) isrequired and the effect of deviations of
theas-constructed AQC level fromitstarget, as-designed level
are considered. However, an AQC is less directly tied to
pavement performance in a PRS than in a PBS. Conse-
guently, the prediction models used tend to be more empiri-
cal and secondary prediction relationships (between an AQC
and a fundamental engineering property or some other pre-
dictor of performance) may be required to establish the link
to performance. Examplesof AQCsinaPRSfor HMA pave-
ment construction are asphalt content, air void content, and
various aggregate gradation parameters.

When apavement construction specificationispreparedin
which multiple AQCs are included (as is usually the case),
theindividual specifications associated with each AQC may
vary from intuitiveto performance-based. Although there are
no rules for establishing the level of an overall specification
containing multiple AQCs, the specification is best charac-
terized on the basis of the predominance of the type of AQCs
included. Aswill be described in Chapter 2, the HMA Spec
software developed in this study primarily generates PRSs
because of itsemphasison conventional AQCs such asasphalt
content, air void content, and gradation.

The primary benefit of a PRS (or PBS) is that it permits
engineers to prepare practical specifications for pavement
construction that focus heavily onthe M & C factorsthat have
the most effect on long-term performance. By considering a
multitude of costs associated with design, construction, and
future performance of the pavement, a PRS providesan equi-
table means of rewarding or penalizing the contractor for the
“as-constructed” pavement delivered. In the case of the com-

prehensive PRS involving multiple AQCs, the contractor on
agiven project may be penalized for not meeting the specifi-
cation on one AQC (say average asphalt content bel ow target
by 0.2 percent) and rewarded for exceeding the requirement
for another (say average HMA thickness above target by
10 mm [0.4 in.]). Assuming that the predicted performance
of the pavement is dependent more on HMA thickness than
on asphalt content, it islikely (for this simple example) that
the net effect would be a slight reward for the contractor and
some assurance for the client (highway agency) that itsfunds
were spent well.

1.2 PROJECT OBJECTIVES

The official title of the WesTrack project was “Acceler-
ated Field Test of Performance-Related Specifications for
Hot-Mix Asphalt Construction.” The contract was awarded
in 1994 by the FHWA, Contract No. DTFH61-94-C-00004.
In 1998, the Transportation Efficiency Act for the 21st Cen-
tury (TEA-21) transferred much of the Highway Trust Fund
support for research from the federal government to the
states, necessitating NCHRP take over sponsorship of the
project initslast year. In thistransition, tasks were redefined
and funding reallocated, but the primary objectives of the
project remained the same. Thesewere (1) to continue devel-
opment of PRSs for HMA pavement construction by eval-
uating the impact on performance of deviations in M&C
properties, for example, asphalt content, voids, and aggre-
gate gradation from design values in a large-scale, acceler-
ated field test and (2) to provide an early field verification of
the Superpave mix design method.

Accomplishment of these objectives was achieved pri-
marily through the construction, trafficking, monitoring, and
performance evaluation of 34 experimental HMA pavement
sections|ocated on a2.8-km (1.75-mi) closed loop test track.
The track, located approximately 100 km (60 mi) southeast
of Reno in the Nevada desert, was loaded in an accelerated
fashion over a 2'/--year period to achieve the equivalent of
five million 80-kN (18-kip) single-axle load applications.

Following is a brief discussion of how the two objectives
were satisfied.

1.2.1 Improved System of
Performance-Related Specifications

The previous step in the evolution of PRS for HMA pave-
ments was completed in the early 1990s by Shook and others
(2). The study focused on the development of so-called sec-
ondary prediction relationshipsthat helped establish the effect
of certain M&C factors on pavement performance. It aso
resulted in a prototype system (in the form of a Microsoft
Excel spreadsheet) that could be used to determine a con-
tractor PA based on the quality of the pavement delivered.
From a user’s standpoint, the system had some significant



weaknesses becauseit did not actually produce a specification
nor did it adequately consider the effect of certain key M&C
factors that are essential to quality construction.

By design, the WesTrack study produced avast amount of
datathat can be analyzed and used to develop avariety of use-
ful productsand other significant findings. In terms of achiev-
ing the primary project objective, the key product of the
WesTrack study is aprototype PRS for HMA pavement con-
struction with the following attributes:

» Developed as a Microsoft Windows-based software
package called HMA Spec (ready for beta testing).

+ Capable of producing a specialized specification in doc-
ument form.

+ Compatiblewith the PaveSpec PRS software devel oped
for rigid pavements.

» Capable of considering multiple M& C factors (includ-
ing HMA surface thickness, initial smoothness, asphalt
content, air void content, and aggregate gradation) for
the purpose of evaluating quality.

» Uses models developed from WesTrack data analyses
as abasis for better treating the effects of air void con-
tent, asphalt content, and gradation on predicted pave-
ment performance.

» Useslife-cycle cost asthe basisfor contractor PAsthat
are considered defensible.

* Incorporates astatistically valid methodol ogy to account
for the effects of stochastic variability in both the
as-designed and as-constructed pavement.

« Offers the flexibility of incorporating alternate models
for pavement performance prediction.

+ Can be used for both the state-of -the-practice and state-
of-the art application levels.

» Designed for use at either the simple or sophisticated
operating level.

Although the HMA Spec software isamajor step forward
in the devel opment of PRSfor HMA pavement construction,
it should be emphasized that the program described hereisa
prototype and is not yet suitable for adoption in routine prac-
tice. Asin the series of FHWA studies associated with the
development of the PRS for PCC pavements, additional work
isrequired to beta test HMA Spec, validate it as part of proj-
ects involving “shadow” specifications, and verify it in rig-
orousfield trials (seereferences 3, 4, 5, 6, and 7).

1.2.2 Field Verification of Superpave

The intent of the original objective associated with field
verification of the SHRP Superpave level 111 mix design pro-
cedure was for the WesTrack team to gather pavement per-
formance data, extract and test suitable samples, and conduct
an evaluation to help establish the procedure’ svalidity. Unfor-
tunately, in the 2 or 3 years following the commencement of
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the WesTrack project, researchers involved with the then
FHWA-sponsored research project titled “ Superpave Mod-
els—Development and Support” identified numerous flaws
in the Superpave level 111 performance models and software
which ultimately led to them being abandoned (9). With no
level 111 method left to verify, work under this objective of
the WesTrack project focused more on analyzing laboratory
and field datato devel op new performance modelsfor Super-
pave or any other advanced HMA mix design procedure.
However, the WesTrack project did investigate performance
differences between coarse- and fine-graded mixes and rein-
forced the need for a simple performance test in the Super-
pave volumetric mix design method.

Although there are anumber of waysto characterize pave-
ment performance, for example, permanent deformation,
fatigue cracking, low temperature cracking, roughness, and
friction loss, the emphasis of WesTrack research was on per-
manent deformation and fatigue cracking. Thereason for this
wasthat the materials used for track construction, the asphalt
cement and aggregate, were selected to minimize the adverse
effects of low temperature cracking and moisture on pave-
ment performance.

In addition to the distinction between models for the two
key types of distress, it should also be pointed out that the
model swere developed at two basic levels: empirical (for use
at the performance-related level) and mechanistic-empirical
(M-E) (for use at the performance-based level). All models
were developed for candidate use in the PRS software, HMA
Sec, aswell asfor use in other advanced technology HMA
mix design procedures.

1.3 DOCUMENTATION

Overdl, this report for the WesTrack project is divided
into four parts:

» Part |: Project Overview.

Part 11: Performance-Related Specification.
Part I11: WesTrack Database.

Part 1V: Observations and L essons.

Part 11 describesthe PRSfor HMA pavement construction.
It describesthe devel opment and use of the PRS and itsaccom-
panying HMA Spec software. Part | provides an overview of
the accomplishment of the key WesTrack tasksand activities
aswell asthefindings. Part |11 discussesthe devel opment and
use of the WesTrack database, the primary record of Wes-
Track data for the future. Part IV provides a comprehensive
summary of the observations and lessons in the $15-million,
multifaceted study. These observations and |essons were not
limited to the pavement performance aspects; they covered a
wide array of topicsincluding project management, traffick-
ing, construction, pavement repair, laboratory testing, and
public information.
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Following is a description of the remaining chapters in
Part |1 of this report. As indicated above, they describe in
detail the development and application of the PRS for HMA
pavement construction.

Chapter 2 provides an overview of the PRS. It discusses
the general framework, explainsthe meaning of the system’s
two operating levels (basic versus advanced) and three appli-
cation levels (state-of -the-practice, state-of-the-art, and future
technology), describesthe basic system output, and previews
the component of the system that represents the advanced
operating leve, that is, the HMA Spec software.

Because one of the keysissues associated with PRSisrel at-
ing a contractor’s payment, that is, bonus or penalty, to the
difference in predicted future performance between the as-
designed and as-constructed pavement, Chapter 3 describes
the concept and the details of the method of PA incorporated
inthe HMA PRS. This description is key to the understand-
ing of how pay factors (PFs) are derived from measurements
of the contractor’s as-constructed quality levels. It is also
essentia to the understanding of the internal workings of the
HMA Spec software.

Chapter 4 describes the pavement performance prediction
models that were developed from WesTrack data for use in
the PRS. These models are used for performance prediction
interms of two measures of pavement distress, fatigue crack-
ing, and permanent deformation. They are primarily a func-
tion of HMA characteristics including asphalt content, air
void content, aggregate gradation, and layer thickness.

Chapter 5 describes how life-cycle costs are cal culated
within the PRS to estimate the overall cost of both the

as-designed and the as-constructed pavement. This descrip-
tion includes a discussion of how future maintenance and
rehabilitation needs are determined and considered.

Chapters 6 through 9 provide information on the applica-
tion and operation of the HMA PRS. Chapter 6 provides
guidelines on determining the required PRS inputs. Chap-
ter 7 provides guidelines for making decisions regarding PA
based upon certain criteria. The PRS affects both the devel-
opment of the construction specification and the determi-
nation of the final payment. Accordingly, Chapter 8 provides
astep-by-step guide for generating the preconstruction output
associated with the specification while Chapter 9 provides
a step-by-step guide to determining the PAs for the as-
constructed pavement lots.

Chapter 10 describes the development of a specification
offered asaguideto state highway agencies (SHASs) which are
considering a transition to PRS. Appendix C provides the
actua Guide Specification. It should be noted that although the
HMA Spec software permits the user to incorporate any spec-
ification, it currently uses the Guide Specification as adefaullt.

The development of simplified PF relationships for use at
the basic PRSoperating level isdescribein Chapter 11. These
are the kind of relationships that are already being used by
some SHASs in preparing PRSs for their pavement construc-
tion projects.

Finally, Chapter 12 provides a series of conclusions
derived from the development of the HMA PRS as well as
some recommendations for future research, field testing,
and implementation.
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CHAPTER 2

PERFORMANCE-RELATED SPECIFICATION SYSTEM OVERVIEW

2.1 GENERAL FRAMEWORK

The PRS for HMA pavement construction developed in
this project is considered a system because it incorporates a
number of different models or components (working within
a systems framework) to generate a specification for any
given HMA pavement construction project. Because of its
rigorous analytical nature and need for user interaction, the
system is incorporated within a Microsoft Windows-based
software package named HMA Spec. The computer code for
the HMA Spec software was written in a modular fashion so
that various key components can beinterchanged or replaced
in the future. For the easier changes (e.g., alternate perfor-
mance prediction modelsor M& R decision criteria), features
are available within the user interface that permit the user to
specify a new or different model. For more sophisticated
changes (e.g., revised overlay design methodology or cost
model), individua modules (or subroutines) within the
program may be rewritten and replaced. Considering the
varying needs of the potential users of HMA Soec, asystems
approach to PRS devel opment was considered essential.

The major modules in the HMA Spec software are the
following:

+ Graphical User Interface (GUI)—This is a Microsoft
Windows-based user interface that permitsinput of new
project data and access to standard or default data for
PRS operation.

« Control Module—This controls the step-by-step
sequences for the two key paths within the program. It
also performsthe required Monte Carlo simulations and
calculatesthe PA.

+ Performance Prediction Module(s)—These are the vari-
ous pavement performance prediction relationships used
to forecast the future pavement distress state (in terms
of permanent deformation, fatigue cracking, roughness,
etc.) and trigger M&R activities for both the as-designed
and as-constructed pavement.

» Life-Cycle Cost (LCC) Module—This model esti-
mates future M&R costs for both as-designed and as-
constructed pavements. The current LCC submodels
include maintenance cost and rehabilitation cost. The

program is amenable to the incorporation of future sub-
models to consider user costs and salvage value.

* M&R Module—This module characterizes the distress
decision criteria (trigger values) as well astheir related
M&R treatments.

+ Rehabilitation Design Module—This component is
used to estimate the future rehabilitation needs (i.e.,
AASHTO structural number required for HMA over-
lay) of any given project. The current PRS methodol ogy
permits only one rehabilitation action during the analy-
sisperiod. That rehabilitation is designed and evaluated
asif it would last the remainder of the analysis period.

* PA Module—This module estimates the PA to the con-
tractor’'s bid price to account for any strengths or defi-
ciencies in the simulated as-constructed pavement sec-
tion. The method is applicable to the as-designed and
as-constructed pavement and requiresaMonte Carlo Sim-
ulation process. The details of this methodology are pre-
sented in Chapter 3.

* Guide Specification Module—Thisrepresentsthe default
information needed to generate a comprehensive HMA
pavement construction specification. The module does
provide for direct interaction with the user.

+ Stochastic Variability Module—Thisfeature provides
some statistical leeway to both the contractor and the
owner agency so that neither a penalty or nor a bonus
would be assessed if the predicted performance of the
as-constructed pavement is within an acceptable range
of the as-designed pavement.

The HMA Spec software performs two important functions
associated with PRS. Thefirst isthe development of an actual
construction specification that can be used by a contractor to
prepare a bid and, if successful, carry out the work required
in amanner that will be satisfactory to the client. The specifi-
cation document produced by the program may be very sim-
ilar to more traditional specifications, especially for M&C
factorsthat are considered | ess performance-related and typ-
ically monitored through conventiona quality control (QC)
means. The specification will differ, however, for those key
M& C factors that are considered performance-related. For
these factors (also referred to as AQCs), the specification
will provide the contractor with equations that define how



payment will be adjusted when target values are not met (or
exceeded). Analysis of these PA equations should provide
the contractor with a sense of how much effort and attention
should be devoted to achieving the target values.

The second important function of the HMA Spec software
isthe calculation of the final PA for any given pavement lot
constructed along the project. Obviously, this function is
exercised during or after pavement construction. Unlike the
PA equations provided in the specification, this branch of the
system provides the added feature of considering the inher-
ent stochastic variability and uncertainty of the PA. Thisfea
ture allows the agency and contractor to agree upon a range
in predicted performance under which neither a bonus nor a
penalty would be assessed.

2.2 OPERATING LEVELS

Therearetwo primary operating levelswithinthe PRS. The
basic operating level is one that permits agencies to adopt a
key output of the PRS, that is, a specific PF relationship, and
incorporate it into its current method of specifications devel-
opment. By comparison, the advanced operating level ismore
rigorous and is encompassed in large part by the HMA Spec
software. It incorporates user-friendliness and other help fea
turestypically associated with Microsoft Windows software;
however, its sophistication does require an advanced level of
understanding by the user for proper operation.

New Jersey Department of Transportation (NJDOT) isan
example of an SHA that uses aversion of the basic approach
in developing its specifications. Weed and others (10) ap-
plied a combination of statistical analysis and engineering
judgment to develop a relationship which is intended to
adjust the contractor’ s payment based upon how well the as-
constructed levels of HMA surface thickness, asphalt con-
tent, and initial smoothness met their target values. This PF
relationship is incorporated into the preconstruction specifi-
cation for the contractor to consider in preparing itsbid. It is
also used to calculate the PA for each pavement lot after
construction.

The PF relationship associated with the basic operating
level in the PRS developed in this project is very similar to
the NJDOT model, especialy in how the relationship is
used. The difference is in how the relationship is derived.
Rather than relying solely on statistical analysis and engi-
neering judgment, the HMA Spec software is used to derive
one (or more) customized relationship(s) for a given envi-
ronment, traffic level, and pavement structure. Also, by ana-
lyzing the output of the program, the PF relationship(s) is
derived considering both the main effects and the interac-
tions of the AQCs which have the greatest effect on pave-
ment performance.

Chapter 11 of Part Il provides an example of the develop-
ment of a customized PF relationship for use at the basic
operating level.
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2.3 APPLICATION LEVELS

Application level is the term used to describe the level of
“performance-relatedness’ of the prediction moddsused inthe
PRS system. Recdlling the definition offered for performance-
type specifications in Chapter 1 of Part 11, level 1 refersto
the type of performance prediction modelsthat are used in a
performance-related specification. In addition, level 1 encom-
passes the types of sampling and testing procedures that are
considered state-of-the-practice (e.g., for example, asphalt
content, air void content, and gradation).

Application level 2 refersto the type of prediction models
that would be used in a performance-based specification.
These models are more mechanistic and dependent on funda-
mental engineering properties. Thus, level 2 encompassesthe
kinds of sampling and testing procedures that would be con-
Sidered state-of-the-art (e.g., tensile strength, shear strength,
and elastic modulus).

Table 1 provides a matrix illustrating the different appli-
cation levels and their associated characteristics. This table
also makes room for athird application level (level 3) which
isintended for future development.

The emphasis of theresearch and development on thisproj-
ect has been on level 1 prediction models and the associated
PRS. Conseguently, level 1 prediction models are included
for fatigue cracking and permanent deformation. However,
some meaningful work was directed at the development of
level 2 prediction models for use in a more performance-
based specification. Chapter 4 of Part || describes the devel-
opment of the level 1 and level 2 prediction models.

2.4 SYSTEM OUTPUT

The outputs of the PRS system can bedivided into three cat-
egories. Thefirst two are used in the preconstruction process,
while the third is used after construction.

« Specification—For the advanced operating level, the
HMA Spec software produces a complete construction
specification for an HMA pavement in the form of an
actual document. A Guide Specification is incorporated
into the program for use as a default (see Chapter 10 of
Part 11 and Appendix C). However, the user hasthe flex-
ibility to copy and modify this specification or include a
totally new one as an dternative (or as the default). The
choice of the most appropriate specification must be
made by the agency on the basis of engineering judgment.

For the basic operating level, the user hasthe option of
extracting and adapting the Guide Specification. How-
ever, inthis scenario, the agency ismorelikely to retain
the use of its current specification.

* Preconstruction PF Relationship—Thisrelationship is
derived through a rigorous Monte Carlo simulation
process involving the predicted performance of the
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as-designed and as-constructed pavements. By evaluat-
ing the sensitivity of this relationship, both the contrac-
tor and the highway agency can focus attention on the
M& C factors that have the greatest effect on pavement
performance.

At the advanced PRS operating level, the HMA Spec
software has the capability of producing an individual
PF relationship for any given project. For thebasic level,
a standard relationship associated with a given environ-
ment, traffic level, or pavement structure is used.

+ Contractor Bonus/Penalty—Thethird and final key out-
put of the PRS systemisthefinal PA for any given pave-
ment construction project. For the HMA Spec software,
thisis calculated on alot-by-lot basis based on the mea-
sured quality levels of the as-constructed pavement.
One of the features of the technology in the HMA Spec
software isits ability to address variability in measure-
ment and predicted performance. Overall, this feature
provides an equitable basis for the agency and contractor
to agree on arange of predicted performance (between
the as-designed and as-constructed pavement) in which
no PA would be made.

For the case of the basi ¢ approach, the PF relationship
used in the preconstruction specification would also be
used to define the PA for the as-constructed lots.

Another desirable feature of a PRS system is the ability to
produce operating characteristic (OC) curves. OC curvesare
plots of the probability of acceptance (at a given pay level)
versus the mean of a given AQC. They are sensitive to the
sampling and testing plan, particularly in terms of the num-
ber of sublots and the number of samples per sublot. Thus,
they can provide the highway agency and the contractor with
information regarding their respective risks (7). Unfortu-
nately, the available time and resources did not permit the
incorporation of this feature into the HMA Spec software.

2.5 HMA SPEC SOFTWARE

The HMA Spec software is a Microsoft Windows-based
program designed to generate PRSs for HMA pavements.
More specifically, HMA Spec was developed as a tool to
assist SHAsin determining appropriate PAsto acontractor’s
bid price based on the difference in predicted LCCs of the

as-designed and as-constructed pavement lots. Figure 2
shows the two general operating modes of the HMA Spec
software used to accomplish this.

HMA Spec was developed using standard Windows fea-
tures such as menus, buttons, list boxes, and drop-down lists,
referred to as controls. Figure 3 is a screen capture from the
HMA Spec software showing various standard Windows
controls. Asindicated in this screen capture, the forms con-
tain various controlsincluding amenu, various buttons, atab
control, and atree view control.

Figure 3 also indicates that the HMA Spec software was
designed and developed to accommodate multiple projects
and multiple specifications for each project. HMA Spec cre-
ates a Microsoft Access database for each project and the
specifications for agiven project are records within the proj-
ect database. The only limiting factor to the number of proj-
ects and specifications that can be accommodated is disk
space on the computer on which HMA Spec isinstalled.

Once a project database has been created, developing a
specification within aproject is accomplished through a spec-
ification wizard. This consists of a series of forms that guide
the user of the HMA Spec software through the specification
generation process, that is, the preconstruction branch of the
flow chart shown in Figure 2. The output from this mode of
operation is a specification document and the preconstruction
PF relationship. Generation of this latter output is accom-
plished through a Monte Carlo simulation process.

Following generation of a specification, postconstruction
assessment of the as-constructed pavement lot isaccomplished
by entering the means and standard deviations for each
included AQC. The HMA Soec software alows entry of these
values directly or values for the individual test results can be
entered and the software will calculate the means and standard
deviations. Once entered, the Monte Carlo simulation process
isexecuted in the same manner asin the preconstruction mode
of operations except that the values entered for the as-con-
structed pavement AQCsare used. The PFfor the pavement | ot
is then determined based on the difference in predicted mean
L CCs of the as-designed and as-constructed pavement lots.

WesTrack Technical Report NCE-9 (11) is a user’s guide
for the HMA Spec software. However, it does not provide
detailsregarding theinner workings of the software, it merely
describes how to use the software. Chapters 3 through 9 of
Part 1l provide the details regarding the methodology of the
PRS embodied in the HMA Spec software.
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CHAPTER 3
METHOD OF PAY ADJUSTMENT

3.1 LIFE-CYCLE COST AS THE BASIS FOR
PAY ADJUSTMENT

The fundamental basis for PA in a comprehensive PRS
should be the difference between the predicted LCC of the
as-designed (target) pavement and the predicted LCC of the
as-constructed pavement. The major benefit of this approach
isthat it providesarational, defensible processthrough which
an adjustment can be made to a contractor’s payment based
on the effect that M& C quality have on the estimated cost of
maintaining (and using) the pavement in the future. The con-
cept of using LCC as a basis for PA in a PRS was first
demonstrated (for asphalt concrete [AC] pavements) by
researchers at Pennsylvania State University under NCHRP
Project 10-26 in the late 1980s (12). The concept continued to
evolve through research by ARE Inc. in furthering the devel-
opment of PRS for asphalt pavements for the FHWA (2) and
by ERES Consultants for the FHWA in the development of
PRSfor rigid pavements (3, 7). By relating key M& C factors
(e.g., thickness, smoothness, asphalt content, and air void
content) to performance, LCC, and ultimately payment, an
incentive-disincentive process is established whereby mate-
rial suppliers and contractors are induced to achieve better
quality M&C. The only real disadvantage of the L CC-based
approach to PA isthat it is unfamiliar and complex, particu-
larly when construction variability and uncertainty are aso
considered.

This chapter describes, in detail, the method by which
adjustments to contractor payment are made within the PRS
for hot-mix asphalt (HMA) pavement construction devel-
oped under this project. It should be noted that this method
is very similar to the approach used in the latest rigid pave-
ment PRS (7); however, there are some meaningful differ-
ences in how the various M& C factors are quantified and in
how the risk and uncertainty are evauated.

There are three other pointsworth noting before providing
the detailed description of the method of PA:

» PF isdefined as the proportion of the contractor’s orig-
inal bid price that will be paid depending on the quality
of the in-place pavement. A PF greater than 1.0 means
that the contractor delivered abetter quality product than
that specified and may be entitled to a bonus. A PF less
than 1.0 means that the contractor delivered a poorer
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quality product than that specified and is, therefore,
likely to be assessed apenalty. PF isdetermined directly
from the contractor’ s bid price and the cal culated differ-
encein LCC between the as-designed and as-constructed
pavement.

* AQCsrefer to those key M& C factorsthat have the most
effect on pavement performance and are, therefore, used
to evaluate quality and determine PF. Example AQCs
that can be used in the PRS for HMA pavement con-
struction include HMA thickness, initial smoothness,
asphalt content, air void content, and aggregate gradation.

* There are two facets of PF assessment that should be
understood: Thefirst (discussed in Section 3.3) pertains
to information that must be supplied to the contractor as
part of the construction specification and that apprises
him or her of the sensitivity of PFto the different AQCs.
This helps focus the contractor’ s attention on those fac-
tors that can maximize performance. The second (dis-
cussed in Section 3.4) provides the details of the final
PA for the as-constructed pavement lot. This takes into
consideration the deviation of the means (averages) of
the as-constructed M& C factors from the as-designed
(target) M& C factors specified. In addition, it considers
the effect of greater variability in these factors than
expected.

3.2 COMPONENT MODELS

The analytical engine within the PRS contains a number
of models to determine the LCC associated with both the
as-designed (target) and the as-constructed pavement lots.
This section provides a brief description of these models;
detailed discussions are provided in Chapters 4 and 5.

3.2.1 Life-Cycle Cost Model

The conceptual framework for the LCC model is shown
graphically in Figure 4. The figure indicates that the model
comprises five main components as follows:

* Inputs.
» Pavement performance prediction relationships.
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M&R decision trees.
Estimation of future costs.
Computation of the LCC.

Inputs into the model include those factors that influence
pavement performance and the computation of the net pres-
ent value of future costs associated with M& R activities per-
formed during the duration of the LCC analysis period.
Inputs that influence pavement performance include M&C
factors, environmental factors, traffic, and base course and
roadbed soil characteristics. Inputs that influence the net
present value of future costs associated with M&R treat-
ments include the actual costs for the treatments, as well as
factors to account for the time value of money.

It must be emphasized that many inputs into the LCC
model are used to characterize the prevailing conditions and,
therefore, are not candidates for control during construction.
Weather (environmental conditions), roadbed soil characteris-
tics (which are influenced by environmental conditions), and
traffic are examples of these uncontrollable factors. Despite
the fact that they can have a significant influence on perfor-
mance, they are treated as constants for PRS application
because they are beyond the control of the contractor. As
constants, they have the same effect on the predicted perfor-
mance of the as-designed and as-constructed pavements.

Thereare certain inputs, however, that can be directly con-
trolled by the contractor. In particular, these include M&C
factors. For example, the base course material within a pave-
ment structure can be supplied to meet a specified gradation
and compacted to meet a specified relative density given rea
sonabl e tolerances about the specified target va ues. Similarly,
the HMA mat can be constructed to a specified thickness,
aggregate gradation, binder content, and air void content given
reasonable tolerances about the specified target values for
each of these material characteristics. Given that only certain
inputsinto the LCC model can be controlled by the contrac-
tor, it islogical that PAs be based on only the factors under
direct control of the contractor.

The LCC model usestheinputsto predict pavement perfor-
mance in terms of one or more pavement distresses. The dis-
tress levels are predicted annually and used as input to an
M&R decision tree to trigger an appropriate treatment (either
arehabilitation or “do nothing”). The future cost of the treat-
ments and their timing are used to calculate the net present
value of all future costs for a given set of economic parame-
ters. These values are then summed to calculate the LCC for
the as-designed and as-constructed pavement.

The current PRS model applies one major rehabilitation
during the analysis period; thus, the effect of the contractor’s
efforts on construction QC on his or her payment is deter-
mined primarily by the difference in rehabilitation need
between the as-designed and the as-constructed pavement.
Further discussion regarding pavement performance predic-
tion models and M&R decision trees is provided in Sections

3.2.2 and 3.2.3 of Part Il, respectively. Chapter 5 of Part |1
provides amore detailed description of the LCC model.

3.2.2 Pavement Performance
Prediction Models

The prediction of pavement performance as determined by
the occurrence of distresses such asfatigue cracking, rutting,
and serviceability loss (see block labeled Pavement Perfor-
mance Prediction Modelsin Figure 4) isakey element in the
LCC model and is, therefore, key to development of PFs. A
number of models to predict the occurrence of distress have
been developed in the past. However, none are considered
adeguate in accounting for the effects of asphalt content, air
void content, or mixture gradationinthe PRSfor HMA pave-
ment construction (14). Consequently, substantial effort was
expended to develop improved models based on the infor-
mation derived from the WesTrack project. Efforts have con-
centrated on models to predict fatigue cracking, rutting, and
roughness increase. In addition, for the fatigue cracking and
rutting models, two levels of sophistication were employed
in their development and arereferred to aslevel 1 and level 2
models. Level 1 models are derived from regression analy-
ses of materials, traffic, and performance data obtained from
WesTrack and, hence, are empirical in nature. Level 2 mod-
elsinvolve use of laboratory tests and layered elastic analy-
ses calibrated to the WesTrack performance data and, thus,
are M-E in nature.

Chapter 4 of Part 1l provides detailed descriptions of the
models developed for use in the PRS for HMA pavements.

3.2.3 Maintenance and
Rehabilitation Decision Trees

Another key component of the LCC model is the M&R
decision tree. This component of the model takes the output
from the pavement performance prediction models and deter-
mines the type of treatment required (if any) to repair the pre-
dicted distress or distresses. An example of asimple M&R
decision treeis shown in Figure 5. In thistree, decisions are
made based on the amount of fatigue cracking and the mag-
nitude of rutting, both of which are predicted by the pave-
ment performance prediction models. Thus, for example, if
the fatigue cracking model predicted (for a given amount of
traffic) that 3 percent of the pavement section under consid-
eration had fatigue cracking and the rutting model predicted
(for the same amount of traffic) that the pavement section
had 4-mm (0.15-in.) deep ruts in the wheelpaths, then the
treatment would be “do nothing.” If, on the other hand, the
fatigue cracking model predi cted the same amount of cracking
but the rutting model predicted that the wheelpaths were rut-
ted to adepth of 7 mm (0.3in.) (for the same amount of traf-
fic), then thetreatment would be 50-mm*“ (2-in.) mill-and-fill.”



The cost for the M& R treatment is cal culated knowing the
type, quantity, and the unit cost of the treatment. Also, know-
ing the year of service in which the treatment is applied
allows the calculation of the net present value of the treat-
ment given certain economic parameters.

Chapter 5 of Part |l provides further details regarding
M&R decision trees.

3.3 PAY FACTOR RELATIONSHIP NEEDED FOR
HOT-MIX ASPHALT SPECIFICATION

If acontractor’s final payment will be affected by the indi-
vidual levels of M& C quality ultimately achieved, then it is
essential that information in the construction specification
indicate what the effect will be. The approach used inthelat-
est PRS for rigid pavement construction (7) involves the
preparation of an approximate PF relationship that conveysto
the contractor the effect that deviations from the target AQC
specificationswill have on payment. Thisrelationship, inturn,
provides the contractor with a sense of where to place empha
sison M&C quality. The rigid pavement PF relationship is
considered to be approximate because it ignores the effect of
interactions amongst the AQCs and because it assumes the
contractor will achieve the target construction variabilities
(standard deviations) for each AQC. The approach used in
preparing the preliminary PF relationship for the HMA speci-
fication is similar to that for rigid pavements (7); however,
some steps were taken to help make it less approximate.

3.3.1 Description of the Process

Figure 6 illustrates the basic step-by-step process associ-
ated with generating the preliminary PF relationship for the
HMA specification. It is important to emphasize that the
relationship that results from this processis project-specific,
that is, it isapplicable only to the construction project under
consideration.

Step 1: Supply Required Inputs. To complete the over-
all process, certain information related to the as-designed
pavement must be supplied. This information includes the
following:

+ Target AQC means and standard deviations for the
HMA layer (e.g., layer thickness, initial smoothness,
asphalt content, air void content, and aggregate grada-
tion parameters).

+ As-designed levels of other M& C factors needed to pre-
dict pavement performance (e.g., base/subbase course
thicknesses and resilient moduli).

» Designtraffic, thatis, initial ADT, initial 80-kN (18 kip)
ESAL applications, and growth rates.

+ Design soil strength/stiffness (e.g., resilient modulus,
CBR, and R-value).
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+ M&R plan (i.e., decision tree and associated distress
trigger levels).
+ Cost datafor M& R actions and thetime value of money.

Step 2: Estimate the Mean Life-Cycle Cost for the
As-Designed Pavement. Thefact that somevariability inthe
construction process is permissible means that the process
for estimating the LCC of the as-designed pavement (using
the models described above) is not as simple as entering the
as-designed (target) values of the AQCs and other design-
related factors and calculating the associated L CC. Instead,
an iterative process involving hundreds (or thousands) of
individual LCC observations is required to determine the
mean and standard deviation of the LCC for the as-designed
pavement. In each iteration, a single combination is gener-
ated by randomly extracting values for the AQCs from their
distributions. For each of potentially hundreds (or thou-
sands) of combinations, an L CC is calcul ated using the mod-
elsdescribed in Section 3.3 of Part |1 and the additional data
available from step 1. From the resulting list, the mean
( LCCg) and standard deviation (0, ccue) Of the as-designed
LCC are calculated.

Table 2 provides an example of an actual Monte Carlo
simulation generated by the HMA Spec software. It isevident
from this table that different combinations of AQC levels
generate different LCCs. The mean LCC and the standard
deviation of the LCC distribution are shown at the bottom of
Table 2. Also note that the AQC means and standard devia-
tions are very close to the target values using 500 iterations.

Step 3: CalculatethePay Adjustmentsfor a Simulated
Distribution of As-Constructed Pavements. Because the
overall goal of this processis to develop a preliminary PF
relationship for inclusion inthe HMA specification, it is nec-
essary to simulate a distribution of potential as-constructed
pavements and cal culate the L CC (and associated PA and PF
for each). For purposes of creating a database upon which to
derive this preliminary PF relationship, it is reasonable to
assume that the contractor would achieve the target means
and standard deviations for each AQC identified. Accord-
ingly, another iterative processis executed in which possible
combinations of the as-constructed pavement are created by
randomly sampling from the as-constructed distributions of
the different AQCs. For each as-constructed combination,
the associated LCC, (LCC,,);, is determined using the same
models and information as was used for the as-designed
pavement combinations. These aretheindividual LCCs gen-
erated during the Monte Carlo simulation process shown in
the rightmost column in Table 2. Also during each iteration,
the associated pay adjustment (PA;) and pay factor (PF) are
calculated using the following equations:

PAi = LCCdeS - (LCCcon)i

PF. =1+ (PA/BP)
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where

LCCys =mean LCC of the as-designed pavement (from
step 2), and
BP = estimated bid price.

Step 4: Determine the “z-value’ for Each AQC and
Each Combination. The statistic, z, is used in connection
with the binomial (or normal) distribution. It represents “a
measure of the deviation in terms of the standard deviation
or in so-caled standard units. The expression (given by the
relationship below) is also frequently referred to as the nor-
mal deviate” (13):

z=(X-m)lo

where

X = agiven point along the X-axis of the distribution,
m = mean value of the distribution, and
0 = standard deviation of the distribution.

For purposes of its application to PA, z represents a mea-
sure of the deviation of an as-constructed AQC from its as-
designed mean value:

zZ= (ACQOOn - AQC d&s)/o-ds

where

AQC,, = as-constructed value for agiven AQC,
AQC 4 = as-designed mean value for the AQC being con-
sidered, and
Oges = Standard deviation of the as-designed AQC dis-
tribution.

The determination of a z-value is depicted in Figure 7
where the AQC is represented by asphalt content (Pag,).

This approach was used to normalize the deviation of the
as-constructed AQC from its as-designed (target) value on the
basis of the design (target) standard deviation. The z-values
will become the independent variables in the preliminary PF
relationship. The z-term was selected over two other candi-
dates, percent defective (PD) and percent within limits (PWL),
becauseit indicateswhether the AQC,,, isaboveor below the
as-designed target. (This capability isessential sinceany par-
ticular AQC can have a different effect on LCC, depending
onwhether it isabove or below thetarget). Table 2 showsthe
z-values for the four AQCs included in the Monte Carlo sim-
ulation example. Note that, for brevity, only the z-values for
main effects are shown. That is, although the HMA Spec soft-
ware generates z-valuesfor second order terms and two-factor
interactions, these were excluded from the sample data shown
in Table 2 due to the large number of these factors.

Step 5: Perform Regression Analysis. With the type and
quantity of data generated through simulation in the previ-

ous steps, it is possible to develop a statistically valid rela-
tionship for PF through multiple regression analysis. The
methodol ogy employed here involves the use of the general
linear model (GLM). Followingisthe basic form of the GLM
in which the independent variables are represented by the
z-values for each AQC.

PF=+a+a*zmy + &*zgu + %*ZP@ +a*zy,,
+ 8" Zppoo + @™ (Zrn)? + 82" Zr* Zow
+ 3" Zrw*Zp, A Zii* 2y,
+ as* Zry* Z pooo t 82" (Zow)? t+ Bos* ZSM*ZPaSp D
+ 4" Zem™ 2y, T @s* Zow™ Z paoo + 5™ (Zl—‘f{,,sp)2
+ 35" ZPasp* 2y, + " ZPaSp*Z p200 + Sus” (Zvair)2
+ &s* 2y, * Z pooo + 8s5™ (Zeooo)” + €

where

PF = dependent variable (pay factor),

Zmy = Z-valuerepresenting the deviationin HMA thickness,
Zsy = z-value representing the deviation smoothness,
Zp,, = z-valuerepresenting the deviation in asphalt content,
2, = z-valuerepresenting thedeviationinair void content,
Zpooo = Z-Value representing the deviation in percent pass-
ing the 0.075 mm (#200) sieve,

& = coefficients devel oped from regression analysis, and

e = error or lack-of-fit of the model.

The first line of the equation shows the terms represent-
ing al the main effects while the remaining lines show all
the possible two-factor interactions (including the squared
main effects). Given that the number of combinations will
be in the hundreds (possibly thousands), it would even be
possibleto include higher-order (three-, four-, and five-factor)
interactionsif it is appearsthat they can significantly improve
predictive accuracy of the model. In general, no more than
two-factor interactions are necessary.

It isimportant to note that not al the termsidentified above
will end up in the model. Analysis of variance (ANOVA) is
used to identify specific terms in the PF equation which
explain most of the variability observed in the PF-z datacom-
binations. These are the terms that are included in the regres-
sion analysisto calculate theindividua a-coefficientsand pro-
ducethe preliminary PF relationship. Equation 2isan example
of one particular project-specific relationship that resulted
from this process. It was generated from the same Monte
Carlo simulation example that generated the data shown in
Table 2. However, note that equation 2 includes the second
order terms and two-factor interactions.

PF=1.0087 - 0.11877*z,,, + 0.13160* zry
— 0.00126* Zpy + 0.34845* Zp,, ~ 0.00077*(zy,,)?
- 000391* (ZTH)2 + 000072* (Zp200)2
- 0.00547* (zp,,,)? + 0.00573* 2y, * Zr, )
+0.00340% 2, * Zry + 0.00305* 2y, * Zeooo
- 000831* ZTH* ZPasp - 000130* ZTH* Zp200
— 0.00395*zp, _* Zp200



It should also be pointed out that the preliminary PF rela
tionship generated by the HMA Spec software doesnot involve
the use of ANOVA to identify the most significant terms. The
process of ANOVA is considered too complicated to have
been included in the software. Accordingly, the HMA Spec
software includes al independent variables and al two-factor
interactionsin the model even though an ANOV A might con-
sider some of these as being insignificant. Thus, the software
only determines the coefficients of the equation using astan-
dard regression analysis process.

3.3.2 Sensitivity Issues

Because the terms of the preliminary PF relationship were
normalized through the use of the z-values, the coefficients
on the main effects do give some indication of their relative
impact on PF determination. Thus, the larger the absolute
value of the coefficient, the greater the effect it will have on
PF assessment (and the more attention it should receive dur-
ing construction). If the relationship includes higher-order
interactions between the AQCs, then the issue of understand-
ing sensitivity becomes more complicated.

There are two other ways of examining the sensitivity of
the PF to the various AQCs. Oneisto use the preliminary PF
relationship to prepare a large PF table. This can be done
with the aid of a computer spreadsheet. By covering the
range of al the different AQCs and studying the results, it is
possible to determine which AQCs have the greatest influ-
ence. A second approach is to use the preliminary PF rela
tionship to prepare a chart or nomograph that graphically
relates the effect of the AQCs to the estimated PF. Prepara-
tion of the nomograph can be cumbersome (especially when
higher-order interactions are involved); however, the ability
to examine the effects visually may make it worthwhile.

3.3.3 Consideration of Risk

Whenever a PF is assessed, thereis afinite, statistical pos-
sibility that a bonus (or penalty) will be applied (or assessed)
when oneisnot deserved. Thisisarisk that both theclient and
the contractor accept when entering into an agreement for
construction when uncertainty is involved. In the method of
PA described here, the goal is to quantify the risk and estab-
lish afair process by which both parties share equal risk. The
overall issue of risk isabyproduct of uncertainty in many of
the different facets of construction, sampling and testing, pre-
diction model accuracy and economic data quality. Its treat-
ment for purposes of PA from a statistical standpoint is
addressed as part of the step-wise process described in the
next section.

3.4 POSTCONSTRUCTION
PAY FACTOR ASSESSMENT

The purpose of preparing apreliminary PFrelationshipisto
provide information within the specification that would indi-
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cate to the contractor how his or her payment would be
affected by deviations in the M&C quality from those spec-
ified. Although the process alows for the consideration of
significant interactions amongst the AQCs, the resulting rela-
tionship is still only adequate for its intended purpose. Sig-
nificantly, the preconstruction process assumes the as-
constructed variability will be the same as the as-designed
(target) variability. During and after construction, with
actual information on variability of M& C gathered as part of
quality control/quality assurance (QC/QA) sampling and
testing, the assumption that the as-constructed variabilities
are equal to the as-designed (target) variabilities is both
unnecessary and invalid.

3.4.1 Description of the Process

Figure 8 illustrates the step-by-step process for postcon-
struction PF assessment for agiven lot. Some of the stepsare
similar, if not identical, to those described in developing the
preliminary PF relationship (Section 3.3).

Step 1. Supply Required Inputs. This step is amost the
same asthe step 1 described in Section 3.3 for the as-designed
pavement. The one major difference is that information per-
taining to the as-constructed means and standard deviations of
the AQCsis aso required under this step. These statistics are
thekey product of the QC/QA sampling and testing procedure.

Step 2: Estimate the Mean Life-Cycle Cost of the As-
Constructed Pavement. This step is similar to step 2 for the
as-designed pavement (Section 3.3) inthat an iterative process
is pursued whereby the as-constructed AQC distributions are
sampled randomly to create a large number of possible com-
binations. Itisdifferent inthat it usesthe as-constructed means
and standard deviations of each AQC to generate the com-
binations. For each combination, the as-constructed L CC,
(LCCn)i, is determined in the same manner that the indi-
vidual LCCs were determined for the as-designed pave-
ment. From the resulting list, the as-constructed LCC mean
(LCC,,,) and standard deviation (0, cceon) are calculated.

Step 3: Estimatethe Pay Adjustment and the Pay Fac-
tor. Based upon the results of step 2, estimatesfor thelot PA
and associated lot PF are calculated as follows:

PA = @d&s - Liccccm (3)
PF=1+(PA/BP) (4
where

LCCys and LCC,, are as previously defined and
BP = bid price (pro-rated based upon the size of the lot as
compared with the size of the project).

Step 4: Address Pay Adjustment Uncertainty. The goal
of the PF relationship is to relate contractor pay adjustments
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directly to the quality of the as-constructed pavement. Clearly,
thereis some uncertainty associated with the PF estimate cal-
culated in the previous step. This uncertainty derives from
the uncertainty in the estimation of LCCs which, in turn,
derives from design data inaccuracies, uncertainty in field
and laboratory measurements, prediction model error, poor
unit cost data, and so on.

In this step, aprocess is carried out whereby one key ele-
ment of this uncertainty, that is, that related to sampling and
testing error, is taken into consideration. It should be noted
that although the other factors also contribute to the overall
uncertainty, they can reasonably be disregarded for purposes
of PA since their effects would apply almost equally to the
as-designed and the as-constructed pavements. It should also
be noted that if variability or uncertainty wereto beignored,
this step would be skipped and the results from step 3 used
asinput to step 5.

A second feature gained from the process described here
isthat it provides contractor “relief” for the fact that thereare
no acceptable quality levels (AQLS) in the specification for
any of the AQCs. If, for example, the contractor deviates
even dlightly above or below the target asphalt content spec-
ification, the method of PA will result in some penalty being
assessed. From the contractor’s standpoint, it would have
been preferable to have AQLs on each of the AQCs. This
would provide some “leeway” or tolerance on every AQC
such that the contractor could still receive aPF equal to 1.00.
Unfortunately, the problem with setting individual AQLsis
that a series of off-target (but acceptable) AQC values can,
through compounding, produce an unacceptable L CC,.

Figure 9 providesagraphillustrating the method for address-
ing uncertainty and tolerance. Shown are two LCC distribu-
tions, one for the as-designed pavement and the other for the
as-constructed pavement. The premise of this approachisto
determine whether the mean L CC of the as-constructed pave-
ment (LCC,) issignificantly different from the mean LCC
of the as-designed pavement (LCC,y). If the difference is
not significant, then no PA is made. If the difference is sig-
nificant, then aPA isassessed. In thisprocess, significanceis
established statistically using the z Test (13) which provides
for a comparison of the means between two large indepen-
dent unpaired population samples. Note that this should not
be confused with the z-value, that is, standard normal deviate
described in Section 3.3. The confidence levd (e.g., 80 per-
cent) represents the difference between 100 percent and the
risk (expressed as a percent) of a PA being assessed when
oneisnotin order. Thislevel is established either by mutual
agreement between the agency and the contractor (as part of
the contracting process) or by agency notification as part of
the specification. The confidence level, along with the mean
and standard deviation of LCC for the as-designed pavement,
define upper and lower confidencelimits (LCC,y and LCCy).
Thus, if the mean LCC for the as-constructed pavement falls
within these limits, then it is not significantly different from
the mean L CC for the as-designed pavement. Increasing the

confidence level (from say 80 to 90 percent) will move both
LCC,y and LCCy further from the mean LCC for the
as-designed pavement, thereby (1) increasing the likelihood
that the mean L CC for the as-constructed pavement will not be
significantly different from that of the as-designed pavement
and (2) decreasing the likelihood that a PA will be assessed.
It should be noted that both parties will be motivated to
agree on alow confidencelevel (say 10 percent). The reason
for thisisthat alow confidencelevel increasesthelikelihood
of the contractor being rewarded a bonus (favorable for the
contractor) or assessed a penalty (favorable for the agency).
In both cases, the contractor is encouraged to achieve ahigh
level of quality control, with particular emphasis on those
AQCswhich have the most effect on pavement performance.
Another issue associated with this approach to addressing
uncertainty is determining the PAs if the estimated mean
LCC of the as-constructed pavement is found to be sig-
nificantly different from the estimated mean LCC of
the as-designed pavement. Without any modification, the PA
would gofrom zero at apoint where LCCy isjust insideeither
of the confidence limitsto a sizeable number if LCC, isjust
outside the limit. (In other words, there would be no smooth
transition from theregion of zero PA). Themethod selected for
incorporation into this version of the PRS for HMA construc-
tionisonethat basicaly trandatestheleeway zoneto the entire
range of PA. This concept isillustrated in Figure 10.
Following are the two new equations that modify the PA
depending on whether a bonus or penalty is being assessed:
For the bonus case (LCCqy islessthan LCCue):

PA (new) = PA (from step 3) = (LCCge — LCCio) (5)

where LCC,y = LCC associated with the lower confidence
limit (as determined statistically using LCCles, O ccges and
the desired level of confidence).

For the penalty case ( LCC, is greater than LCCe):

PA (new) = PA (from step 3) + (LCCyy — LCCly) (6)

where LCC,y = LCC associated with the upper confidence
limit (as determined statistically using LCCle, Ot ccges, @nd
the desired level of confidence).

Alternatively, the PA may be calculated more directly, that
is, without using or modifying the PA calculated in step 3.

PA =LCC,y — LCC,, (for the bonus case) @)
PA =LCC_y — LCC, (for the penalty case) (8)

As was the case in step 3, the PF is calculated using the
following relationship:

PF =1+ (PA/BP) 9)

where BP = bid price (pro-rated based on the size of the lot
as compared with the size of the project).



Step 5: Check Pay Factor Against Limits. Thelast step
in this processis acomparison of the PF estimate from step 4
with some pre-established limits. As indicated in step 5
(Figure 8), there are two potential PF limits, one which puts
aceiling on the bonus and the other which assures some min-
imum level of quality. The upper limit defines a maximum
bonus (say PF = 1.05) which discourages the practice of
“over-congtruction.” Thelower limit, onthe other hand, defines
aspecific reectable quality level (say PF=0.75) below which
the entirelot can berejected. In the latter case, either zero pay-
ment would be assessed or the contractor would be required to
remove and replace the entire lot.

3.4.2 Development of Simplified Pay Factor
Tables and Nomographs

In Section 3.3.2 dealing with sensitivity issues, the prospect
of developing project-specific PF tables and nomographs
as part of the construction specification was discussed. The
process was described as being potentially cumbersome but
worthwhileif it hel ped the contractor to better understand the
sensitivity of PF to the different AQCs.

Another possible usefor such PF tables and nomographsis
in a more simplified application setting, such as in agencies
which are predisposed to applying modern pavement tech-
nology but do not have all the staff and resourcesto do so. If
a PF nomograph, such as that depicted conceptualy in
Figure 11 were available to an understaffed state agency, it
could have a major impact on the contractor’s construction
practicesand theoverall performance of the pavement network.

Development of these PF tables, nomographs, or both
reguires amore rigorous simul ation than that associated with
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any one project. To ensure that awide range of possible proj-
ects is covered, a factorial experiment must be designed in
which high, medium, and low levels of the different AQCs
are defined and then processed to produce a large database.
Infact, separate databases would probably be required to rep-
resent different pavement classifications, traffic levels, sub-
grade soil support and environmental conditions. From these,
PF relationships could be statistically derived and used to
prepare the PF tables and nomographs. An example of this
development process is presented in Chapter 11 of Part 11.

3.5 SUMMARY

The purpose of this chapter was to describe the method of
PA used in the PRS prepared under this project. Several dif-
ferent aspects of the method were addressed, including the
following:

* Why LCC was selected as the basis for PA.

» How the general models are used to estimate LCC.

» How apreliminary PF relationship is developed for use
in the construction specification.

+ How to caculate thefina PA.

A key issue addressed in the process is the treatment of
risk and uncertainty, namely, stochastic variability. Overal,
the method described in this chapter is rational, defensible,
and capabl e of focusing the attention of contractorsand high-
way agencies on those key M& C factors that have the great-
est effect on improving pavement performance.
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STEP1

STEP3

Supply Required Inputs (Characteristics
of the As-Designed Pavement)

» Target AQC means and standard
deviations for HMA

» As-designed levels of other M& C factors

 Design levelsfor traffic, soil strength and
environmental factors

» Maintenance and rehabilitation plan
» Cost data

STEP 2

Calculatethe Pay Adjustmentsfor a
Simulated Distribution of As-Constructed
Pavements

Target AQC Means and
Standard Deviations

\x\’ PA; = [CCyes - (LCCqn)i
LCC
L)
Model pE. =1 . PAi
@ I )

STEP 4

Estimatethe Mean LCC for the As-
Designed Pavement

Target AQC Means and
Standard Deviations

LCCyes

LCC
[N
Model

LCC
LCCyes

STEP5

Determinethe“ z-value’ for Each
AQC and Each Combination
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Figure6. Basic step-by-step process associated with generating the preliminary PF relationship for the HMA specification.
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STEP1

STEP 3

Supply Required Inputs (Characteristics of
the As-Constructed Pavement)

¢ AQC means and standard deviations of the HMA for
the as-constructed pavement

STEP2

Estimatethe Mean LCC of the
As-Constructed Pavement

As-Constructed Means
and Standard Deviations

ZANIEAN

LCC
Model

con

STEP5

Estimate the Pay Adjustment and Pay
Factor (for the Lot)

Pay Adjustment (PA) PA = [T e
- des ~ con

Bonus
0 ; >
LCC
Penalty v LCC.on
Pay Factor =1 + % LCCoes

where BP = Bid Price (adjusted for the lot)

STEP 4

Address Pay Adjustment Uncertainty
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Figure8. Basic step-by-step process associated with determining the final PA based on as-constructed results.
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Figure9. Comparison of as-designed and
as-constructed LCC distributions for the purpose
of PA (penalty case).
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TABLE 2 Example AQC combinationsand associated z-values (main effects only) used to determine the mean and
standard deviation of the LCC for the as-designed pavement and the LCC for the simulated as-constructed pavement

AQCs and their randomly selected levels

Corresponding z-values (main effects only)

Iteration Vair TH P200 P Z Var ZTH Z_P200 7 Pon LCC i

1 6.044 6.690 5.012 5.250 1304 2.300 1098 1.364 3788.47

2 7.954 5.783 6.636 5.770 0031 0723 0.707 0.213 3788.47

3 8.547 5.506 5.602 5.215 0.365 1346 0342 1.561 2459. 49

y 6.777 5537 7.623 5.027 03815 1550 1.804 0.991 2867.53

5 11.298 5.582 7728 6.201 2.199 1394 1413 1.518 3547.88

3 3.813 6.301 5.395 5.897 0.542 1.303 0673 0.596 2459. 49

7 9.116 6.544 5.783 5.064 0.744 1.813 0242 1929 6265.01

) 3.935 5.959 5.912 7.968 0.623 0136 0098 2218 7979.24

9 9518 6.347 5517 5.296 1.012 1.156 0536 1224 5546.38

10 8.369 5.082 7.946 5.002 0.246 0062 Ti71 0.916 2650, 01

11 6.028 5.068 6.671 5.770 1315 0107 0.746 0.213 2867.53

12 5.588 6519 6.353 5.934 -T.608 1.729 0.392 0.709 681.27

13 9.560 6.284 5.568 5.350 1.040 0.946 0.480 1035 5546.38

14 10.453 6.348 5.090 5.628 1.635 1.160 0.099 0219 7315.81

15 8.709 5526 5.585 5.731 0.473 1581 0461 0.093 7900.57

16 8247 6.157 5.812 5.202 0.164 0.524 0.902 1510 5896. 21

7 10.455 6.454 5.224 5.133 1.637 1513 0863 1719 6657.08

8 6.692 6.552 5.223 5524 0872 1.838 0.248 0533 3083.30

19 7.346 6.339 7.349 5.290 0436 1.131 1.499 1242 7900.57

20 6.660 5.978 6.624 5.087 0893 0075 0.693 1857 6265.91

21 10.332 5572 6.737 5.203 1.555 1428 0.819 1523 3083.30

22 6.223 6.202 5.259 5.650 1185 0.673 03824 0153 3083.30

23 7.942 6.110 5.783 5.558 0.039 0.367 0241 0432 7315.81

27 5.168 6.065 7.069 5.399 1888 0.217 1.188 0913 7045.80

25 8.176 5.459 7.043 5.335 0.118 1804 1175 1.924 2076.03

791 8.400 6.076 5.693 5.429 0.272 0.254 0.770 0820 5214.94

792 3.788 6.143 7.860 5.520 0.526 0.476 1266 0545 7602.05

793 11.734 6.435 6.026 5715 2.489 1.451 0.029 0.044 7315.81

794 5.013 6.140 7.020 5.557 0.675 0.468 2200 0433 4602.05

795 8.847 5.633 7541 5.681 0.565 1225 1621 0059 7900.57

796 7.644 5.082 5.088 5.735 0237 0.060 0.098 0.106 35472.88

497 6.984 6.122 5121 5.037 0677 0.405 0977 2008 6265.91

798 7533 6.237 5.613 5.413 0311 0.789 0.681 0869 7602.05

499 7.640 5.963 6.325 5.332 ~0.240 0.124 0.361 1115 5546.38

500 8.919 5.974 7.213 5.798 0.613 -0.086 1.348 0.296 3788.47

Mean 8.136013| 5.0885586| 5.0420166| 5.7132988| 0.0012758| -0.038144 | -0.064423| 0.0402938 3847.89

Std. Dev. 1.4660579| 0.3022436| 0.0026508| 0.3272434| 0.9773712| 1.007481] 1.0029623 | 0.9916564 1484.19
NOTES:

V,ir = air void content, percent by volume; target air void content = 8%, target standard deviation = 1.5%
TH = thickness, in.; target thickness = 6 in., target standard deviation = 0.3 in.
P200 = percent passing the #200 sieve; target P200 = 6.0%, target standard deviation = 0.9%
P.sp = asphalt content, percent by weight of aggregate; target asphalt content = 5.7%,; target standard deviation = 0.33%
Z_V i, = z-value for air void content
Z_TH = z-value for thickness

Z_P200 = z-value for percent passing the #200 sieve
Z_Pg,sp = z-value for asphalt content
LCC_i = predicted life-cycle cost, present-worth dollars, utilizing the indicated levels of AQCs
(1in. = 25.4 mm)

TABLE 3 Parametersused in simulations

Layer Thickness, in. (mm) Poisson's Ratio Moduli psi (MPa)
Surface 6.0 (150) 0.35 20,000-2,000,000
(138-13,800)
Base 12.0 (200) 0.40 5,000-200,000
(34.5-1,380)
Foundation 00 0.45 2,000-100,000
(13.8-690)
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DEVELOPMENT OF PAVEMENT PERFORMANCE MODELS

4.1 INTRODUCTION

The performance model s devel oped herein are of two gen-
era types. (1) those based on direct regressions among the
specific performance measure (rut depth or fatigue cracking)
and ESALs and mix characteristics and (2) those based on
M-E analyses assuming the pavement behaves as a multi-
layer eastic system. Thefirst category has been termed “level
1" and the second “level 2.” The general framework isillus-
trated in Figure 12. Details of the research effort summarized
in this chapter are contained in WesTrack Technical Report
UCB-1 (15).

Level 1 Models. For rutting, there are two categories of
level 1 modelstermed level 1A and level 1B. The level 1A
model s are based on direct regressions between observed rut-
ting or observed cracking as seen in Figure 12. For rutting,
the model uses performance data from both the 26 original
and the 8 replacement sections while for fatigue, the model
uses only the fatigue data for the 26 original sections.

The level 1B model was developed from analyses of the
pavements using the M-E analyses. In thisinstance, rut depth
versus ESAL relationships were developed for a 10-year
period for 23 sections in which little or no fatigue cracking
was observed. The 23 sections included both original and
replacement sections. For the analyses, the traffic was uni-
formly distributed throughout a 24-hour period and the
yearly temperature environment was assumed to be the same
for each year of the 10-year period. Aswill be seen, this pro-
cedure tended to reduce the impact of early rutting which
occurred in some of the sections.

Only asinglelevel 1 model ispresented for fatigue; it makes
use of aProbit model to define the probability of cracking.

As seen in Figure 12, the level 1 models are based on
WesTrack-type mixes. The level 1B model for rutting can,
however, be used for other traffic and environmental (tem-
perature) conditions.

Level 2 Modéls. For rutting, two level 2 modelshave been
developed. Thelevel 2A model can be used for other traffic
and temperature environments but is limited to mixes with
dense-graded aggregate gradations like those at WesTrack.
The level 2B model can be used for other types of mixes so
long asthey are characterized by means of the repeated simple
shear test at constant height (RSST-CH ).

The level 2 models for fatigue, a total of three, have not
been characterized separately as have the rutting models.
Rather, since the procedure is the same for the three models,
selection isbased on the engineer’ s choice of mix fatigue and
stiffness characteristics. Three options are available:

» Use of WesTrack mix data.

» Use of stiffness and fatigue data from published infor-
mation.

» Use of laboratory-determined stiffness and fatigue
response data obtained for the specific areain which the
mixes are to be used.

These guidelines are also shown in Figure 12.

4.2 MODULUS DETERMINATIONS
4.2.1 Introduction

The purpose of this evaluation was to establish elastic
moduli of the pavement components at WesTrack to permit
considerations of stresses, strains, and deflectionsin the test
pavement sections. The results of the investigation provided
the necessary input for the evaluation of observed pavement
performance and the establishment of performance models
for the PRSs, amajor WesTrack product.

The assumption used isthat multilayer elastic analysiscan
produce sufficiently accurate estimates of stresses, strains,
and deflectionsin the pavement structures. Inturn, thisforms
the basis for establishing performance models for permanent
deformation (rutting) and load-associated cracking (fatigue).

The sources from which the moduli were obtained include
both field and laboratory measurements. Thefield datainclude
an extensive series of faling weight deflectometer (FWD)
measurements taken at intervals throughout the traffic load-
ing. Laboratory datainclude data from the following:

» AC—flexural fatigue, RSST-CH, and resilient modulus
(indirect tension) tests.

» Untreated base—triaxial compression resilient modu-
lustests.

+ Engineered fill and foundation soil—triaxial compres-
sion resilient modulus tests.
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This section describes the methodology used to arrive at
the various moduli and a summary of the values used in the
analyses to establish performance models.

4.2.2 Analyses of Field Data, Original Sections

In the analyses of the FWD datato determine moduli, best
estimates of these parameters were considered to be those
minimizing the sum of the squared differences between mea-
surements and simulations of FWD surface deflections. In
these analyses, simulations were based on regression equa-
tions relating the deflection at each of the seven sensor loca-
tions of the FWD to the layer moduli. Microsoft Excel’s
solver routine was used to determine the best-fit moduli.

Regression equations, based on the assumption of athree-
layer system for WesTrack, took the following form:

InD =dy+d; In E; + d3 In B3 + dy(In Ey)?
+ds (INEp)? + ds (INEg)? + d; INE, » INE, (10)
+d8|nE1‘|nE3+d9|nE2'|n E3)

where

D = surface deflection, mils
E; = modulus of the HMA,
E, = modulus of untreated aggregate base,
E; = modulus of engineered fill and foundation soil,
and
do—ds = regression coefficients.

Simulations were performed to examine the effects of all
possible combinations of five levels of modulus for each of
the three layers. Only one load level was simulated, 44.4 kN
(10,000 Ibf) at aradius of 150 mm (5.9in.). Parameters used
for the simulations are summarized in Table 19.

Examples of the results of these analyses are summarized
in Figures 13, 14, and 15; Table 4 summarizes the regression
equations (form of equation 10) for the seven sensor locations
0 mm (0 in.), 305 mm (12 in.), 457 mm (18 in.), 610 mm
(24 in.), 914 mm (36 in.), 1,219 mm (48 in.), 1,524 mm
(60in.). Inthe best-fit analyses, assumptionswere made asto
how the moduli were likely to vary as a function of external
influences such astemperature. Theseincluded thefollowing:

* The AC modulus, E,, is related to the average surface
temperature, T (based on section 12 data):

E1 = exp(Ao + AiT) (1)
where A, and A, are regression coefficients.
* The base modulus, E,, is independent of temperature
and season; and

« Thefoundation-soil moduli, E;, are sensitive to seasonal
but not temperature influences and were investigated as

a discreet function of the measurement period and a
sinusoidal function as follows:

_ sin(doy - D,)0
E3"D°+D15365x2xna (12)

where

doy = day of the year and
Dq, D,, D, = regression coefficients.

Preprocessing of the FWD’s data was accomplished by the
following:

» Removing unnecessary information.

» Adjusting surface deflectionsfor each drop to a44.4 kN
(210,000 Ibf) load assuming linearity between deflection
and load.

» Using the average of 20 sets (five locations and four
drops) of FWD deflection measurements for each test
section and analysis period.

Figure 16 illustrates the framework used for the smula-
tions; modulus values for the three layers are summarized in
Tables 5 and 6. Table 6 also lists the measurement periods
used in the analyses.

FWD-determined moduli for the AC asafunction of tem-
perature are shown in Figure 17 for the sections evaluated in
the south tangent and in Figure 18 for sections from the
north tangent. It will be noted in Table 5 that the slope of the
In E; versus T relationship was assumed to be constant for
all mixes.!

Table 7 compares mixes based on moduli at atemperature
of 40°C (104°F), examining the effects of asphalt content and
air void content. It will be noted that the influence of air void
content is significant, with an increase in air void content
resulting in areduction in mix stiffness. It will aso be noted
that replicate sections have comparable stiffnesses.

The base modulus was assumed to be unaffected by both
temperature and season. The values for south and north tan-
gents were estimated to be 104 MPa (15,100 psi) and 93.2
MPa (13,500 psi), respectively. The modulus for the south
tangent is about the same as that for the foundation soil,
whereasit islessthan that for the north tangent. Considering
also other investigations which suggest that conventional
backcal culation routines may underestimate base moduli,
additional investigation appearswarranted to determine suit-
able means for backcal culating untreated base moduli. This
was, however, beyond the scope of this project.

The influence of season on foundation soil modulus is
illustrated in Figures 19 and 20 for the south and north tan-
gents, respectively. In these figures, it will be noted that the

* Thissimplification seemed reasonable since a| the mixes contained the same asphalt
binder and aggregate and the gradations were reasonably uniform among the mixes.



modulus varies throughout the year with ahigh valuein mid-
December and a low value about mid-May. The minimum
value is about 70 percent of the maximum.

There is a significant difference in foundation moduli
between the sections of the south and north tangent with the
north tangent sections being considerably stiffer than thosein
the south tangent. Also, the annual rangein modulusislarger
for the north tangent than for the south tangent sections.

As noted earlier, sinusoidal functions were applied to the
foundation-soil moduli to define seasonal variations. Figures
19 and 20 indicate that such functions are reasonably well
suited to define the influence of seasonal variations on mod-
ulus for the WesTrack foundation.

For the analysis reported subsequently, the decision was
made to use the moduli shown in Figures 19 and 20 in the
analyses of the permanent deformation and fatigue perfor-
mance of the test sections.

4.2.3 Comparisons of Field- and
Laboratory-Determined Moduli

A limited opportunity was provided to compare laboratory-
determined moduli from the flexura fatigue tests at 20°C
(68°F) and the RSST-CH tests at 50°C (122°F) for the asphalt
mixes with those determined from evaluation of the FWD
measurements.

In the laboratory, flexural stiffness measurements were
obtai ned during fatiguetesting of mixesfrom the bottom por-
tion of each of the test sections. Results of a comparison of
these stiffness values for a number of the test sections with
those determined from the analysis of the FWD results are
shown in Figure 21.

Similarly, in the RSST-CH tests to define the permanent
deformation response of the various mixes, shear stiffnesses
were determined at 50°C (122°F) for mixes from each of the
test sections. Comparison of stiffnesses determined from the
shear moduli with those estimated from the FWD measure-
ments are shown in Figure 22. For comparisons with the
FWD estimates, the laboratory shear stiffnesses were con-
verted according to the following expression:

E=G.2(1+V) (13)

where

G = shear modulus and
v = Poisson’sratio.

For this conversion, the Poisson’ sratio, v, was assumed to
be equal to 0.35 for the AC.

The correlations shown in Figures 21 and 22 were used, as
discussed in Section 4.2.4, to determine moduli for use in
analyses of response of the replacement sections.

A brief comparison was al so made between the FWD- and
laboratory-determined moduli for the base and foundation
soils. These results are shown in Table 8.
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4.2.4 Moduli Used for Permanent Deformation and
Fatigue Analyses

The results presented in the previous sections established
the basis for selecting moduli for use in developing the per-
formance modelsfor both permanent deformation and fatigue.

For permanent deformation and fatigue, the subgrade mod-
uli for the south and north tangents shown in Figures 19 and
20 have been used to reflect seasonal variations in the sub-
grade stiffness.

It has been noted that backcal culation proceduresresult, at
times, in estimated moduli for untreated bases which are
lower than expected. Thiswas assumed to be the case for the
base moduli shown in Table 8. In the Shell pavement design
procedure, for example, the moduli of untreated aggregate
layers are assumed to be on the order of 2 timesthe subgrade
modulus. Other data suggest that larger tiffnessvalueswould
be associated with materials similar to the base material used
at WesTrack. Accordingly, a modulus value of 138 MPa
(20,000 psi) was used in the M-E analyses conducted for per-
manent deformation response and 172 MPa (25,000 psi) in
the M-E analyses for fatigue.

For the AC, moduli at 20°C (68°F) from the flexural fatigue
tests and the temperature slope (A,) from the backcal culations
shown in Table 5 were used to represent the stiffness moduli
in the permanent deformation analysesto be described in Sec-
tion 4.3. The values for both A, and A, for the mixes used in
these analyses are summarized in Table 9. Comparison of
some of the A, values for sections 1-25 with those shown in
Table 5 reflect the inclusion of additional flexural stiffness
data from the fatigue test program.

The coefficients for sections 35-55 were established from
theregressions shown in Figures 21 and 22 using the flexural
fatigue test stiffnesses at 20°C (68°F) and the shear stiff-
nesses at 50°C (122°F) from the RSST-CH test. The flexural
stiffnesses were divided by the factor 0.9 and shear stiff-
nesses were multiplied by the product of afactor of 3 (equa
tion 13 with v = 0.5) and the regression factor 5.832. When
thedatawere plotted as shownin Figures 17 and 18, the aver-
age slope of —0.0610 shown in Table 9 was obtained. This
procedurewasfollowed inlieu of FWD analyses of thesetest
sections.

4.2.5 Additional Stiffness Analyses

For the mechani stic anal yses used to assessfatigue response,
the mix stiffnesses obtained from the flexural fatigue tests
werealso used. With these data, regression analyseswere per-
formed on the results of 186 fatigue tests on the field-mixed/
field-compacted (FMFC) mix, primarily at 20°C (68°F) and
with limited data at 5°C (41°F) and 30°C (86°F).

Results of the analyses are represented by the following
equations:
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+ Fine and fine plus mixes (127 tests)

In Stiff = 11.4677 — 0.0827V,; — 0.2285P,q,

—0.0579T R2=0.85 (14
+ Coarse mixes (59 tests)
In Sff = 11.4707 — 0.0576V,;, — 0.2142P,, (15)

—0.0606T R2=0.79

where

Siff = mix stiffness, MPa (1 ksi = 6.9 MPa),
V;, = air void content, percent,
P.s = asphalt content, percent, and
T = temperature, °C (°F = 1.8°C + 32).

Comparison of the mix stiffnesses for the original sections
in Table 9 with those predicted by the regression equationsfor
specific asphalt and air void contents are shown in Figure 23.

4.2.6 Summary

The moduli used in Sections 4.3 and 4.4 have been devel-
oped from | aboratory-determined stiffnesses (measured both
in flexural and shear) and from backcal cul ation of FWD data
determined over aperiod of time on thetest sections. Asseen
in Figure 23, the HMA moduli for both types of analysesare
compatible over the temperature range which occurred at
WesTrack and were used in the distress analyses to develop
performance models.

4.3 PERMANENT DEFORMATION
4.3.1 Introduction

The purpose of this phase of the investigation was to
develop models which can be incorporated in the PRS pro-
gram and which define the influence of asphalt content, air
void content, and aggregate gradation on the accumul ation of
permanent deformation (rutting) in the asphalt-bound layer.

Two levels of models have been devel oped: (1) those based
on regressions among measured performance, rut depth?, and
traffic loading and mix variables (termed level 1) and (2) those
based on M-E analyses using the same parameters (termed
level 2).

Data used to devel op these models include the following:

1. Measured downward rut depths and associated traffic
(interms of ESALS).

2 All performance models are based on rut depths measured from the original pave-
ment surface, that is, baseline to valley. Those values are somewhat |ess than those
measured from peak to valley in each rut.

2. RSST-CH data on FMFC specimens prior to the start
of and at the conclusion of traffic (termed post mortem)®
for the specific tests sections.

3. RSST-CH on laboratory-mixed/laboratory-compacted
(LMLC) specimensincluding:

a. study of specimensrepresenting sections4 and 25to
determine effects of temperature and shear stress
level on mix performance.

b. aggregate gradation study at North Carolina State
University (NCSU) to definethe effects of aggregate
grading variations on the performance of specimens
over ranges in air void contents, asphalt contents,
and aggregate gradations representing reasonable
specification tolerances for both the fine and coarse
gradings.

To assist in the development of the M-E models, a special
study of the effects of traffic wander on rut depth accumula-
tionswas also performed. This analytic study was conducted
by Dr. S. Weissman of Symplectic Engineering Corporation
using finite element simulations for different traffic wander
patterns including that used at WesTrack.

4.3.2 Regression Modeling

Two approaches, based on regression, have been followed
to devel op relationships among rut depth and traffic, environ-
ment, and mix variables (including asphalt content, air void
content, and aggregate gradation). Although the two methods
involvedifferent approachesto arrive at the performancerela
tionship, an expression of the following form has served as
the basis for both approaches:

In(rd) =ay + @, - Py @ Vi, +a3- P& tau- Vi
+a5- Py + 8- fa+a;- In(ESAL) + ag
. T--- + (interaction terms among the
variables)--- + (indicator variables (16)
representing the three aggregate gradings
used at WesTrack)--- + (indicator variable
for aggregate type, replacement sections)

where

rd = rut depth, mmor in.;
ESAL = number of 80-kN (18,000-1b) equivalent single-
axle loads,
P = percent aggregate finer than 0.075 mm (No.
200) sieve;

3 For example, sections 7, 9, 13, 21, and 25 were removed from consideration at about
1,460,000 ESALSs due to excessive rutting.



fa = percent aggregate passing the 2.36 mm (No. 8)
sieve and retained on the 0.075 mm (No. 200)
sieve; and

q ... &, = regression constants.

Thefirst approach (level 1A) involved a direct regression
among rut depth and traffic, environment (temperature), and
mix parameters. Using the individua rut depth measure-
ments up to about 2.0 x 10° ESALS, the ESALs correspond-
ing to each rut depth measurement, and the mix parameters,
this approach resulted in the following expressions:

For the fine and fine plus mixesin the original experiment,
the expression for rut depth (in inches) isasfollows:

In(rd) = -5.257 + 0.357 - In(ESAL) + 0.185P,¢,
+0.041Vy;, + 0.916P,, + 0.005T
(R2=0.67)

7~

where T = 90th percentile air temperature during the period
for which the rut depth was measured.

For the original coarse mix, the expression (in inches) is
asfollows:

In(rd) = —4.939 + 0.212 - In(ESAL) + 0.439 + P,g, (18)"
+0.044-V,, +0.034-T (R2=0.80)

For the replacement coarse mix (and for ESALst0 0.6 x 10°
rather than 2.0 x 10° as above), the expression (in inches) is
asfollows:

In(rd) = —6.204 + 0.190 - IN(ESAL) + 0.829 « P, (19)
+0.207 « Vy, (R2=0.63)

It will be noted that temperature does not appear in equa-
tion 19 for the replacement sections because the time inter-
val of measurement was comparatively short for the number
of ESALs used to develop the expression.

The second approach (level 1B) used the M-E model
described in Section 4.3.3 to develop regressions relating rut
depth totraffic (ESALS) and mix propertiesdescribed earlier.
A total of 23 of the 34 test sections, those with no or little
fatigue cracking, were used in the analysis; these included
17 original and 6 replacement sections.*

* |f the temperature term were not included (because the regressions were not signif-
icantly improved with it), the following expressions are obtained:
a. for fine and fine plus mixes ((1L.8 x 10° ESALS):

In(rd) = —4.966 + 0.343 IN(ESAL) + 0.192P,, + 0.042 - Vi, + 0.196 - Pary
(R =0.66)

b. for coarse mixes ((0.85 x 10° ESALS):
In(rd) = —6.852 + 0.449 IN(ESAL) + 0.504 - Py + 0.045+ \y, (R =0.76)

4Original sections: 1, 4, 7, 9, 11, 12, 13, 14, 15, 18, 19, 20, 21, 22, 23, 24, and 25;
replacement sections: 35, 37, 38, 39, 54, and 55.
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For each section, the parameters a and ¢ (see equation 20)
were determined to provide the best fit between measured rut
depths and traffic for the WesTrack conditions of traffic and
temperature. Using these parameters, the accumulation of rut
depth in each section was then determined for a period of 10
years with the traffic (WesTrack axle loading) applied at the
rate of 60 vehicles per hour continuously throughout the 10
years. The temperature environment was that for WesTrack
and was assumed the same for each year of the analysis
period.

ESALSs were then determined for each of the 23 sections
for rut depths of 2.5 mm to 17.5 mm (0.1 in. to 0.7 in.) in
incrementsof 2.5 mm (0.1in.). Table 10 contains asummary
of these results.

Various regressions were then applied to the datato obtain
the effects of traffic and mix parameters on rut-depth accu-
mulation. Results of six considered most suitable are summa-
rized in Table 11. Comparisons of rut depths predicted by
three of theregressions of Table 11° and equations 17, 18, and
19 are shown in Figures 24, 25, and 26 for three sections.®

4.3.3 Mechanistic-Empirical Modeling (Level 2)

M-E modelswere devel oped to represent the behavior of the
pavement sectionsat WesTrack using the procedure described
in this section. These models provide abasisfor extending the
results of WesTrack to other traffic conditions and environ-
ments and for developing regression models for use in the
level 1 analyses. Results of thelatter were presented in the pre-
vious section.

Approach. For the analysesreported herein, the pavement
is assumed to behave as a multilayered elastic system. The
pavement structure representative of the WesTrack pave-
ment is shown in Figure 27. Moduli for the different AC sec-
tions and layers were developed as described in Section 4.2
of Part 11. Equation 11 was used to determine the moduli with
the coefficients A, and A, obtained from Table 9; a constant
Poisson’s ratio of 0.35 was assumed. Moduli for the base
courses for the south and north tangents were assumed to be
the same, 138 M Pa (20,000 psi); a Poisson’ sratio of 0.40 was
used for this material. Representative values of the subgrade
moduli for each month of the year were obtained from equa-
tion 12, values for which are shown in Figures 21 and 22.
Poisson’ s ratio for the subgrade was assumed to be 0.45.

Theanaysisconsisted of determining thethree parameters
1, Y& and €, 7 on an hour-by-hour basis. Measured tempera-
ture distributions were used to define the moduli of the AC
which was subdivided into three layers from top to bottom

5 Defined by their R? values.
8In Figures 24, 25, and 26, level 1B-1 corresponds to regression 3, level 1B-2 to
regression 5, and level 1B-3 to regression 6.
1, y® = elastic shear stress and strain at adepth of 50 mm (2 in.) below outside edge
of tire.
€, = elastic vertical compressive strain at the subgrade surface.
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with thicknesses, respectively, of 25 mm (1 in.), 50 mm
(2in.), and 75 mm (3 in.) to simulate the effects of tempera-
ture gradients on mix stiffness.

In this modeling, rutting in the AC was assumed to be con-
trolled by shear deformations. Accordingly, the computed val-
ues for T and y® at a depth of 50 mm (2 in.) beneath the edge
of thetirewereused for therutting estimates (Figure 27). Den-
sification of the AC was excluded in these estimates because
it has acomparatively small influence on surface rutting.

In simple loading, permanent shear strain in the AC was
assumed to accumul ate according to the following expression:

y' =a- exp(bryen°) (20)
where
y' =permanent (inelastic) shear strain at a 50-mm
(2-in.) depth,
T = shear stress determined at this depth using elastic
analysis,

y® = corresponding elastic shear strain,
n = number of axle load repetitions, and
a, b, c =regression coefficients.

The time-hardening principle was used to estimate the
accumulation of inelastic strainsin the AC under in situ con-
ditions. The resulting equations are as follows:

8 = a- exp(bryj) (21
yi=alAn]° (22)
v = a[(y-/a)" + Anj° (23)
where

j =jth hour of trafficking,
yf = elastic shear strain at the jth hour, and
An, = number of axle load repetitions applied during the
jth hour.

The concept isillustrated schematically in Figure 28.
Rutting in the AC layer due to the shear deformation was
determined from the following:

rdac = Ky] (24)

For a 150-mm (6-in.) layer the value of K has been deter-
mined to be 5.5, when the rut depth (rd) is expressed in
inches (50).

To estimate the contribution to rutting from base and sub-
grade deformations, a modification to the Asphalt Institute
subgrade strain criteria (16) was used. The equation express-
ing the criterion for 13 mm (0.5 in.) of surface rutting is as
follows:

n=1.05x 107 g4 (25)

where

n = the allowable number of repetitions and
€, =the vertical compressive stain at the top of the sub-
grade.

Because these criteriado not address rutting accumulation
in the pavement structure, rut depth (rd) contributed by the
unbound layers was assumed to accumulate as follows;

rd=dn® (26)
where d, e = experimentally determined coefficients.

Least squares analyses for the WesTrack data suggest that
thevaluefor d in equation 26, using the Asphalt Institute cri-
teria, isasfollows:

d=1f/[1.05 x 107° g;*44]¢ (27)
wheref =0.14 and e = 0.372.

Using the time-hardening principle, as was used for the
AC, rut depth accumulation can be expressed in aform sim-
ilar to equation 23:

rd, = d[(rdy_,/d;)¥03"2 + An;]°%7 (28)

The framework for rut-depth estimation, using equations
20, 23, and 28, isillustrated in Figure 29. This approach has
a distinct advantage over the direct regression approach; it
permits prediction of rut depth as a function of traffic and
environment as well as afunction of the mix parameters.

Initially, 13 sections® were used to calibrate the coeffi-
cients of equations 20 and 26. While avalue of b in equation
20 of 0.0487, based on RSST-CH tests, was used initialy,
subsequently a value of b = 0.071 (10.28 in Sl units) was
determined to provide better correspondence between mea-
sured and computed rut depths (initially all the computations
werein U.S. units). Thislatter value has been adopted for all
subsequent analyses.

Using the procedure illustrated in Figure 29, least squares
regression provided values of a and c for each of the 23 sec-
tions. Theseare summarizedin Table 12. It will be noted that
the average root mean square error (RMSE) for rut depth for
the 23 sectionsis1.30mm (0.051in.). Figures 30, 31, 32, and
33 illustrate comparisons between computed and measured
rut depths for WesTrack sections 4 (fine), 19 (fine plus), 7
(coarse), and 38 (replacement, coarse).

Using the values of a and ¢ shownin Table 12, the rut depth
versus ESALSs relationships for the 23 sections were then
determined by applying auniform traffic load of 60 trucks per
hour for a 10-year period and the temperature environment of

8Sections 1, 2, 4,5, 7,9, 13, 14, 15, 18, 21, 23, and 25.



WesTrack. This temperature distribution was assumed to be
the same for each year of the 10-year period.

Regressions using different mix parameters have already
been presented in Table 11 and comparisons made of the
results determined using direct regression and the regres-
sions based on the M-E analysis. Based on these results,
regression 3 of Table 11 should be used:

In(rd) = —6.1651 + 0.309941 In(ESAL)
+0.00294305V.% + 0.0688276P.3,
— 0.0657803P.g, * Pago + 0.600498 (fine plus) (29)
—1.59167 (coarse) + 2.35276 (replace)
+0.21327 In(ESAL) (coarse)
—0.140386 In(ESAL) (replace)

On the one hand, it will be noted that the results of this
equation and those of equations 17, 18, and 19 correspond for
anumber of the sections. On the other hand, the direct regres-
sion using these equations may be influenced more by early
rutting that occurred in some of the sections at WesTrack
than would appear reasonable. Thisisillustrated by theresults
for sections 1, 14, and 15 from the original 26 and for the
replacement sections (15).

To support the recommendation for the use of equation 29,
acomparison had been made between the results of the Wes-
Track loading (e.g., Figures 30 through 33) and those using
the extended time period analysis. The comparisonsare shown
in Figure 34.

Analyses of the data shown in this figure indicate the
following:

ESALsfor Slower Rates

0-1,000 Faster estimates exceed slower by
average of 147 percent.

1,000-10,000 Faster estimates exceed slower by
average of 25 percent.

10,000-100,000 Faster estimates exceed slower by
average of 36 percent.

100,000-1,000,000 Slower estimates exceed faster by
average of 4 percent.

1,000,000-10,000,000  The two averages are the same.

Rut Depth

0.1 Faster estimates exceed slower by
average of 55 percent.

0.2 Faster estimates exceed slower by
average of 38 percent.

0.3 Slower estimates exceed faster by
average of 16 percent.

04 Slower estimates exceed faster by

average of 6 percent.

At the larger ESAL levels and higher rut depths, the rate
of trafficking has little influence.
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To illustrate the influence of air void and asphalt contents
on mix performance, computations have been made using
equation 29 for the fine mix with a value of Py, of 5.5 per-
cent. The results are shown in Figure 35.

For dense-graded aggregate gradations like those at Wes-
Track but in different traffic and temperature environments,
the level 2 procedure can be followed. This requires the use
of values of a and c (termed field a and field c) which are
dependent on mix properties (e.g., asphalt content, air void
content, and aggregate gradation).

To this end, calibrations were performed with the data
which resulted from the analyses of the 23 test sections (Table
12) and represented by the results shown in Figures 30
through 33. Results of these calibrations provided the fol-
lowing expressions:

In(field @) = =10.0792 + 0.788273P.,
+0.0846995V;;, — 0.35808L1 fine
+ 0.225354 coarse — 4.52386 In(field ¢)
(R2=0.93)

(30)

In(field ¢) = —7.5834 + 1.051941P,,
+0.95641 fine plus + 0.66471 coarse (31
(R?=0.62)

Use of parameters based on these equations to estimate
rutting is termed the level 2A methodol ogy.

The approach described in this section thus far allows the
designer to use any traffic loading and temperature environ-
ment in the PRS (for PFs), solong asthe grading of the aggre-
gate used in the mix conforms to one of those used at Wes-
Track. For wider application, it would be desirable to have
relationships which are not limited solely to WesTrack-type
Mmixes.

An approach which isrecommended usesthe results of the
laboratory RSST-CH test and the mix variables—asphalt
content and air void content—to determine the field a and ¢
values. To abtain the requisite parameters, a series of regres-
sionswere performed, theresults of which areshownin Tables
13 and 14. From these analyses, regression 6in Tables 13 and
14 is recommended for use to define a and c for the level 2
procedureif mixesused are not similar to those at WesTrack.
This approach is referred to as level 2B.

Effects of Aggregate Gradation. The effects of varia-
tions in aggregate gradings on permanent deformation have
been difficult to ascertain from only the results of the perfor-
mance data for the field test sections. Accordingly, a study
was conducted to define the influence of aggregate grading
on mix rutting performance as measured in the RSST-CH.

For this study, test specimens were prepared by rolling
wheel compaction for mixes containing the target gradings
for the coarse and fine mixes and variations relative to these
gradings. For each mix, that is, coarse and fine, the experi-
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ment consisted of (three gradings) x (three asphalt contents)
x (three air void contents) x (three replicates) resulting in a
total of 162 shear test specimens. The tests were performed
at NCSU. Results of this test program as well as the shear
tests on cores from the various test sections prior to traffick-
ing have been used in the analyses described in this section.

Using the 23 sections and relating the field a to RSST pa-
rameters and asphalt content and air void content as neces-
sary, several models were investigated. For this effort, a
constant value for field ¢ was assumed; values for field a are
shown in Table 15. Various regressions were performed with
these values and the other mix data including the following:
asphalt content; air void content; mineral filler (Pxo) (i.€., per-
cent passing 0.075-mm [No. 200] sieve); and fine-aggregate
(fa) (i.e., percent passing 2.36-mm [No. 8] sieve and retained
on 0.075-mm [No. 200] sieve); and the RSST data. Table 15
lists the data used for these regressions.

Several modelsincluding asphalt content, air void content,
their squares, and the four RSST measurements [repetitions
to 5 percent strain, lab a and lab b (Figure 36), and G* at 100
repetitions] were examined. Six calibrations were accom-
plished with this model, each succeeding one recalibrated
with one fewer section from the previous by discarding the
most offending outlier. Table 16 shows the results of these
calibrations. From this evaluation, the most promising model
was selected; it included the parameter asphalt content squared
(PZ), and G*.

The results of the RSST-CH tests shown in Table 16 are
based on tests on FMFC cores taken prior to trafficking. To
use the NCSU data, it was necessary to recalibrate the mod-
elsrelating RSST resultsto mix parameters. Four of the mod-
els used are shown in Table 17.° The G* results were then
adjusted as shown in Table 18 and new field a values were
determined to define the effects of P,y and fa on mix rutting
performance; Table 18 lists these values as well. The model
in Table 17 with R? = 0.767 was used because it showed the
largest impact of the independent variables, particularly fine
aggregate, fa. Thisisillustrated in Table 19.

With these a values and the fixed ¢ value, ESALSs versus
rut depth (rd) relationships were generated for the range in
P,y and fa values shown in Table 18 for one asphalt content,
5.5 percent, and one air void content, 6.5 percent. An exam-
ple of the influence of these parameters on ESALSs to a rut
depth of 10 mm (0.4in.) isshown in Figure 37. A regression
between In(rd) and the independent variables In(ESAL), Pag,
fa, P, fa?, Pag * fa, Pag » IN(ESAL), and fa « IN(ESAL) was
then generated. With an adjusted R? of 0.973 and showing
only variables statistically significant at the 5 percent level,
the following is the resulting equation:

In(rd) =ay+a, IN(ESAL) + a,+ Py + a3« fa (32

9 As seen from Table 16, it was only necessary to treat G*.

where ay, a4, 8,, a; = regression coefficients shownin thefol-
lowing summary.

Value Standard Error P-value
Constant —2.04253 0.0855
In(ESAL) 0.362551 0.00373 0.0000
Paoo, & —0.0891765 0.00918 0.0000
fa?, ag —0.0001491935  0.0000204 0.0000

Inthisequation, rd isthe downward rut depth expressed in
millimeters. The Py, and fa contents are expressed as per-
centages by weight of aggregate. The dataset used for the
calibration encompassed rut depths from 2 mm to 18 mm
(0.08in.t00.71in.), Pxy contentsfrom 5to 7 percent, and fa
contents from 20 to 36 percent. The equation cannot be used
with confidence outside these ranges.

The effects of this model are demonstrated in Figures 38
through 41. The influence of mineral filler and fine aggregate
on ESALstoagivenrut depth areillustrated by Figures 38 and
39. The effect seemsto be significant, at least for the Poy. One
might envision acontractor missing the Pxy, target by 2 percent
and, hence, reducing the rutting life by about 50 percent.

Asindicated by Figures 40 and 41, the effect of Py, and fa
on the rut depth at agiven level of ESALsis much less dra-
matic. For trafficking at alevel of 10 million ESALS, the rut
depth decreases from 25.5 mm (1 in.) a 5 percent Py, to
21.3mm (0.84in.) at 7 percent mineral filler (both for 28 per-
cent fa). For the same level of trafficking, the rut depth
decreases from 24.7 mm (0.97 in.) at 20 percent fa to
21.6 mm (0.85in.) at 36 percent fa (both for 6 percent Pyy).

4.3.4 Summary and Recommendations

In this section, a series of models have been presented to
define the effects of mix variables on permanent deforma-
tion. These models have been divided into two levels: level
1 based on direct regression and level 2 based on a combina-
tion of M-E modeling and regression.

For the level 1 analyses, equation 29 is recommended for
use. This equation is recommended because it tends to min-
imize the effects of some of the early rutting observed in
some of the WesTrack sections.

Thelevel 2 analyses, using an M-E procedureincorporating
layered elastic analysis, permit the use of different tempera
ture regimes and traffic distributions than those occurring at
WesTrack.

The level 2A procedure provides a direct use of mix pa
rameters to define the parameters a and ¢ to be used in the
rutting procedure for a specific mix representative of one of
the types used at WesTrack. This procedure requires the use
of equations 30 and 31 to define the a and ¢ parameters for
the specific mix under consideration so long as it conforms
to one of the three general mix types used at WesTrack.



Level 2B requires that the RSST-CH be performed on the
specific mix which isintended for use in the pavement sys-
tem and the use of the regression equationsfor a and ¢ shown
in Tables 13 and 14 (regression no. 6).

4.4 FATIGUE CRACKING

4.4.1 Introduction

Aswith permanent deformation, the objective has been to
provide models which can be incorporated in the PRS pro-
gram and which define the influence of asphalt content, air
void content, and aggregate gradation on the devel opment of
fatigue cracking in the AC layer.

Two levels of models have been developed: those based
on regressions between fatigue cracking, traffic loading, and
mix variables (level 1); and those based on M-E analyses to
predict performance based on laboratory-measured fatigue
response and stiffnesses of the pavement layers (level 2).

4.4.2 Regression Modeling

In Section 4.4.3, it will be noted that linear regression is
used to relate load repetitions associated with fatigue dam-
age and mix variablesin the laboratory tests. For direct com-
parisons of field performance (cracking) and mix variables,
however, linear regression was not considered appropriate
because of sample hias (i.e., it only considers mixes which
cracked). Accordingly, two models were devel oped: a Probit
model for crack initiation and a continuous model for crack
propagation in which the dependent variable is the expected
value of wheelpath cracking. For crack initiation, the Probit
model was selected because it permits the use of observed
field performance datafor all 26 original test sections. In the
Probit model, the dependent variable is the indication of
cracking termed INDCR. For each condition survey, if crack-
ing is observed, INDCR = 1; otherwise it has a zero value.

For a10 percent probability of cracking, the model for fine
and fine plus mixes from the original sectionsis asfollows:

Prob(INDCR = 1) = ®[-49.502 + 4.88 - In(ESAL)
~5.245+ P, + 1148+ \/;,
- 2301P200]

(33) 10

where @ is the cumulative density function of the normal
distribution.

For the coarse mixesin the original sections, the model is
asfollows:

10 An dternative relation without the P,y term is as follows:

Prob(INDCR - 1) = ®[~75.832 + 5.234 - In(ESAL) — 3.072P,;, + 1.050V;,]
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Prob(INDCR = 1) = ¢[-47.151 + 5.293 « In(ESAL) (34)
—5.996 « P, +0.450 « V]

Examples of the performance predicted by these equa-
tions are shown in Figures 42, 43, and 44. It will be noted
that both asphalt content and degree of compaction (as mea-
sured by air void content) have a significant influence on
fatigue performance.

Unfortunately, the PROBIT form of the level 1 fatigue
model was not conducive to incorporation within the PRS
software. What was required was a model which would cal-
culate the percentage of fatigue cracking directly. Therefore,
aseriesof mathematical adaptationswas performed using the
PROBIT model to develop models which could directly cal-
culate the percentage of fatigue cracking. These models are
presented as equations 35 and 36. A complete discussion of
the mathematical steps taken as a part of these adaptationsis
provided in Appendix A of Part I1.

Composite Model for Fine-Graded Mixes

FC (%) =[1.2313 + 0.071655 * log(ESAL)
+0.2358 * log(¢e) + 0.061193 » log(E*)
—0.034086 * P, + 0.0074593 * V,;
—0.014954 * ono] 154.04

(35

Composite Model for Coarse-Graded Mixes

FC (%) = [1.2850 + 0.07478  log(ESAL) + 0.2461
« log(e) + 0.06386 « log(E*) — 0.036791  (36)
* Py + 0.002761 * V14772

where

FC (%) = percent of thewhedl path areaexhibiting fatigue,
€ = maximum tensile strain in asphalt layer (in./in.),
and
E* = asphalt mixture dynamic modulus (psi).

For crack propagation, a continuous regression model was
developed in which the dependent variable is the expected
value, |E|, of wheelpath cracking (CRX):

|E| =[log (CRX) | INDCR = 1] (37

where

|E| = expected value of wheelpath cracking,
CRX = extent of cracking (percent of wheelpath), and
INDCR = indicator of cracking present (1) or absent (0).

This equation is a function of the same variables as the
model for crack initiation and includes a correction factor
for selectivity bias. Parameters for this model for the fine
and fine plus and coarse mixes are as follows:
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Fine and Fine Plus Coarse
Value P-value Vaue P-value
constant -7.98 0.000 116 0.000
ESALs +0.176E-05 0.000 +0.105E-5 0.000
Pap -1.23 0.000 +105 0.000
Vi +0.659 0000 -213 0.000
Paoo +0.382 0016 -27.1 0.016
correction, A  +2.2 0.000 -0.604 0.130
R? 0.56 051
where
P-value = probability of rejecting atrue hypothesis (type |
error) and
A = correction factor tofit expected valueto observed
values.

4.4.3 Mechanistic-Empirical Modeling

The approach used to predict fatigue cracking within the
M-E framework includes flexural fatiguetesting of thefine,
fine plus, and coarse mixes; and performance predictions
based on the models devel oped during SHRP that have been
(a) extended to efficiently treat in Situ temperaturesand (b) cal-
ibrated to the Caltransflexibl e-pavement design methodol ogy.
The refined models have been used previoudly in interpreting
the results of the Cdlifornia heavy vehicle smulator (HVS)
testing of pavement sectionsin the CAL/APT program (17).

As with the permanent deformation analyses, the pave-
ment is treated as a multilayer elastic system. Figure 45 rep-
resents the idealization of the WesTrack pavement structure
for the analyses performed herein. Modulus values for the
base and subgrade are those reported in Chapter 2 of Part 11
for the north and south tangents of the test track. Stiffness
moduli for the AC were represented by equations 14 and 15
for the fine and fine plus and coarse mixes, respectively.

The damage determinant for fatigue which has been used
istheprincipal tensile strain, €, at the underside of the asphalt-
bound layer, Figure 45. Results of the laboratory fatigue tests
on the three FMFC mixes from the original sections are as
follows:

Fine mixes

In Ny =-27.0265 —0.1439V,;; + 0.4148P,,

—4.68%4 In¢, R2=0.88 (38)

Fine plus mixes

In Ny =-27.3409 — 0.1431V,; + 0.4219P,,
+0.0128In T -4.6918In ¢, R>=0.88 (39

Coarse mixes

InN¢ =-27.6723 — 0.0941V;;, + 0.6540P,q,

+ 0.0331T —4.5402 In & R2=0.92 (40)

where

N; = fatigue life load cycles;
V,; = air void content, percent;
P.s = asphalt content, percent;
T = temperatureat 150 mm (6in.), °C (°F=1.8°C + 32);
and
€ = maximum tensile strain.

Simulation of performance of the 26 sections covered the
time period March 3, 1996, through October 2, 1998. The
approach is summarized as follows.

Approach to Performance Simulation. The framework
for the analysis of the performance of thetest sectionsisillus-
trated in Figure 46. The simulations attempted to reflect not
only the influence of mix variables on the stiffness and fatigue
characteristics of the 26 mixes, but also the following: traffic-
hourly variations and wander; temperature-hourly variations
with depth; and variations in subgrade stiffness according to
Figures 19 and 20.

The stiffness and fatigue response for the various WesTrack
mixes are represented by equations 14, 15, 38, 39, and 40. It
will benoted for thefine and fine plusmixesthat only one stiff-
ness rel ationship has been devel oped but separate fatiguerela
tionships are used. Temperature data for the test site were
obtained from the WesTrack database. Temperature at the bot-
tom of the 150-mm (6-in.) AC layer, T,, was determined on an
hourly basis as was the temperature gradient, which is defined
in thisinstance as follows:

= Tso — Tiso
9= 100 (41)

where

Ty, =temperature at 50 mm (2 in.) depth, °C and
Tiso = temperature at 150 mm (6 in.) depth, °C.

Equation 12 was used to determine the subgrade stiffness
on adaily basis.

To stratify the datain cells, subintervalswereidentified for
each of the variables asfollows:

1. for T, °C (°F): -10to 0 (14 to 32), 0to 10 (32to
50), 10 to 20 (50 to 68), 20 to 30
(68 to 86), 30 to 40 (86 to 104), 40
to 50 (104 to 122)

-0.15 to -0.1, -0.1 to —0.05,

-0.05to 0, 0 to 0.05, 0.05 to 0.1,

0.1t00.15

3. for Eqp, MPa (ksi): 90 to 95 (13.1 to 13.8), 95 to 100
(13.8t0 14.5), 100 to 105 (14.5to
15.2), 105 to 110 (15.2 to 16.0),
110 to 115 (16.0 to 16.7), 115 to
120 (16.7 to 17.4)

2. forg:

While atotal of 6 x 6 x 6 = 216 cases were identified, not
every combination contained observed field data with the



result that the number was reduced to 110 cases. Mean val-
ues were then developed based on the frequency of occur-
rence of specific values in each of the cells for the three pa-
rameters. It should be noted that Eg,, would be the same for
24 hoursin asingle day.

To evaluate the maximum principal tensile strain at the
underside of the AC, while taking account of the change in
stiffness astemperature varies with depth, thislayer was sub-
divided into three sublayers, each with athickness of 50 mm
(21n.). While the stiffness of the AC changed with tempera-
ture and subgrade stiffness varied with season, the modulus
of the base was maintained at a constant value of 172.4 MPa
(25,000 psi). Strains were calculated using the multilayer
elastic analysis program CIRCLY (19).

Because the stiffness of the AC mixes varied both with air
void content and asphalt content (equations 14 and 15), a
range of these parameters was used which encompassed the
measured values. This required 110 x 3 x 3 = 990 cases for
both the fine and fine plus mixes and the coarse mix. For each
case, strains were determined at 51 points on the underside
of the AC. Figure 47 illustrates the variation of tensile strain
throughout the AC layer and Figure 48 the variation of strain
with offset from the centerline of the dual wheelsat the under-
side of thislayer.

To simplify the computations of damage, a function was
fit to the strain distribution, an example of whichisshownin
Figure 48. Thiswas accomplished by superimposing the strain
distribution for each tire assuming normal distributions of
strain resulting from both tires. The equation resulting from
this superimposition has the following form:

_ A
f(my, my,0) = ov2m
20 ,_ (42
- O (x—my)? mo exp 0 (x—-m)*
0 207 O 202 [H
where
x = offset (m),

A = multiplication factor,

m, = mean position of the |€ft tire strain distribution,

m, = mean position of theright tire strain distribution, and
o = standard deviation for both normal distributions.

From Figure 48, it will be noted that an expression based
on equation 42 is suitable to represent the tensile strain dis-
tribution using the parameters m,, m,, A, and o.

The next step was to relate m;, m,, A, and ¢ to the pa
rameters Ty, 0, Eqp, Var, @nd Py, to define a strain function
representative of all possible combinations of the material
and environmental variables for the WesTrack pavements.

Results of the regressions for the four parameters of equa-
tion 42 as a function of the five material and environmental
variables are summarized in Table 20 for the coarse mix and
Table 21 for the fine and fine plus mixes. Some of the terms
shown in these tables are defined as follows:
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Ty, « g = product of the temperature at the bottom of
the AC and the temperature gradient.
Ty + Egp = product of AC temperature (at bottom) and
subgrade modulus.
(Ty » g)? = sguare of product of bottom AC temperature
and temperature gradient.
square of product of bottom AC temperature
and subgrade modulus.
Th » g+ Vi = product of bottom AC temperature, tempera-
ture gradient, and air void content.
= product of bottom AC temperature, tempera
ture gradient, and asphalt content.
Ty * Egi « Vair = product of bottom AC temperature, subgrade
modulus, and air void content.
Ty » Eqp * Py = product of bottom AC temperature, subgrade
modulus, and asphalt content.

(Tb sub)2

Tpe g+ Pg

To illustrate the fatigue performance simulation, results
for section 8 are used as an example.

The first step is to construct the basic input matrix which
contains Ty, g, Egy, Var, @nd Pag, 0n @n hourly basis:

|:Tb g Esub VaJr PaspD
Input Matrix = O : 0 (43)

: 51943x5

The number 21943 represents the total number of hours
during which traffic was applied at WesTrack.

The strain function matrix for each hour can likewise be
generated:

ay m, 0 AD
Strain Function Matrix =0: @ : 0 (44)

: %1943x4

The four parameters define the shape of the tensile strain
versus offset relationship, which isacontinuous function for
each hour. Thus, thetensile strain can be determined for wan-
der with any offset. Thelocation which incursthe most dam-
age is defined asthe local maximum when the applied traffic
isina“nowander” position. To determine the location of the
local maximum tensile strain the Newton-Raphson algorithm
was used.

For the WesTrack wander pattern, astrain matrix for apar-
ticular section, in this case section 8, can thus be formed:

strn8 =
oL 4L 3L 2L 1L Center 1R 2R 3R 4R SRD
0. - e 0 (45)

E : : : : : : : : : 51943)(11

where 5L ... 5R represent the 11 positions of the truck sensors.

Once the strain has been cal culated for each point for each
hour, cyclesto failure are obtained from the |aboratory fatigue
relationship:
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O Vair O
| o: o0
(Nf)sections = €XPH27.6723 —0.09417 :
0 H: H
' (46)
Pasp Ju0O B
Oo: 0 0: O
+0654 : [+ 0.03310: - 4.5402 - In(&;) section 80
O:. 0O 0. 0O ad
O: 0O 0: 0 O

This, likethe other matrices, hasadimension of 21943 x 11.
The next step wasto form the ESAL s matrix with the same
dimensions as equation 46:

bs. Es BEsi Ex By B
n-ESALs=0: : : : : :
: (47)11

ErEr Esr Esr EsgO

R : : U

: 51943x11

Cumulative damage was then determined using the lin-
ear sum of cycle ratios (cumulative damage by Miner’s
hypothesis):

5=t (48)

where

n; = applied ESALSs for each entry of the ESALSs matrix
(i.e., for theith time period ) and

N; = number of load applications to failure for section 8
from the strain matrix (for the i th time period).

The matrix for this computation was as follows:

Bt B B B Bu Eeene
_ESALs _ (Ni Niw Nio N N Ny
(Nf)SectionS 0

0: : : : : : (49)

Er Exr Er Ewr ErO

a
a
(rg43x11

NflR N_sz N_f3R NfAR NTSRD

The summation of then; /N, ratiosfor each hour represents
the damage caused by thetraffic in that hour. The cumulative
damage versus cumulative hourly ESALs can then be plotted
as shown in Figure 49. In this figure, damage development
for the WesTrack wander pattern and the without wander pat-
ternis shown. It will be noted that a considerable difference
in ESALs was obtained for the two conditions.

11 Repetitions were uniformly distributed to the 11 positions when the trucks were
operated with drivers.

The question arises as to the definition of fatigue damage
as determined by this procedure. To thisend, it is necessary
to compare the predictions of crack initiation with measure-
ments of surface cracking in the field. Table 22 summarizes
predicted ESALsto crack initiation without and with wander
and ESALSs corresponding to observed fatigue cracking of
10 percent and 50 percent. These results are shown in Fig-
ures 50, 51, and 52. Table 23 lists construction variationsin
mix and structural characteristics.

In Figures 50 through 52, for a given test section, the first
diamond point corresponds to predicted crack initiation based
on the no-wander condition while the second diamond point
correspondsto that with wander. Thefirst x-mark corresponds
to 10 percent observed surface cracking while the second
x-mark corresponds to 50 percent surface cracking.

An analysis of the data shown in Figures 50 through 52
suggests the following:

For the coarse mixesin which crack initiation was predicted
inthefirst summer, surface cracking appeared during the win-
ter immediately following. This suggests that crack propage-
tion timein the coarse mixes (of the type used at WesTrack) is
relatively short, particularly if a cold period immediately fol-
lowsawarm period leading to crack initiation when the strains
are comparatively large.

On the other hand, the time between crack initiation and
the appearance of surface cracks is substantially longer for
the fine and fine plus mixes.

These data al so suggest that the use of asingle shift factor
to relate laboratory damage to that observed in the field may
not be appropriate for the coarse and fine and fine plus mixes,
such afactor would be higher for the fine and fine plus mixes
than for the coarse mix.

In spite of these differences, however, the test results sup-
port earlier studies stressing the importance of proper com-
paction and controlled asphalt content (17). Thisisparticularly
important for the coarse mixes. In addition, the results demon-
dtrate the feasibility of the M-E approach and the breadth of
its capabilities, including wander effects.

Suggested Proceduresfor Performance Prediction. To
usethemethod described herein for aspecific situation requires
a measure of the stiffness characteristics of the asphalt-
aggregate mix according to the form of equations 14 and 15.
If such an equation is not available, the general stiffness
equation developed for AC mixes by Witczak can be used.
Stiffness characteristics of the other pavement components
arealso required to determine tensile strains using multilayer
elastic analysis.

A fatigue relationship is required for the mix under con-
sideration. It isrecommended that thisrelation havetheform
of equations 38, 39, and 40. If such an expressionisnot avail-
able then one of the following expressions can be used (for
dense-graded HMA only):

1. Fatigue expression used in the Asphalt Institute mix
design methodology, including the correction factor for
asphalt content and air void content (16).



2. The fatigue expression developed during the SHRP
program and representative of mixes containing 16 dif-
ferent asphalt cements (51).

With this information, the framework shown in Figure 53
should be followed. Rather than using traffic wander as
described in the analysis of the WesTrack pavements, the use
of ashift factor is recommended as seen in this figure. Some
of the elements of this approach are briefly described in the
following paragraphs.

The approach shown in Figure 53 isbased on that described
in reference 19. This system specifically considers the mean
and variance of asphalt content, air void content, and AC
layer thickness.!?

It is recommended that the distribution of fatigue lives be
determined by a Monte Carlo simulation for the specific sec-
tion under consideration. This requires that a random selec-
tion be made of the variablesunder consideration (i.e., asphalt
content, air void content, and AC thickness).

Each of the Monte Carlo simulations produces an inde-
pendent estimate of the laboratory fatigue life, N. The cor-
responding, simulated in situ fatigue life is determined by
applying ashift factor, S, and atemperature conversion fac-
tor, TCF, asfollows:

insitulife= (N« SF)/TCF (50)
Suggested shift factors are as follows:

» For WesTrack-type mixes, that is, mixes having Super-
pave-type aggregate gradationsin the coarse or fine areas
of the 0.45 grading chart, approximate values of SF are
asfollows:

coarse mix 2-3
fine mix 1020

+ For other types of dense-graded mixes prepared with
conventional asphalt cements:

SF=32x10%¢*® for g >0.000040 (51)

The TCF is dependent on region and appearsto follow an
equation of the form:

TCF=aln(ta) + b (52)

where

tac = asphalt layer thickness, cm and
a, b = coefficients dependent on region.

For three California locations these coefficients are as
follows:

12 Aggregate gradation can also be considered, although it did not appear specifically
in equations 38, 39, and 40 for the three mixes used in the experiment.
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Location a b

Cdlifornia coastal region 1.754 -2.891
High desert 2.102 -3.884
Mountains (elev. ~1300 m) 1.448 -2.475

From the results of these computations, the effects of the
mix parameters can be defined. For example, the effects of
as-constructed air void content on pavement performance
might take the form shown in Figure 54.

It is recommended, however, that a procedure like that
described in reference 51 be followed to determine the TCF
for a specific locale.

From the results of these computations, the effects of the
mix parameters can be defined. For example, the effects of as-
constructed air-void content on pavement performance might
take the form shown in Figure 54. The results are based on
assumptions for construction variations shown in Table 23.

4.5 SUMMARY AND RECOMMENDATIONS

For fatigue, two models have been presented to define the
effects of mix and structural (HMA thickness) variables on
performance. Thelevel 1 model isbased on direct regression
using a Probit model rather than linear regression, while the
level 2 model is based on M-E analysis.

Thelevel 1 model does not include the effects of thickness
because only onethickness of HMA was used in thetest pave-
ment. While not recommended for use at this time, a Probit
regression model isincluded in Appendix A that does incor-
porate HMA thickness asaparameter. Thismodel wasdevel-
oped by combining the results of the WesTrack experiment
with a performance model for fatigue developed as a part of
the CAL/APT program. Comparisons of the results of the
WesTrack model with the Caltrans fatigue model indicate
that the WesTrack model shows more effect of asphalt con-
tent and less effect of air-void content on mix performance
than the Caltrans relationship shows.

For the level 2 model, the user should measure stiffness
and fatigue response characteristicsin the laboratory to define
the effects of mix variables for mixes representative of the
area. If thisis not feasible, guidelines are provided for data
that might be used, depending on the type of mix.

Simulations of mix performance at WesTrack show sim-
ilar effects of compaction and asphalt content on fatigue per-
formance to those that have been reported elsewhere (e.g.,
reference 52). The simulations also indicated that cracks,
once formed, appeared to propagate more quickly in the
coarse mixes at WesTrack than they did in the fine and fine
plus mixes.

Finally, the results of the analyses presented in this chap-
ter reinforce the effectiveness of the M-E approach in defin-
ing performance models for fatigue in HMA.
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Performance Models

Permanent Deformation Fatigue Cracking
(Rutting)
| | |
Level 1 Level 2 Level 2
(Mixes with aggregate gradings similar to WesTrack mixes) (M-E Analysis)
|
!—I—\ I I |

Level 1A Level 1B Level 2A Level 2B Level 1 Use of WesTrack Use of published data, Use of local mix

Direct regression Regression of rut M-E analysis M-E analysis Direct regression data. for example: characteristics.

(26 original and 8 depth vs. ESALS parameters for parameters for (26 original * Mix stiffness * Mix stiffness « Stiffness
replacement relationships from analysis from analysis from sections). « Fatigue response (Witczak expression) « Fatigue
sections). M-E analysis regressions regressions « TAI fatiguerelation
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10-year traffic laboratory shear cracking
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Figure12. Performance model framework.
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TABLE 4 Regression coefficientsfor predicting surface deflection in mils (in. x 107%)

L ocation of Deflection M easurement
Oin. 12in. 18in. 24in. 36in. 48in. 60in.
dy 13.8648 13.0839 13.2415 10.5328 10.8222 12.7046 10.6819
d; -0.371352 0.319609 -0.262585
d, -0.391083 -0.496013 -0.432364 0.278526
d, -0.266685 -0.604232 -0.803025 -1.20533 -1.24694 -1.04706 -0.980988
d, 0.018388 -0.022779 -0.017578 -0.018072 0.0044371 0.016013 0.0029934
ds 0.010939 0.024924 0.031176 0.020782 -0.005306
dg 0.050517 0.025249 -0.022723 -0.032615 -0.034235 -0.015758
d, 0.018400 0.029459 -0.044980 -0.049409 -0.029396 -0.006990
dg -0.061446 0.016903 0.041682 0.063360 0.045230 0.019796
dy -0.034141 -0.069783 -0.044341 0.032084 0.040621 0.0232921
Adjusted R? 0.993 0.992 0.991 0.984 0.993 0.991 0.997
1in.=25.4mm
TABLES5 FWD calibration of asphalt-concrete modulus (psi)
Section A, A,

1 14.52140 -0.05870

2 14.52709 -0.05870

3 14.151166 -0.05870

4 14.80929 -0.05870

10 14.01662 -0.05870

11 14.74919 -0.05870

12 14.78954 -0.05870

14 14.69831 -0.05870

15 14.73147 -0.05870

16 14.31987 -0.05870

17 14.24529 -0.05870

18 15.30039 -0.05870

19 14.64752 -0.05870

20 14.39871 -0.05870

22 14.54525 -0.05870

1psi = 6.9kPa




TABLE 6 FWD calibration of base and foundation-soil moduli (psi)

Period Parameter South Tangent North Tangent

All E, 15,125 13,487
1 17,566 22,625
2 15,529 19,611
4 15,498 19,476
5 15,601 19,121
6 15,293 18,312
8 15,931 22,114
10 15,737 20,269
12 16,743 20,960
14 17,868 21,725
16 18,412 22,929
18 E; 18,381 23,422
20 17,889 22,324
22 16,638 20,583
23 16,365 19,023
24 16,092 18,511
25 16,271 17,755
26 16,720 18,929
27 15,153 17,575
29 14,524 16,843
30 15,270 16,882
32 14,003 15,737
D, 16,560 20,205

All D, 1,508 2,085

D, 249 237
1psi =6.9kPa

TABLE 7 Stiffnessranking of asphalt concrete

Gradation Section Asphalt Content Air Void Content | Modulusat 40°C, psi
South Tangent
12 Medium Low 253,073
Fine Plus 11° Medium Medium 243,064
10 Low High 116,834
4 Medium Low 58,119
2 Low Medium 194,654
Fine 1 Medium Medium 193,549
3 Low High 133,659
North Tangent
19° Medium Medium 219,565
Fine Plus 22 Low Medium 198,222
20 Medium High 171,201
18 High Low 421,795
15° Medium Medium 238,794
Fine 14 High Medium 231,007
16° Low High 158,222
17 Medium High 146,852

1psi =6.9kPa °F=1.8°C+32
#Sections 11 and 19 are replicates.
PSections 1 and 15 are replicates.
‘Sections 3 and 16 are replicates.

315
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TABLE 8 Comparison of laboratory and FWD moduli, psi, for base and
foundation soil (monitoring session 12), (1 psi = 6.9 kPa)

Layer South Tangent North Tangent
Laboratory FWD Laboratory FWD
Base 13,000 15,100 12,100 13,500
Engineered fill, top 14,100 6,800
Engineered fill, bottom 20,000 16,700 20,400 21,000
Foundation soil 11,000 16,800

TABLE 9 Asphalt concrete modulus coefficients
(unitsin ps) (1 psi = 6.9 kPa)

Section A, A,

1 14.21976 -0.0587
4 14,74661 -0.0587
7 14,61647 -0.0587
9 14,89291 -0.0587
11 14.77807 -0.0587
12 14,90155 -0.0587
13 14.53573 -0.0587
14 14.50107 -0.0587
15 14,46691 -0.0587
18 14.83194 -0.0587
19 14.53123 -0.0587
20 14.43511 -0.0587
21 14.81272 -0.0587
22 14.70827 -0.0587
23 14.95398 -0.0587
24 14.66365 -0.0587
25 14.78208 -0.0587
35 14.38958 -0.061
37 14.51254 -0.061
38 14.55094 -0.061
39 14.52325 -0.061
54 14.51352 -0.061
55 14.46777 -0.061
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TABLE 10 Calculated ESALstoarangein rut depthsfor a constant loading of 60 trucks/hour, WesTrack
environment

ESALstorut depth, mm

Section 25 5 75 10 125 15 175 Vair Pasp Pooo

1 29,074 251,404 831,362 3,550,521 9,204,959 18,393,845 8.6 5.69 51
4 237,866 599,311 1,351,031 2,749,240 3,864,101 5,897,509 7,027,092 6.9 5.24 4.4
7 84,864 151,996 228,542 314,463 408,580 514,224 633,857 7.6 6.28 6.4
9 112,102 234,310 354,895 495,961 651,559 856,315 1,82,572 3.2 6.07 52
11 125,722 480,784 2,462,380 6,497,720 12,923,651 8 55 55
12 124,467 432,955 1,621,198 5,010,419 9,009,756 15,410,728 3.8 5.35 6
13 97,741 225,370 356,261 515,817 707,210 949,954 1,267,213 6 6.01 5.7
14 11,326 161,090 355,056 944,083 3,077,436 6,514,499 11,823,166 77 6.22 4.9
15 39,936 284,778 2,076,480 6,677,759 16,396,184 8.8 5.55 52
18 195,225 662,190 2,761,024 6,111,670 9,973,295 15,985,377 4.6 6.22 5.1
19 19,027 180,022 369,765 1,004,788 2,988,489 5,978,874 9,412,470 6 5.41 5.8
20 8,440 92,110 234,988 496,663 1,380,383 3,223,884 6,329,363 104 5.4 52
21 77,863 175,415 255,902 345,482 455,783 557,570 687,693 3.6 6.25 5.4
22 7,204 179,666 935,083 8,775,292 6.9 4.76 53
23 70,740 224,658 448,097 897,434 2,231,212 3,299,976 5,360,025 5.8 5.78 7
24 27,329 105,115 203,216 305,852 447,490 634,911 927,712 75 59 6.6
25 60,039 152,845 235,175 333,994 459,260 587,192 765,171 31 6.33 6.7
35 911 3,389 47,871 375,276 2,188,005 3,488,886 8.75 6.12 5.6
37 2,944 26,353 85,269 217,944 462,894 1,212,221 9.55 6.14 5.7
38 874 31,622 492,565 3,012,096 7,270,697 17,146,982 7.7 5.55 6.2
39 1,582 46,361 491,444 2,713,246 5,423,741 10,975,692 55 5.94 5.7
54 887 2,864 44,521 276,554 2,008,271 2,999,958 7.3 6.11 5.8
55 2,347 28,671 92,441 230,486 454,451 892,584 1,984,093 4.3 6.04 6
lin.=254mm

TABLE 11 Regressionsrelating rut depth to ESALsand mix parametersfor
simulated 10-year trafficking and WesTrack environment (16)

RZ

Regr. 1 Regr. 2 Regr. 3 Regr. 4 Regr.5 Regr. 6
Constant -4.06247 | -3.88788 -6.1651 -7.13496 -8.66225 | -7.93245
Vair 0.0516084 | 0.038771
\p/ﬂ 5 0.487042 | 0.039324

air * asp

Vair 0.00302745 0.00294305 | 0.00408994
Pasp2 0.0688276 | 0.0423931
In(ESAL) 0.03019387| 0.309198 0.30994 0.304416 | 0.303358 0.39695
Pooo -0.812031 | -0.868229
Vair « Paoo 0.00679854
Pas + P20o 0.0818242 | 0.0827899 | -0.0657803
Fine -0.39695
Fine Plus 0.593592 | 0.60387 0.600498 | 0.397368 | 0.409128
Coarse -1.7751 -1.7657 -1.59167 -2.12708 -2.09736 0.08131
Replace 2.72257 2.72868 2.7797 2.35276 2.34783
Fine In(ESAL)
Fine plus In(ESAL)
Coarse In(ESAL) 0.21865 | 0.218834 0.21327 0.200957 0.19863
Replace In(ESAL) -0.13931 | -0.139484 | -0.140386 | -0.135964 | -0.135645
R? 0.812 0.811 0.809 0.790 0.786 0.740
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TABLE 12 Calibration resultsfor 23 sections, conventional analysis

Section a c RMSE (in.)*
1 5.41658 022521 0.027
4 0.01392 0.66306 0.037
7 0.01509 0.77181 0.102
9 0.00410 0.83989 0.076
1 1.64235 0.29677 0.040
12 1.05802 0.33734 0.087
13 0.01186 0.75472 0.078
14 6.15197 0.25614 0.050
15 7.30191 0.20716 0.001
18 0.39160 0.41493 0.035
19 3.86629 0.29245 0.044
20 7.03048 0.26222 0.050
21 0.00973 0.81183 0.118
22 29.32602 0.10116 0.042
23 0.59761 0.43650 0.050
24 0.49708 0.49941 0.084
25 0.05564 0.67400 0.102
35 52.77398 0.12388 0.024
37 12.04868 0.26447 0.032
38 23.14986 0.13996 0.024
39 13.73983 0.18501 0.030
54 51.08506 0.12941 0.012
55 3.22487 0.35783 0.032

Average 0.051

H1in. = 25.4 mm)

TABLE 13 Calibration of equationsfor simulating In(field a) based on mix and

RSST variables
Regr. 1 Regr. 2 Regr. 3 Regr. 4 Regr. 5 Regr. 6
Constant 14.9116 24.7107 24.3317 24.9718 25.3649 20.4844
| Pasp -3.67001 -5.02990 -5.04342 -5.23716 -5.71438 -5.12624
Vair 0.313875
| Pasp Vair 0.0823738
rssts 6.219E-05 | 9.699E-05
laba 1301.81 1622.41 1745.07 1858.91 2472.96 2264.05
R? 0.611 0.629 0.684 0.752 0.888 0.951
Sect. Del. None 14 14,15 1,14,15 L 1119 L4 113 15

TABLE 14 Calibration of equationsfor ssmulating field ¢ based on mix and

RSST variables
Regr.1 Regr. 2 Regr. 3 Regr. 4 Regr. 5 Regr. 6
Constant -0.944102 | -1.75309 -1.72144 -1.77798 -1.83917 -1.49931
| Pasp 0.312598 0.426673 0.427803 0.444915 0.493348 0.452398
Vair -0.0217923
Pasp Vair -0.0064968
rsstb -6.216E-06 | -8.575E-06
laba -87.5258 -113.452 -123.693 -133.748 -190.11 -175.759
R? 0.556 0.591 0.648 0.728 0.890 0.936
Sect. Del. None 14 14,15 1,14,15 L 1fé 15o1L4 113 15,




TABLE 15 Valuesof field a from the 23 sections using a constant value for ¢

Section Pasp Var | Pao | fa reps G* lab “a” lab “b” field a field ¢
5%
1 5.75 96 | 51 | 337 2,113 53.72 0.001588 0.448 1.146 0.34
4 5.63 6.5 | 44 | 34.8 | 40,093 70.52 0.000842 0.384 1.280 0.34
7 6.38 83 | 64 | 223 2,105 42.35 0.002276 0.407 4.114 0.34
9 5.8 25 | 52 | 326 2,764 45,86 0.001263 0.464 2.674 0.34
11 5.16 81 | 55| 346 799 48.54 0.001948 0.486 0.913 0.34
12 5.27 37 | 6.0 | 327 | 37,572 67.03 0.001332 0.344 1.020 0.34
13 5.76 6.5 | 57 | 32.9 479 44.89 0.001507 0.570 2.599 0.34
14 6.62 59 | 49 | 35.1 692 46.27 0.002473 0.461 1.979 0.34
15 5.56 81 | 52 | 3.0 6,405 47.49 0.001170 0.428 1.230 0.34
18 6.26 35 | 51 | 347 | 20,266 79.88 0.002750 0.291 1.096 0.34
19 5.48 6.0 | 58 | 345 1,303 35.86 0.000872 0.564 2.020 0.34
20 513 | 104 | 5.2 | 347 340 39.39 0.001766 0.574 2.434 0.34
21 5.84 37 | 54| 36.1 1,707 44,31 0.001344 0.488 4.419 0.34
22 452 6.9 | 53 | 335 2,792 56.57 0.001130 0.477 1.279 0.34
23 5.84 43 | 7.0 | 221 | 50,918 62.41 0.000990 0.364 2.169 0.34
24 5.78 75 | 66 | 221 2,973 59.20 0.003168 0.348 4.143 0.34
25 6.24 28 | 6.7 | 227 | 10,012 41.09 0.003029 0.308 4.097 0.34
35 5.71 87 | 5.6 | 184 129 34.25 0.004389 0.506 3.739 0.34
37 5.94 96 | 5.7 | 189 184 34.84 0.004065 0.486 5.127 0.34
38 5.43 77 | 6.2 | 194 860 43.24 0.003505 0.397 2.003 0.34
39 5.32 55 | 5.7 | 186 1,388 52.17 0.004003 0.353 2.021 0.34
54 5.78 7.3 | 58 | 19.9 651 43.24 0.004622 0.373 4.964 0.34
55 5.93 43 | 6.0 | 19.1 137 40.84 0.004372 0.502 3.956 0.34
TABLE 16 Regressionsfor In(a) based on mix and laboratory shear test parameters
Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Trial 6
Constant -6.40078E-01 9.28909E-01 | 4.20514E-01 | 7.35276E-01 | 8.72143E-01 | 8.30836E-01
Pﬂ 4.95130E-01
Pasp2 4.18146E-02 | 5.90585E-02 | 5.05927E-02 | 4.79060E-02 | 4.86907E-02
G* -2.77254E-02 -3.08302E-02 | -3.11846E-02 | -3.13983E-02 | -3.17611E-02 | -3.07348E-02
R? .0524 0.610 0.697 0.718 0.767 0.823
Sections 24 14, 24 11, 14, 24 11, 14, 15,24 | 1, 11, 14, 15,
omitted 24
TABLE 17 Modesto define G* asa function of mix variables
R?=0.809 R® = 0.804 R?=0.779 R?=0.767
Predicting In(G*) In(G*) In(G*) G*
constant 8.13378 5.34512 4.79242 256.401
| Pagp -0.49722 -0.136602 -35.6794
Vair -0.140085 -15.0318
P2oo 6.29193
fa -0.116067 0.0144959
| (Pas)” -0.0312521 -0.030895
(Vair)® 0.0034694 0.00355533 0.415377
(P20o)? 0.024439
fa® 0.00337748 0.00128764 0.0343932
| (Pagp)® (Vair) 0.0169372 0.0163597 2.15752
| (Pag)® (P20o) 0.0240761 0.0304861 0.0142573
| (Pasy” (fa) -0.00709602
(Vair) (P200)
(Vair) (fa) -0.0016362 -0.0016957 -0.00177202 -0.224379
(P2oo) (fa) -0.010578 -0.00301201

319



320

TABLE 18 Determination of a valuesfor mixes containing
rangesin P,y and fine aggregate fa (c = 0.340)

Pagp | Var | Pao | fa G* field a
NCSU | % Change | UCB

55 6.5 5.0 20 73.19 -1.55 48.55 2.251714
55 6.5 5.0 24 73.41 -1.27 48.68 2.242338
55 6.5 5.0 28 74.73 0.53 49.57 2.181931
55 6.5 50 | 32 77.15 3.76 51.16 2.077697
55 65 | 50 | 36 | 80.67 8.20 53.35 1.942303
55 6.5 55 | 20 76.33 2.47 50.53 2.118575
55 6.5 55 | 24 76.55 2.90 50.74 2.104886
55 6.5 55 58 77.87 4.61 51.59 2.050853
55 6.5 55 | 32 80.29 7.65 53.08 1.958803
55 6.5 55 | 36 83.81 11.80 55.13 1.839263
55 6.5 6.0 | 20 79.48 6.13 52.33 2.004236
55 6.5 6.0 | 24 79.70 6.74 52.63 1.985780
55 6.5 6.0 | 28 81.02 8.38 53.44 1.937102
55 6.5 6.0 | 32 83.44 11.23 54.85 1.855183
55 6.5 6.0 | 36 86.96 15.13 56.77 1.748862
55 6.5 65 | 20 82.62 9.53 54.01 1.903695
55 6.5 65 | 24 82.84 10.29 54.39 1.881741
55 6.5 6.5 | 28 84.16 11.86 55.16 1.837606
55 6.5 6.5 32 86.58 14.55 56.48 1.764198
55 6.5 6.5 | 36 90.11 18.21 58.29 1.669007
55 6.5 7.0 20 85.77 12.69 55.57 1.814708
55 6.5 70 | 24 85.99 13.58 56.01 1.790207
55 6.5 70 | 28 87.31 15.08 56.75 1.749960
55 6.5 70 | 32 89.73 17.63 58.00 1.683767
55 6.5 70 | 36 93.25 21.08 59.70 1.598026

TABLE 19 Regression modelsto define the effects of mix variables on G*
measured in LML C compacted specimens
Pasp | Var | Pao | fa G*
R?=0.809 R?=0.804 R?=0.779 R?=0.767
55 65 |55 |20 78.38 77.62 77.38 76.33
55 65 |55 |24 67.79 74.59 78.30 76.55
55 |65 |55 |28 65.33 74.69 79.24 77.87
55 65 |55 |32 70.14 77.94 80.19 80.29
55 65 |55 |36 83.90 84.75 81.15 83.81
55 65 |45 |28 60.27 68.72 73.27 71.58
55 65 |5 28 62.37 71.64 76.20 74.73
55 |65 |55 |28 65.33 74.69 79.24 77.87
55 65 |6 28 69.28 77.87 82.41 81.02
55 65 |65 |28 74.36 81.18 85.71 84.16
55 |45 |55 |28 72.87 83.38 87.51 87.63
55 55 |55 |28 68.76 78.63 83.27 82.34
55 65 |55 |28 65.33 74.69 79.24 77.87
55 |75 |55 |28 62.51 71.45 75.41 74.24
55 85 |55 |28 60.22 68.84 71.76 71.44
45 65 |55 |28 84.28 94.69 99.79 99.53
5 65 |55 |28 74.20 84.76 89.61 88.70
55 65 |55 |28 65.33 74.69 79.24 77.87
6 65 |55 |28 57.52 64.80 69.00 67.04
6.5 65 |55 |28 50.64 55.35 59.16 56.22




TABLE 20A Linear regression fitting results of coefficient m, of coar se mix

Gradient [-0.15,-0.10] [-0.10,-0.05] [-0.05,0.0] [0.0,0.05] [0.05,0.10] [0.10,0.15]
Intercept -0.08175863 -0.03479309 -0.03411011 -0.0431191 -0.03614109 -0.03233883
Ty'g 0.01950062 0.03462285
Ty Esp 6.717861e-6 6.793519¢-6 6.942432e-6 7.675834e-6
(To'g)? 0.002959697 -0.009660887
(Ty'E Sub)z -3.21376e-11 -1.247114e-10 -2.164686e-10 -3.704025e-10
G 0.0845437 0.03453812 0.05250905 0.04367304
Eawn 0.0009615674 -0.00002152473 | 0.00002656082 -0.00003846102
Vair 0.001093299 0.0006746544 0.0006666258 0.0006601759 0.0006720647 0.0006863074
Pasp 0.003705114 0.00226696 0.002230678 0.002233238 0.002180534 0.002211977
Tb 9 Vair 0.0001268999 -0.0002971607
To'Esp Var -5.584353e-8 -6.137919e-8 -7.738638e-8 -8.894092e-8
Ty OPasp 0.0004663344 -0.001021566
Ty Esn'Pag -2.0672e-7 -2.257651e-7 -2.846534e-7 -3.27908e-7
Vair P agp -0.00002792679 | -0.00001991557 | -0.00002062941 | -0.00001568069 | -0.00002628364 | -0.00002838366
R"N2 0.9959 0.9972 0.9971 0.9875 0.9965 0.999
TABLE 20B Linear regression fitting results of coefficient m, of coar se mix

Gradient [-0.15,-0.10] [-0.10,-0.05] [-0.05,0.0] [0.0,0.05] [0.05,0.10] [0.10,0.15]

Intercept 0.3562 0.3562 0.3562 0.3561 0.3562 0.3562

m; -1.0066 -1.0053 -1.0062 -1.0071 -1.0085 -1.0095

R"2 0.9999 1.0000 1.0000 1.0000 1.0000 1.0000
TABLE 20C Linear regression fitting results of coefficient A of coar se mix

Gradient [-0.15-0.10] | [-0.10,-0.05] [-0.05,0.0] [0.0,0.05] [0.05,0.10] [0.10,0.15]

Intercept 0.1431 0.1423 0.1426 0.1445 0.1412 0.1409

my -5.5021 -3.5916 -4.9619 -8.6655 -4.0365 -21.2729

m,? -125.6612 -182.4311 -126.0442 -224.8148 -308.7180 -283.9384

m;3 -8698.2050 -668.5057 -22427.9359 15039.9723

m* -226481.9409 -873964.3969

m;° -2393516.9861 -13472803.3775

sin(m,/0.01) 0.0216 0.0166 0.0453 0.172

R"2 0.9999 0.9998 0.9999 0.9958 0.9999 0.9998
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TABLE 20D Linear regression fitting results of coefficient A of coar se mix

Gradient [-0.15,-0.10] [-0.10,-0.05] [-0.05,0.0] [0.0,0.05] [0.05,0.10] [0.10,0.15]

Intercept -13.39914 -11.58667 -11.12271 -11.49544 -12.01581 -11.10854

Ty 153532 2294153

To'Esw 0.0005025015 0.0004804504 0.0004590989 0.0005093146

(Ty'9)? 0.2220458 -0.5428994

(ToEaw)’ -1.161947e-9 -5.566515e-9 -1.683449e-9 -1.405131e-8

G 6.384203 0.6557571 5.63907 2.487178

Esb 0.05892822 -0.006828288 -0.002321114 -0.007310587

Vyi 0.06316996 0.04783163 0.04758049 0.04731206 0.04742552 0.04794235

Pasp 0.2173902 0.1641741 0.163119 0.1601871 0.1608133 0.1615919

To'9Var 0.005865289 -0.01427007

To'Ean Var -3.361553e-6 -3.468244e-6 -3.921476e-6 -4.321448¢-6

To'gPas 0.02175577 -0.0527957

ToEabPas -0.0000124667 | -0.00001285962 -0.00001453973 | -0.00001601667

Vair P asp -0.00146397 -0.001153217 -0.001164524 -0.001324928 -0.001308766 -0.001402494

R"2 0.9987 0.9923 0.9985 0.9962 0.9917 0.9974
TABLE 21A Linear regression fitting results of coefficient m; of fine and fine plus mixes

Gradient [-0.15,-0.10] [-0.10,-0.05] [-0.05,0.0] [0.0,0.05] [0.05,0.10] [0.10,0.15]

Intercept -0.07988474 -0.03634856 -0.03691352 -0.04270346 -0.03327317 -0.03607125

Ty'g 0.0159674 0.03393941 0.006677723

ToEan 7.199499%¢-6 6.842651e-6 7.529676e-6

(Ty'9)? 0.002579341 -8.99276e-3 -0.0003165719

(To'E o)’ -1.351548e-10 | -1.361373e-10 -3.466108e-10

G 0.07178455 0.02041707

Eaw 0.0008506537 2.267549%-5 0.00004793386

Vair 0.001564374 0.00100384 0.0009612834 0.001012483 0.0009535552 0.0009445551

Pasp 0.003935108 0.002520002 0.002413306 0.002475931 0.002344938 0.002294424

Ty 9Vair 0.0001833901 -0.0004657914 -0.000101136

ToEapVar -9.280788e-8 -9.387046e-8 -1.124367e-7

Ty gPag 0.0004900334 -0.001215362 -0.0002752519

ToEsnPasp -2.543658e-7 -2.57598e-7 -3.074625¢-7

Vair Pag -0.000046345 | -0.0000360965 | -3.451985e-5 -0.0000428518 | -0.0000418012 | -0.00004531004

RA2 0.9929 0.9971 0.9967 0.9898 0.9943 0.9976




TABLE 21B Linear regression fitting results of coefficient m, of fine and fine plus mixes

Gradient [-0.15,-0.10] [-0.10,-0.05] [-0.05,0.0] [0.0,0.05] [0.05,0.10] [0.10,0.15]
Intercept 0.3562 0.3562 0.3562 0.3560 0.3562 0.3561
my -1.0073 -1.0062 -1.0069 -1.0086 -1.0096 -1.0103
R"2 0.9999 1.0000 1.0000 1.0000 1.0000 0.9999
TABLE 21C Linear regression fitting results of coefficient T of fine and fine plus mixes
Gradient [-0.15-0.10] | [-0.10,-0.05] [-0.05,0.0] [0.0,0.05] [0.05,0.10] [0.10,0.15]
Intercept 0.1425 0.1423 0.1422 0.1485 0.1411 0.1409
my -6.7044 -6.4943 -6.5630 -3.3726 -4.2418 -4.4155
m;2 -162.0980 -157.8808 -160.1644 -57.7235 -379.9716 -503.7375
m;° -31839.2312 -58146.4542
my* -1396525.8838 | -3559716.1828
m;® -23722319.7929 | -84038344.7616
sin(m,/0.01) 0.0310 0.0294 0.0304 0.0073
R"2 0.9999 0.9998 0.9998 0.9968 0.9998 0.9998
TABLE 21D Linear regression fitting results of coefficient A of fine and fine plus mixes
Gradient [-0.15,-0.10] [-0.10,-0.05] [-0.05,0.0] [0.0,0.05] [0.05,0.10] [0.10,0.15]
Intercept -13.41943 -11.60635 -11.93162 -11.52406 -11.99708 -11.81081
Ty'd 1.319236 2.235742 0.4622427
Ty'Egp 0.0004821816 0.0004740113 0.0004566367
(Ty'g)? 0.1982441 -0.5164648 -0.01628367
(To'Eqn)? 1.14947e-9 -2.061125e-9 -3.015393e-9
g 5.958508 -2.517388 5119211
Esb 0.05352491 -0.002119558 0.002269168
Vair 0.09092601 0.06912625 0.06805976 0.06760431 0.06782119 0.06745517
| Pagy 0.2349178 0.1777141 0.1748931 0.1720754 0.1727083 0.1707851
To g Var 0.008588157 -0.02108253 -0.005128277
To'Esp Var -5.169588e-6 -5.12326e-6 -5.737562e-6
Th'9Pagp 0.02376517 -0.05790203 -0.01413554
Ty Esan'Pag -0.00001428444 | -0.00001414514 -0.00001582453
Vair' P asp -0.002397742 -0.001936588 -0.001916482 -0.002129637 -0.002135857 -0.002265763
R"2 0.9975 0.9919 0.9933 0.9967 0.9926 0.9975
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TABLE 22 Comparison of the results of the fatigue performance simulations and the condition survey data for WesTrack

*  Reflects materials/construction part of standard deviation.
** Although there was no range in thicknesses for WesTrack, this value is recommended for the
thickness of AC used in the project under consideration.

***1in. = 25.4mm

section mix type Vi Pasp ESAL @Center ESAL @Wander 10% fatigue cracking 50% fatigue cracking
number ESAL Date ESAL Date ESAL Date ESAL Date
1 8.8 5.55 377,281 06/17/96 407,821 06/21/96 NA 09/03/98 NA 09/03/98
2 10.4 4.92 321,777 06/08/96 339,348 06/14/96 2,899,176 07/26/97 NA 09/03/98
3 12.4 4.97 228,937 05/12/96 237,067 05/14/96 3,585,531 11/05/97 4,340,103 02/18/98
4 6.6 5.12 554,770 07/28/96 722,115 08/23/96 NA 09/03/98 NA 09/03/98
14 fine 9 6.05 359,447 06/16/96 379,046 06/18/96 NA 09/03/98 NA 09/03/98
15 8.7 5.42 389,497 06/20/96 420,307 06/22/96 NA 09/03/98 NA 09/03/98
16 12.2 4.75 237,012 05/14/96 254,878 05/21/96 3,720,800 11/17/97 NA 09/03/98
17 11 5.74 306,473 06/06/96 313,389 06/07/96 4,227,572 01/18/98 NA 09/03/98
18 4.3 6.04 932,825 09/14/96 2,985,674 08/02/97 NA 09/03/98 NA 09/03/98
19 7.2 5.89 522,507 07/26/96 671,603 08/07/96 NA 09/03/98 NA 09/03/98
20 10.9 5.88 311,190 06/06/96 321,934 06/08/96 NA 09/03/98 NA 09/03/98
21 4.2 6.75 1,120,796 10/07/96 3,077,371 08/10/97 NA 09/03/98 NA 09/03/98
22 8.1 5.23 477,540 07/16/96 557,757 07/28/96 NA 09/03/98 NA 09/03/98
9 fine plus 3.9 6.56 2,473,892 04/23/97 3,207,338 08/21/97 NA 09/03/98 NA 09/03/98
10 11.8 5.28 281,464 05/25/96 301,208 06/03/96 1,750,322 12/29/96 4,215,885 01/17/98
11 7.9 5.99 475,939 07/16/96 564,704 07/28/96 NA 09/03/98 NA 09/03/98
12 4.6 5.84 1,120,257 10/07/96 3,051,019 08/08/97 NA 09/03/98 NA 09/03/98
13 5.9 6.51 657,852 08/04/96 1,092,379 10/03/96 NA 09/03/98 NA 09/03/98
5 8.1 5.63 1,332,219 10/24/96 3,090,234 08/11/97 1,757,238 12/30/96 2,311,472 04/08/97
6 10.8 5.71 639,137 08/03/96 994,875 09/22/96 1,668,205 12/16/96 1,794,207 02/19/97
7 6.9 6.49 3,096,162 08/11/97 NA 09/03/98 NA 09/03/98 NA 09/03/98
8 coarse 8.5 5.47 1,032,261 09/26/96 2,954,219 07/31/97 1,515,380 12/01/96 1,789,150 01/01/97
23 4.9 5.79 NA 03/09/98 NA 09/03/98 NA 09/03/98 NA 09/03/98
24 7.2 5.94 2,897,595 07/26/97 4,538,003 04/06/98 NA 09/03/98 NA 09/03/98
25 3.7 6.55 NA 09/03/98 NA 09/03/98 NA 09/03/98 NA 09/03/98
26 11 5.31 594,392 07/30/96 829,604 09/02/96 1,487,207 11/29/96 1,626,490 12/10/96
TABLE 23 Construction variationsin mix and structural characteristics
Property Measure of variance Valueor range, Suggested value
WesTrack

asphalt content standard deviation 0.1-0.4% 0.19%

air void content standard deviation 0.4-1.5% 1.2%

thickness, AC standard deviation 0-5 mm*** 0.173(ta0)™®




CHAPTER 5
LIFE-CYCLE COST MODEL

5.1 OVERVIEW OF LIFE-CYCLE
COST ANALYSIS

This chapter provides an overview of the LCC method-
ology used in the PRSfor HMA pavements. It draws heavily
on FHWA' s recently completed, Life-Cycle Cost Analysis
in Pavement Design—Interim Technical Bulletin (20). The
Interim Technical Bulletin serves as a more thorough expo-
sition of the information provided in this chapter.

According to the Interim Technical Bulletin, LCC analy-
sisis defined as the following:

... an analysis technique that builds on well-founded prin-
ciples of economic analysisto evaluate the overall long-term
economic efficiency of competing alternative investment
options. It does not address equity issues. It incor poratesini-
tial and discounted future agency, user, and other relevant
costs over the life of alternative investments. It attempts to
identify the best value (the lowest long-term cost that satis-
fies the performance objective being sought) for investment
expenditures.

In short, LCC analysis is a decision support tool that
includes a logical and analytical evaluation framework for
the purpose of comparing alternative investment options
(e.g., an HMA pavement versus a portland cement concrete
[PCC] pavement).

5.2 LIFE-CYCLE COST MODEL
USED IN THE HOT-MIX ASPHALT
PERFORMANCE-RELATED SPECIFICATION

The conceptual framework for the LCC model used in the
PRS for HMA pavements was previously shown in Figure 4
of Part Il. A more detailed depiction of the LCC model is
shown in Figure 55, which represents the logic of the analy-
sis process. For any given pavement, a simulated LCC dis-
tribution is required as part of the process for considering
variability. The model employs a Monte Carlo simulation
processto generate the L CC distribution by randomly vary-
ing the levels of the selected acceptance quality characteris-
tics (AQCs). The LCC for a given iteration depends primar-
ily on the predicted performance and triggered rehabilitation
needs. In this version of the HMA PRS, the rehabilitation
treatment will either be an HMA overlay to repair fatigue
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cracking or a milling operation followed by an HMA over-
lay to repair a rutting problem. In either case, the thickness
of the overlay to last the remainder of the analysis period is
determined using the overlay design procedure presented in
the 1993 AASHTO Guide for Design of Pavement Sructures
(21). The cost to construct the overlay isused in conjunction
with the year the treatment was triggered to cal culate the net
present value of the treatment cost. The processisapplied for
both the as-designed and the as-constructed pavement so that,
ultimately, acontractor PA can be established based on thedif-
ference between the means of the two LCC distributions. The
principal elements of the LCC model are described in subse-
guent sections of this chapter.

5.2.1 Inputs to the Life-Cycle Cost Model

Inputs to the model include those factors that influence
pavement performance and the computation of the net present
value of future costs associated with the rehabilitation activity
performed during the duration of the analysis period. Inputs
that influence pavement performance include the following:

* M&C factors (presently air void content, asphalt con-
tent, thickness, and percent of aggregate passing the
0.075-mm (No. 200) sieve).

» Environmental factors (presently limited to pavement
temperature).

« Cumulative traffic (expressed in ESALs and forecasted
at yearly intervals throughout the analysis period).

+ Base course and roadbed soil characteristics (thickness
and modulus value for each layer).

Inputs that influence the net present value of future costs
associated with rehabilitation treatmentsincludethefollowing:

* The actua cost for the rehabilitation treatment (pres-
ently the future cost of the treatment expressed in redl,
constant dollars).

A factor to account for the time value of money (pres-
ently areal, constant discount rate).

It must be emphasized that the inputs into the LCC model
that cannot be directly controlled by the contractor are not
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varied during the Monte Carlo s mulation. Stated another way,
only those factors under direct control of the contractor are
varied in the Monte Carlo smulation. These are as follows:

 Airvoid content.

+ Asphalt content.

* Thickness.

+ Percent of aggregate passing the 0.075-mm (No. 200)
sieve.

All other inputs are held constant throughout the simula-
tion process, except that ESA L sareincremented through each
year of the analysis period.

Chapter 6 of Part |1 provides guidelines for determining
the required inputs for the LCC model.

5.2.2 Definition and Selection of
Performance Prediction Models

The prediction of pavement performance is a key element
inthe LCC model because the distresses predicted areused in
conjunction with the decision tree to trigger a rehabilitation
activity which, in turn, generates a cost. Thus, the definition
and selection of an appropriate model directly and signifi-
cantly influences LCC analyses. Chapter 4 of Part |1 discussed
the pavement performance prediction modelsincluded in the
HMA PRS.

It should be noted that the HMA Spec software alows the
incorporation of user-defined models. Thus, customized mod-
elsmoresuitabletolocal or regional conditionsthan thedefault
models can be used in the HMA Spec software.

5.2.3 Definition and Selection of
Decision Trees

Thedecisiontreein the LCC model isanother key element.
It provides the logic for determining if atreatment should be
applied based on the magnitude of distress predicted by the
pavement performance models. Presently, only the following
treatments are employed in the default decision tree:

+ Do nothing when the magnitude of predicted distressis
less than a specified threshold.

» HMA overlay when the magnitude of predicted fatigue
cracking is greater than a specified threshold.

+ Mill and HMA overlay when the magnitude of predicted
rut depth is greater than a specified threshold.

A portion of the default decision tree for coarse mixtures
(for metric units) programmed into the HMA Spec softwareis
shown in Figure 56. Note that it expects as input the output
from the fatigue cracking and rut depth models devel oped for
coarse mixturesand designated asFatigue_Cracking_Coarse 1
and Rut_Depth_Coarse SlI_1, respectively. Note also that

there is a companion default decision tree for fine mixtures.
Asindicated, the default decision tree only contains provision
for triggering treatments based on fatigue cracking (expressed
as a percent of the wheelpath) and rut depth (expressed in
millimeters or inches). The criteriain the default decision
tree for triggering treatments are based on the values used
in the FHWA' s original Nationwide Pavement Cost Model
(NAPCOM) (22).

The decision treeis designed to branch on the first expres-
sion that evaluates to “true.” Thus, if the road for which a
specification isbeing developed isarura interstate, the deci-
sion tree shown in Figure 56 will branch on the very first
expression. Assuming theroad isarural interstate and that the
fatigue cracking model predicted a magnitude of 3 percent
and that the rut depth model predicted a magnitude of 5 mm
(0.2 in.), the next expression (Fatigue_ Cracking_Coarse
1>50R Rut_Depth_Coarse SI_1 = 6.4) would evaluate to
“false.” Given these levels of distress, the next expression
(Fatigue_Cracking_Coarse 1<5AND Rut_Depth_Coarse
Sl 1 < 6.4) would evaluate to “true” and the decision tree
would select the “do nothing” treatment.

It should be noted that the HMA Spec software permits
incorporation of user-defined decision trees. Thus, custom
decision trees can be developed that may be more suitable
to local or regional policies and preferences.

5.2.4 Hot-Mix Asphalt Overlay
Thickness Design

If the decision tree triggers a treatment that is either an
HMA overlay or amill and HMA overlay operation, the HMA
Foec software will calculate the overlay thicknessto last the
remainder of the analysis period. This processis depicted in
Figure 57 for a hypothetical problem involving both the as-
constructed and as-designed pavement. The difference in
thickness of the overlay (as well asin the time during the
life of the pavement at which it is constructed) between the
predicted life-cycle of the as-designed and as-constructed
pavement, then, represents key determinantsin the calcula-
tion of contractor PA. The principal reasons for adopting this
approach are twofold:

+ Thisapproach eliminatesthe need to consider additional
treatments beyond the first treatment—the overlay—
assuming, of course, the overlay does in fact last the
remainder of the analysis period.

» Thisapproach eliminates the need to consider salvage
value because the two alternatives under considera-
tion—the as-designed pavement lot versus the as-
constructed pavement lot—will have the same salvage
value and, therefore, cancel out in the comparison.

The method for determining the overlay thickness is the
“remaining life” approach from Part 11, Chapter 5 of the 1993
AASHTO Guidefor Design of Pavement Sructures (21). The



methodology is applicable to both the as-designed and
the as-constructed pavements. Appendix B of Part 1l pro-
vides a description of the step-by-step procedures used for
determining the HMA overlay thickness for either case.

5.2.5 User Costs

Although it is recognized that user costs can have asig-
nificant (if not overwhelming) impact on LCCs of compet-
ing pavement design alternatives and, therefore, should be
included in the LCC model, the WesTrack team could not
reach a consensus on how to incorporate such costs in this
initial version of the HMA PRS. Thus, the ability to consider
user costs must await possible future research to enhance the
present version.

5.2.6 Net Present Value of Future Costs

The method for cal culating the net present value (NPV) of
the future cost(s) associated with future rehabilitation needs
inthisversion of the PRSisrestricted to the use of real, con-
stant dollars and a real discount rate. The method for dis-
counting future cost(s) is as follows:

NPV = i(cosn X (1+i)1) (53)
2

where
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NPV = net present value of all future costs,
i =thereal discount rate,
j = theyear in which the future cost isincurred,
COST, = magnitude of thefuture cost in real, constant dol-
lars, and
n = last year of the analysis period.

5.3 SUMMARY

As discussed in Chapter 3 of Part I, the basis for con-
tractor PA inthis PRSisLCC. If the predicted LCC for the
as-constructed pavement is significantly different from the
specified (as-designed) pavement, then the contractor pay-
ment should be adjusted upwards (a bonus) if the LCC for
the as-constructed pavement is less than the LCC for the
as-designed pavement. Similarly, the contractor’ s payment
should be adjusted downwards (apenalty) if the LCC for the
as-constructed pavement is greater than the LCC for the
as-designed pavement.

In describing the LCC analysis approach, this chapter pro-
vides arationale for its use as a basis for PA. This chapter
also describes the various components of the overall LCC
model including required inputs, the selection of performance
prediction models and rehabilitation decision trees, and the
calculation of the net present value for any given existing
pavement/rehabilitation combination. Included in thisis a
description of the rehabilitation needs model used for deter-
mining the HMA overlay thickness requirement for a given
pavement combination.
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CHAPTER 6

GUIDELINES FOR DETERMINING REQUIRED
PERFORMANCE-RELATED SPECIFICATION INPUTS

6.1 INTRODUCTION

TousetheHMA PRS software (HMA Spec) for the purpose
of generating aPRS, the user must understand theimplications
of decisions made in its application. These include decisions
for (1) defining appropriate levels for fixed inputs, (2) select-
ing appropriate models for predicting pavement perfor-
mance, (3) selecting suitable parameters for the decision
tree, and (4) selecting reasonable cost parameters. This chapter
provides guidelines for determining the required PRS inputs
whileauser’ sguidefor the HMA Spec softwareisprovidedin
WesTrack Technical Report NCE-9 (11).

6.2 DEFINING PAVEMENT PERFORMANCE

As stated in Chapter 3 of Part 1, the fundamental basis
for PA in the PRS for HMA pavementsis the difference in
predicted L CCs between the as-designed (target) pavement
and the as-constructed (delivered) pavement. Chapter 3 also
detailed the processfor predicting L CCs of the pavement lots
and indicated that this was accomplished through prediction
of pavement performance (in the form of distresses) in com-
bination with the decision tree for triggering repair activities
based on the predicted distresses. Obviously, defining future
pavement performance requires performance prediction mod-
els. Chapter 4 details the development of pavement perfor-
mance prediction model s based on theresults of the WesTrack
project. These include the following:

« Empirical regression modelsfor predicting fatigue crack-
ing in the wheel paths for both coarse and fine mixtures.

» Empirical regression models for predicting rut depth in
the wheel paths for both coarse and fine mixtures.

* M-E models for predicting fatigue cracking for both
coarse and fine mixtures.

» M-E modelsfor predicting rut depth for both coarse and
fine mixtures.

Note that the regression models are referred to as level 1
models whereas the M-E models are referred to as level 2
models.

It is important to note that these models were developed
with both fixed and variableinputs. Fixed inputs are those that
the contractor has no control over such as traffic and envi-
ronment. Variableinputs are those under the direct control of
the contractor such as air void content, asphalt content, and
thickness. Development of the modelsin thisway allows pre-
diction of pavement distress (performance) based on factors
under the direct control of the contractor. The variableinputs
to the models are the AQCs for the pavement lot.

The agency must consider which AQCsit needsto include
inthe specification. This, inturn, dictates sel ection of the per-
formance models and their inputs. For example, inputsto the
level 1 fatigue cracking model for coarse mixturesincludesair
void content, asphalt content, and traffic. Thus, therequired
AQCswould beair void content and asphalt content with traf-
fic being considered a fixed input because the contractor has
no control over it.

In devel opment of a specification using the HMA Spec soft-
ware, the agency must include at least one pavement perfor-
mance prediction model and the selected model must have at
least one associated AQC. In addition, because the output
from the pavement performance prediction model(s) is used
with adecisiontreeto decideif arepair activity iswarranted,
the agency must select a decision tree that includes decisions
based on the output of the selected model. Further discussion
of selection of decision treesis provided in Section 6.4.

The agency should select a pavement performance pre-
diction model that best represents the conditions that exist
in the location where the pavement lot is being placed.
Arguably, selection of alevel 2 M-E model islikely to be bet-
ter than selection of alevel 1 regression model. Regression
models are generaly limited to the conditions under which
the original data were collected and used in the development
of themodedl. Stated another way, regression models may not
accurately represent conditions different from those under
which the original datawere collected. M-E models use engi-
neering mechanicsin an attempt to better represent actual con-
ditionsindependent of location but still rely on empirical data
intheir development. Thus, although better suited for extrap-
olation beyond the range of the original data than regression
models, M-E models have limitations as well.

With this understanding, selection of alevel 1 regression
model may be entirely adequate for many situations. For



example, if the pavement lot for which the specification is
being developed is on alow-volume road such asatwo-lane
rural highway, employing the use of alevel 1 regression model
may be appropriate. On the other hand, if the pavement lot is
on a high-type facility such as an urban interstate, selection
of alevel 2 model may be more appropriate.

6.3 SELECTION OF INCLUDED
ACCEPTANCE QUALITY CHARACTERISTICS

Selection of apavement performance prediction model dic-
tates the AQCs required as inputs into the model. Thus, to
determine a PA based on the difference in predicted L CCs of
the as-designed and as-constructed pavement | ots, therequired
AQCswill need to be sampled and tested. For example, if the
level 1 fatigue cracking model for coarse mixturesis selected
as the only model used in the development of the specifica
tion, then the contractor, or agency, or both would need to
sample the as-constructed pavement lot and test these sam-
plesto determinevaluesfor all AQCsrequired by the model.
In the case of the level 1 fatigue cracking model for coarse
mixtures, the AQCs are air void content and asphalt con-
tent. Thus, samples would need to be obtained from the
as-constructed pavement | ot to determine air void content and
asphalt content such that the LCC of the as-constructed pave-
ment lot could be predicted and compared with the predicted
LCC of the as-designed pavement lot. Section 6.7 provides
further details regarding AQC sampling and testing plans.

6.4 IDENTIFICATION OF FIXED INPUTS

The methodology for predicting LCCsincludes, in addi-
tion to pavement performance prediction models (which
contain fixed inputs), other required inputs including pave-
ment design parameters, traffic parameters, decision tree
criteria, and cost parameters. All of these required inputs are
also termed “fixed inputs’ because they are not under the
contractor’ s control and are therefore equally applied to the
as-designed and as-constructed pavement lots. For example,
the number of ESALSs applied to the pavement lot over the
analysis period in the prediction of LCCs is not under the
contractor’s control. Thus, traffic is handled as a fixed input
(even though it increases over time) and it is equally applied
to the as-designed and as-constructed pavement lots. Further
discussion regarding the sel ection of valuesfor thefixed inputs
is provided in this section.

6.4.1 Pavement Design Parameters

Pavement design parameters are required for both model-
ing purposes and overlay design purposes. These are equally
applied to the as-designed and as-constructed pavement |ots
and include the following:
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+ The pavement design life.

« Initial and terminal smoothness expressed in terms of
the International Roughness Index (IRI).

» The structural layer coefficient for HMA overlays.

* The thickness and modulus value for each layer (up to
four) of the pavement structure.

+ Design reliability expressed in percent as a function of
the functiona classification of the facility.

» Thefunctional classification of the facility.

* The dimensions of the pavement lot.

Each of these is discussed in further detail asfollows.

Pavement Design Life

Thisisthetotal expected amount of timein yearsfor which
the chosen pavement design is expected to carry traffic loads
without the application of a global rehabilitation treatment
(e.g., HMA overlay). It is the design life used in the proce-
dure used for pavement design.

Initial and Terminal Smoothness

These are the initial and terminal IRI values correspond-
ing to the initial design serviceability index (pg) and the ter-
minal design serviceability index (p.), respectively, used in
the AASHTO procedurefor pavement design (21). Theseare
used in the HMA Spec software to calculate HMA overlay
thickness. Converting IRI to PSI may be accomplished using
the following relationships (23):

PSI =5 0e%8UR (where IRl isin unitsof m/km)  (54)

and

PSl =5 Oeg%0280IR - (where IRl isin units of in/mi) (55)

Layer Coefficient for HMA Overlays

Thisisthe structural layer coefficient needed for the design
of an HMA overlay thickness using the “remaining life” pro-
cedurein Chapter 5 of Part 111 of the 1993 AASHTO Guidefor
Design of Pavement Structures (21). Figure 2.5 in Chapter 2
of Part 11 of the 1993 AASHTO Guide for Design of Pavement
Sructuresis achart for estimating this layer coefficient.

Pavement Layer Properties

These are the design thickness and design modulus values
of each layer in the pavement structure including the roadbed
soil. Section 2.3.5in Chapter 2 of Part |1 of the 1993 AASHTO
Guidefor Design of Pavement Structures provides guidancefor
estimating the modulus values if these are not readily known.
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Design Reliability

Thisisthe level of reliability expressed in percent that is
to be used by the HMA Spec software for overlay design.
Generdly, higher levels of reliability are chosen for higher-
type facilities. For example, atypical level of reliability for
an urban interstate might be 99.9 percent whereas that for a
local road inarura setting might be only 50 percent. Table2.2
in Chapter 2 of Part I of the 1993 AASHTO Guide for Design
of Pavement Structures provides suggested level s of reliabil-
ity for variousfunctional classifications. Thevaluesfromthis
table have been entered as the default values within the HMA
Spec software. However, it isimportant to note that the HMA
Foec software allows the agency to define thelevel of design
reliability for all of the functional classificationsincluded in
the software.

Functional Classification of the Facility

The functional classification identifies the type of facility
according toitsintended use or function, its economicimpor-
tance, or both. Roadway facilities are generally classified as
interstates, freeways/expressways, arterids, collectors, or local
roads. These classifications can be further divided into urban
or rural, mgjor or minor, and so forth. The functional classi-
fication of a particular facility can usually be obtained from
theagency’ s planning section. Within the HMA Spec software,
the following classifications are available for identifying the
type of facility:

* Urban interstate.

» Other urban freeway/expressway.
* Other urban principal arterial.

* Minor urban arterial.

* Urban collector.

* Rural interstate.

* Other rural principal arterial.

* Minor rural arterial.

» Mgjor rurd collector.

* Minor rural collector.

It should be noted that selection of the functional classifi-
cation of thefacility is how the agency indicates to the HMA
Foec software the level of design reliability to be used for
overlay design. Also, the HMA Spec software allows the user
to definethelevd of rdiability for each of thefunctional clas-
sifications listed above.

Dimensions of the Pavement Lot

These are the length and width of the pavement lot and are
used in conjunction with treatment (e.g., HMA overlay, unit
cost(s) to determine the overall cost of the treatment). Thisis
the future cost that is discounted to the present for the pur-

pose of determining the predicted LCC of a pavement alter-
native, that is, an as-designed pavement lot.

6.4.2 Traffic Parameters

Traffic parametersare required for both performance mod-
eling and overlay design. These are equally applied to the
as-designed and as-constructed pavement lots and include the
following:

» Cumulative ESALSs applied in any year of the LCC
analysis period.

 Traffic growth rate.

 Traffic growth type.

Each of these is discussed in further detail in the follow-
ing paragraphs.

Cumulative ESALs

To model pavement performance for the purpose of pre-
dicting LCCs, knowledge of the cumulative ESALSs in each
year of theanalysisperiodisrequired. Thissameinformation
is required for the purpose of determining HMA overlay
thickness. Two methods of calculating the cumulative ESALS
for each year of the analysis period are provided within the
HMA Spec software as described below. In addition, the HMA
Foec software alows calculation of these ESAL values based
on average daily traffic.

Traffic Growth Rate

The traffic growth rate defines the annual increasein traf-
fic expressed as a percentage. Growth in truck traffic, that is,
ESALS, is assumed to be proportional to the growth in traf-
fic. The expected growth of traffic on aparticular facility can
generally be obtained from the agency’ s planning section. The
growth rate is used in conjunction with the growth type dis-
cussed in the next section to calculate cumulative ESALSs
over the analysis period.

Traffic Growth Type

Thetraffic growth type determines how the traffic growth
rate is applied to calculate cumulative ESALsin any year of
theanalysisperiod. Selection of thetraffic growth typedictates
which method isused to calculate cumulative ESALs. Thetwo
traffic growth types included in the HMA Spec software are
“sgmple” and “compound.” These are defined as follows.

Simple Traffic Growth Type. Simpletraffic growth type
should be selected if traffic growth is assumed to follow a



linear relationship over time. The following relationship is
used to calculate the ESALS based on simple growth in any
future year given the cumulative ESALs in the first year and
the traffic growth rate:

(ESALS), = (ESALS), + (i — 1) x [(ESALS), -
x (Rate/100)] (56)

where

(ESALS); = number of cumulative ESALs in any future
year, i,
(ESALS); = number of cumulative ESALSs applied in the
first year of the pavements service life,
i = year for which cumulative ESALSs are being
calculated, and
Rate = traffic growth rate, expressed as a percentage
(e.g., if 3.5 percent is the selected traffic
growth rate, then rate = 3.5).

Compound Traffic Growth. Compound traffic growth
type should be selected if traffic growth isassumed toincrease
based on a constant percentage of the previous year’ straffic,
that is, compounded over time. Thefollowing relationshipis
used to calculate the ESALS based on compound growth in
any future year given the cumulative ESALsin thefirst year
and the traffic growth rate:

(ESALS), = (ESALS), x [1 + (Rate/100)]¢ -V (57)

where

(ESALS); = number of cumulative ESALSs in any future
year, i,
(ESALS); = number of cumulative ESALSs applied in the
first year of the pavements service life,
i = year for which cumulative ESALSs are being
calculated, and
Rate = traffic growth rate, expressed as a percentage
(e.g., if 3.5 percent is the selected traffic
growth rate, then rate = 3.5).

6.4.3 Maintenance and Rehabilitation
Decision Tree

The outputs from pavement performance prediction mod-
els are used in conjunction with the M&R decision tree to
determine if atreatment is warranted in any particular year
of the analysis period. Hence, the models selected to predict
pavement performance drive the selection of aparticular deci-
sion tree. For example, adecision tree containing criteria and
treatments based on the magnitude of rutting is needed if a
rutting model is selected to predict pavement performance.

The HMA Spec software contains several default decision
trees asfollows:
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» Default decision trees for level 1 fatigue cracking and
rut depth models for coarse mixtures for both U.S. cus-
tomary and Sl units.

» Default decision trees for level 1 fatigue cracking and
rut depth models for fine mixtures for both U.S. cus-
tomary and Sl units.

+ Default decision trees for level 2 fatigue cracking and
rut depth models for coarse mixtures for both U.S. cus-
tomary and Sl units.

» Default decision trees for level 2 fatigue cracking and
rut depth models for fine mixtures for both U.S. cus-
tomary and Sl units.

Selection of a particular default decision tree should be
done only after it has been reviewed in the HMA Spec soft-
ware because the decision criteria may or may not be appro-
priate to the agency. If the decision criteriais not appropriate,
the HMA Spec software allows incorporation of user-defined
decision trees. Thus, custom decision trees can be developed
that may be more suitable to local or regional policies and
preferences. It isimportant to note, however, that becausethe
LCC model requires an overlay, user-defined decision trees
must include an HMA overlay as a rehabilitation treatment
(see Section 5.2).

6.4.4 Cost Parameters

In order to calculate the cost of atreatment triggered by the
decision tree, information regarding the unit cost of the treat-
ment isrequired. For example, theunit cost for an HMA over-
lay is needed to determine the total cost of the treatment. In
thisversion of the PRS, only global rehabilitation treatments
are considered (i.e., only treatments that are applied to the
entirelot areincluded in the HMA Spec software). Moreover,
this version of the PRS limits the global rehabilitation activ-
itiesto the following:

* HMA overlays.
+ A milling operation (prior to an HMA overlay).

Thus, unit cost information for these two global treatments
are required for determining the total cost of the treatment
applied to the entire lot. Unit cost data for various rehabilita
tion treatmentsisprovided in the WesTrack Technical Report
UNR-28 (24). Tables 1 and 2 of UNR-28 indicate that the
typical average representative unit cost for HMA overlaysis
$0.094/m?-mm ($2.00/yd>in.) whereas Table 3 of UNR-28
indicates the typical average representative cost for cold
milling (including cleanup and haulage) is $0.0136/m?mm
($0.85/ yd?-in.).

In addition to treatment unit costs, adiscount rateisrequired
to determine the net present value of the future treatment
cost. The FHWA Interim Technical Bulletin recommends
use of real, constant dollarsand areal discount rate (20). This
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document further recommends a real discount rate of 4 per-
cent, but states that areal discount rate in the range of 3 to
5 percent is acceptable.

6.5 SELECTION OF TARGET ACCEPTANCE
QUALITY CHARACTERISTIC VALUES

The target mean and standard deviation for each AQC
selected for inclusion in the specification for the as-designed
pavement lot identifiesthe desired level of quality the agency
expects from the contractor. In addition, the level of quality
desired by the agency, and so specified by the AQC target
values (means and standard deviations), identifies the qual-
ity for which the agency iswilling to pay 100 percent of the
contractor’s bid price for the pavement lot. If the contractor
provides an as-constructed pavement lot that exceeds the
agency’s expectations, then (on average) the contractor will
receive an incentive (bonus) payment that exceeds the sub-
mitted bid price for the pavement lot. If, on the other hand,
the contractor provides a pavement lot that falls short of
agency expectations, then (on average) the contractor will
receive a disincentive (penalty) payment that isless than the
submitted bid price for the payment lot.

This version of the PRS assumes that the quality of the
as-constructed pavement is determined solely from measured
values of each included AQC becausethese are used to predict
the LCC of the as-constructed pavement. However, exceed-
ing agency expectations for a single included AQC, disre-
garding all other included AQCs, will not necessarily result
in a bonus because of the potential effect of interaction
amongst included AQCs. As an example, assume that only a
fatigue cracking model is used for predicting pavement per-
formance and that thismodel isdependent only on asphalt con-
tent and air void content (both AQCs) and applied traffic (a
fixed input). Exceeding the target (agency specified value) for
asphalt content would benefit resistance to fatigue cracking if
the target thickness were provided, but an asphalt content
greater than the target content may not benefit fatigue crack-
ingif the provided thicknesswas|essthan the target thickness.

Target meansfor each included AQC should be the same as
those derived from the pavement design and mixture design
processes. That is, target HMA thickness should come from
the pavement design processwhereas asphalt content, air void
content, and percent passing the 0.075-mm (No. 200) sieve
should come from the job mix formula (JIMF). WesTrack
Technical Report UNR-29 (25) provides typical standard
deviations for each of these AQCs. Representative values
taken from this report are summarized in Table 24.

6.6 DEFINITION OF LOTS AND SUBLOTS

A basic premise within the HMA PRS is that a specifica-
tionisdevel oped for each pavement lot. Thus, aproject which
would typically comprise several pavement lots, would have

several specifications associated with it. The default defini-
tion of alot is provided in the Guide Specification for Hot-
Mix Asphalt Pavement Materia (see Chapter 10). It defines
a placement (pavement) lot as an area of asphalt placed in a
production lot, excluding miscellaneous areas and a place-
ment (pavement) subl ot as one-fifth the area of the placement
lot. The Guide Specification further defines a production lot
as 1,800 Mg (2,000 tons) of HMA regardless of the number
of days required to produce the HMA. Thus, a sublot would
consist of 360 Mg (400 tons) of HMA.

It should be emphasized that the HMA Spec software
allowsthe user to define alot and the number of sublots dif-
ferently from the above definitions. For example, thelot could
be defined as the entire project with each day’s production
comprising the sublots.

6.7 SPECIFYING AN ACCEPTANCE
QUALITY CHARACTERISTIC SAMPLING AND
TESTING PLAN

TodetermineaPA based on as-constructed pavement qual-
ity versus as-designed pavement quality, the included AQCs
will need to be sampled and tested. The HMA Spec software
assumes (in preconstruction use of the software) that sam-
pling and testing is based on a per sublot basis and that the
number of samplesto obtain and test for each included AQC
for each sublot are as specified in the Guide Specification
(see Chapter 10). In postconstruction use of the software, the
HMA Spec software allows input of the actual number of
samples obtained and tested (which could be different from
that specified).

The HMA Spec software also assumes that the test meth-
ods to be used for determining the AQC values are as speci-
fied in the Guide Specification (see Chapter 10). Regardless
of the test method, a sufficient number of samples must be
obtained and tested for each type of test to ensure reasonable
confidence in the results. In general, the greater the number
of tests, the greater the confidence in the results. Given that
sampling and testing isrelatively inexpensive compared with
the capital cost of atypical HMA pavement project, agencies
should obtain and test a minimum of one sample per sublot
for each AQC and a pavement | ot should contain a minimum
of five sublots.

6.8 SELECTING AN APPROPRIATE
BID PRICE FOR DEVELOPING
PRECONSTRUCTION OUTPUT

As discussed in Chapter 3 of Part I, an appropriate bid
price for the pavement lot for which a specification isto be
generated by the HMA Spec software is required for pre-
construction use of the software. In particular, abid priceis
required for the development of the PF relationship for the
pavement lot. Asnoted in Chapter 3, thisrelationship provides



atool for assessing the sensitivity of the PF (and PA) to the
various AQCsand AQC combinations, that is, theinteraction
amongst AQCs. Thus, it isimportant that arepresentative bid
price be provided by the agency.

Unit bid prices from previous paving projects of similar
magnitude should be used to estimate an appropriate bid
price. For example, an appropriate bid price could bethe aver-
age of unit bid prices from similar paving projects from the
previousyear’ s construction season. Notethat unit bid prices
from other past years should be updated to include the effects
of inflation.

6.9 SELECTING SIMULATION PARAMETERS

The HMA Spec software uses a Monte Carlo simulation
process to predict the mean LCC of the as-designed pave-
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ment lot aswell asto develop the PF relationship. The mean
L CC of the as-designed pavement lot is the sum of the indi-
vidual LCCs generated during each iteration of the Monte
Carlo simulation process divided by the total number of iter-
ations. Typically, Monte Carlo smulationsinvolve hundreds,
sometimes thousands, of iterations. Although the minimum
number of iterations required to obtain stability in the pre-
dicted L CC of the as-designed pavement lot using the HMA
Foec software has not been determined, the developers of
PaveSpec (the rigid pavement PRS software) indicate stabil -
ity is achieved at around 200 to 250 iterations using Pave-
Spec (7). They further indicate that the mean LCC does not
significantly change with 500 iterations or more.

In the HMA Spec software, the total number of iterations
for a given pavement lot is agency-defined. Based on this
information, aminimum of 500 iterationsisrecommended in
the Monte Carlo simulation process.
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TABLE 24 Typical standard deviationsfor various acceptance quality

characteristics

Acceptance Quality Characteristic

Representative Value

In-place air void content 15%
Asphalt content* 0.3%
Percent passing #200 sieve* 0.9%
HMA thickness® 8mm (0.3in.)

1 See Table 14 in reference 25.
2See Table 12 in reference 25.
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GUIDELINES FOR MAKING DECISIONS REGARDING PAY ADJUSTMENT

In the process of developing a PRS for any given project,
the highway agency must make certain decisions regarding
PA within the framework of the system. These decisionsfall
within the following five categories:

+ Selecting an appropriate operating level.

» Selecting an appropriate application level.
 Selecting a suitable confidence level.

« Establishing rejectable quality levels.

+ Placing constraints on PFs.

Thischapter provides some general guidelinesto the agency
for making these decisions.

7.1 SELECTING AN APPROPRIATE
OPERATING LEVEL

Asdiscussed in Chapter 2 of Part |1, there aretwo primary
operating levelswithin this PRS system: basic and advanced.
Each hasits own strengths and weaknesses. Selection of the
appropriate operating level depends on the needs and best
interests of the highway agency.

The advanced operating level refersto the use of the HMA
Fec softwareto generate the specification for any given proj-
ect. With all the mgjor components of the analytical process
built into the computer code, the software represents a power-
ful tool to the engineer for generating a site-specific precon-
structing specification. As part of the specification, the soft-
ware produces aunique PF rel ationship which, in turn, focuses
theemphasisof HMA pavement construction onthemost sig-
nificant M& C factors. Using postconstruction data, that is,
field sampling and testing results, asinput, the softwareisalso
capableof calculating theindividual PAsfor eachlot. Aswith
any tool, however, proper operation requiresacertain level of
understanding and expertise. Given the number of inputsand
the inherent complexity of the advanced PRS, this is espe-
cially true for the HMA Spec software. Training, analysis of
sensitivity, experimentation, and trial runs are all important
to its successful operation.

The basic operating level represents the second option for
using the PRS and is one that several SHASs (including New
Jersey, Cdlifornia, and lllinois) have examined or adopted.

Although some expertise is required to develop the standard
PF relationships or PFtables associated with thislevel, actual
operation is relatively simple. The user prepares many
aspects of the specification using the more conventional
approach, but then inserts a PF relationship or PF table (along
with other suitable PRS language) that, al ong with the needed
field sampling and testing, provide the basis for contractor
payment. The advantage of the basic approach isitsrelative
simplicity. The disadvantages, with regard to thisPRS, are as
follows:

a. Up-front work isrequired by someone with appropriate
expertiseto produce the matrix of candidate PF relation-
ships or PF tables that can be selected for use in any
given specification. (The HMA Spec software can be
used for this)

b. The ability to treat uncertainty by establishing a range
of acceptable performanceislost. (Thus, any deviation
in the predicted performance of the as-constructed
pavement from the as-designed pavement becomes a
basisfor PA).

c. Theeffort required to calculate lot-by-lot PFs becomes
a separate, manual spreadsheet operation for the user.

d. Some (abeit small) error will be introduced by the fact
that the PF relationship or PF table will represent a cat-
egory of sections, rather than a specific section.

For an agency making (or considering) the transition from
more conventional methods of generating specifications, the
basic level is probably the best place to start. If the agency
already has experience with PRS and the use of computer
software, then the advanced level is probably the next step.

7.2 SELECTING AN APPROPRIATE
APPLICATION LEVEL

The current PRS system offers two levels of application:
state-of -the-practice and state-of-the-art. Both levelsrequire
some evaluation and experimentation to comprehend. How-
ever, the advanced testing associated with the state-of -the-art
level makesit likely to requirethe most effort. Consequently,
it is recommended that the agency first become familiar with
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the PRS at the state-of-the-practice level before moving on
to the state-of-the-art level.

7.3 SELECTING A SUITABLE
CONFIDENCE LEVEL

One of the capabilities of the PRS system incorporated into
the HMA Spec software is the ability to treat the effect of
uncertainty in performance prediction as part of the method
of PA (see Chapter 3). The primary sources of this uncer-
tainty are the error associated with sampling and testing and
thelack-of-fit inherent in the performance prediction models.
The fact that this uncertainty exists makes it possible that a
PA can be made (either bonus or penalty) when the differ-
ence in the LCC between the as-designed and as-constructed
pavement is not significant.

Thediagram shownin step 4 of Figure 8 (Chapter 3 of Part
I1) providesaconceptual diagram indicating how uncertainty
of the LCC associated with the as-designed pavement
(LCCye) is considered in assessing a PA. Depending on the
variance (or standard deviation) of LCC and desired confi-
dence level, there is a zone on the LCC axis (defined by
LCC,y and LCC,y) within which the actual LCC may exist.
The confidence level (area under the curve) represents the
probability of the contractor being assessed a PA when oneis
deserved. That being the case, it would not be statistically valid
to penalize (or reward) the contractor if the predicted mean
LCC of the as-constructed pavement is within that zone. (In
the example of Figure 8, payment for lot 1 would result in a
bonus because it is outside the zone, while payment for lot 2
would not be adjusted because it isinside the zone).

The advantage of a high confidence level is that it mini-
mizestherisk of adjusting the contractor’ s payment when an
adjustment is not deserved. The disadvantage is that a high
confidence level reduces the motivation for the contractor to
achieve quality. For example, Figure 58 illustrates the deter-
mination of the confidence limitsfor arelatively high con-
fidence of 80 percent. Assuming in this case that the distri-
bution of LCC is normal, the following equations would be
used to calculate the lower and upper confidence limits,
(LCC)|C| and (LCC)ucI:

(LCC)ia = LCCues— Zcr 0(O1cc)des (58)
(LCC)us = LCCues + Zer (01 cc)des (59)
where

LCCye = predicted mean LCC for the as-designed pave-
ment,
Zc. = standard normal deviate for the selected con-
fidence level, and
(OLce)ees = Standard deviation of LCC for the as-designed
pavement.

As can be seen from the example in Figure 58, the confi-
dence limits associated with the 80 percent confidence level
arerelatively wide and less likely to encourage the contrac-
tor to strive for high quality.

Ultimately, the determination of the most suitable confi-
denceleve isgoing to depend on athorough understanding of
the magnitude of the variability of predicted LCC and the
impact that confidencelevel hason PA. For the sake of achiev-
ing quality, the choice of alow confidence level (say 10 to
20 percent) is recommended, accepting the increased likeli-
hood that apenalty or bonus may be assessed when oneisnot
in order. In the example shown in Figure 58, the upper and
lower confidence limits for a confidence level of 20 percent
would be $7.39/m? ($6.22/sq yd) and $8.11/m? ($6.78/sq yd),
respectively. (These compare to the $6.10/m? ($5.10/sq yd)
and $9.46/m? ($7.91/sq yd) for the 80 percent confidence
level shown in Figure 58).

7.4 ESTABLISHING REJECTABLE
QUALITY LEVELS

The PRS system isdesigned to calculate aPA (or PF) based
on the combined effect of the deviations of the as-constructed
AQCsfromtheir specified or as-designed levels. Although it
can, the system is not intended to calculate PFs for individ-
ual AQCs. Conseguently, it is important for the agency to
establish arejectable quality level (RQL) for each AQC. The
RQL definesalevel for agiven AQC outside of which thelot
would be rejected. For example, if the specified HMA thick-
ness for a given project is 102 mm (4.0 in.), an agency may
define an absol ute minimum (or rejectable) thicknesslevel of
91 mm (3.6in.). If the mean thickness of agiven lot is below
this levd, it would be rejected (leading to either a zero pay-
ment or a regquirement for remova and replacement). Any
thickness above the rejectable level, on the other hand,
becomes a contributing factor, along with other surviving
AQC levels, in the determination of an overall PA.

Table 25 provides some typical RQLsfor the five original
AQCsconsidered in this project. Note that three of the AQCs,
that is, asphalt content, air void content, and percent passing
the 0.075-mm (No. 200) sieve, have RQLs on both sides of
the specified level.

7.5 PLACING CONSTRAINTS ON
PAY FACTORS

Any given pavement lot which is not rejected (because of
the criteriadescribed in Section 7.4) becomes a candidate for
PA (penalty or bonus). Step 5 of the flowchart shown in Fig-
ure 8 provides a diagram illustrating the constraints that can
be placed on contractor’s PFs. Asindicated, constraints can



be placed to cap the maximum PF, that is, maximum bonus,
as well as to define a minimum PF level, below which zero
payment or removal and replacement would be required.

Inthefirst case, the agency must choose aPF level that pro-
vides someincentive to the contractor to achieve quality con-
struction while, at the sametime, limiting its maximum poten-
tial payout. The range of maximum PF is between 1.02 and
1.15. Typical values arein therange of 1.02 to 1.07.
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In the second case, the agency must choose a PF level that
behaves like an RQL. The reason for this is that, although
each AQC has satisfied its individual RQL, a compound
interaction between some (e.g., high asphalt content and low
air void content) could result in an unacceptabl e performance
level. Thus, by selecting a rejectable PF level, say between
0.5 and 0.8, the agency can exercise some additional control
on the minimum quality level.
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Figure58. Determination of confidence limits
for a given confidence level (1 SY =0.84 nv).



TABLE 25 Typical rejectable quality levelsfor five acceptance quality

characteristics

Acceptance Quality
Characteristic

Amount Below Tar get

Amount Above Target

(No. 200) Sieve

HMA Thickness 8t013mm (0.3t00.5in.) None
Initial Smoothness None 48 to 80 mm/km
(California Profilograph) (3to 5in./mi)
Asphalt Content 0.4 to 0.6 percent 0.3t0 0.5 percent
Air Void Content 1.0to 2.0 percent 1.0to 1.5 percent
Material Passing the 75 pm 1.0to 1.5 percent 1.0to 1.5 percent
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CHAPTER 8

STEP-BY-STEP GUIDE FOR GENERATING PERFORMANCE-RELATED
SPECIFICATION PRECONSTRUCTION OUTPUT

The previous chapters of this report focused primarily on
describing the PRS, summarizing the inherent method of PA
and providing information on the selection of appropriate
inputs. This chapter isto provide a step-by-step guide to gen-
erating preconstruction output using the advanced operating
level of the PRS system, that is, the HMA Spec software. The
step-wise part of this processis designed to be similar to the
level 1 specification used in the FHWA'’ s PRS for PCC pave-
ments (7). Thefirst ten stepsdeal with identifying therequired
inputs while the last three deal with generating the PF rela
tionship(s) and producing the specification.

8.1 IDENTIFYING REQUIRED INPUTS

Step 1. Definethe General Project Information. The
information required as part of thisfirst step is specific to a
given project. It includes such items as project location, lane
configuration, starting and ending stations, and functional
classification of thefacility. Guidelinesfor selection of these
inputs are provided in Section 6.4 of this report.

Step 2. Define Pavement Performance. In this step, the
agency must identify the distress indicators and the most
appropriate mathematical models for predicting their progres-
sion. Alternative models devel oped, in part, from analysis of
WesTrack performance are currently incorporated into the
software for thetwo different application levels. For the state-
of-the-practicelevel, level 1 modelsare available for perma-
nent deformation and fatigue cracking for fine and coarse
mixtures. Similarly, for the state-of -the-art level, level 2 can-
didate models exist for permanent deformation and fatigue
cracking. Section 6.2 provides guidance on the selection of
appropriate models, while Chapter 4 of Part |1 describes the
actual models developed from analysis of WesTrack data.

Step 3: Select the Acceptance Quality Characteristics.
AQCs refer to those AQCs that have the greatest impact on
pavement performance and, so, receive specia attentionwithin
the PRS system by way of potential for contractor PA. Five
AQCs were targeted in the WesTrack experiment. These
include HMA surface layer thickness, initial smoothness,
asphalt content, air void content, and an aggregate gradation

parameter (percent passing the 0.075-mm [No. 200] sieve).
All but initial smoothness are provided for in the version of
the HMA Spec software devel oped under this project. Agen-
cies may chooseto incorporate from oneto all four for their
specification. Guidance for their selection is provided in
Section 6.5.

Step 4: Definethe Required Fixed I nput Values. Besides
the levels associated with each AQC, anumber of input val-
ues related to design, climate, and traffic are required by the
various pavement performance prediction models. These val-
ues are equally used for predicting the performance of both
as-designed and as-constructed pavements. Guidelines for
their selection are provided in Section 6.4.

Step 5: Definethe Acceptance Quality Char acteristics
Sampling and Testing Plan. The HMA Spec software was
originally designed to allow the agency to define the sam-
pling and testing procedures required for measuring the AQCs
in the field. Thisincluded not only the sampling and testing
methods, but also the number of samples per sublot. How-
ever, as indicated in Section 6.7, the HMA Spec software
assumes (in preconstruction use of the software) that sam-
pling and testing is based on a per sublot basis and that the
number of samplesto obtain and test for each included AQC
for each sublot are as specified in the Guide Specification
(see Chapter 10). In addition, the HMA Spec software also
assumes that the test methods to be used for determining the
AQC values are as specified in the Guide Specification (see
Chapter 10).

Step 6: Define the As-Designed Acceptance Quality
Characteristics Target Values. These are the target values
included by the agency in the specification for thekey AQCs.
They include both the target mean and standard deviation for
each AQC and are dependent on the selected sampling and
testing plan set forth in the Guide Specification (see Chapter
10). Guiddinesfor selecting appropriate target values are pre-
sented in Section 6.5.

Step 7: Define Lots and Sublots. Lots and sublots must
be clearly defined for each project. In the case of HMA pave-
ments, they are defined geometrically by either length or area



(and usualy depend on the quantity of material that can be
placed in one day). Section 6.6 provides more detailed guid-
ance on this subject.

Step 8: Define the Maintenance and Rehabilitation
Decision Tree. To estimate the costs associated with future
M&R for both the as-designed and the as-constructed pave-
ment, the agency must establish an appropriate M&R deci-
sion tree for triggering treatments based on the magnitude of
predicted distress. M& R decision trees within the HMA Spec
software are very similar to typical decision trees for pave-
ment management systems. Guidance on selecting default
decision trees is presented in Section 6.4 whereas guidance
for establishing custom decision treesisprovidedintheuser’s
guide for the HMA Spec software (11).

Step 9: DefinetheUnit Costsand TimeValueof Money.
Unit costsfor all M& R treatments contained in the M & R deci-
sion tree (step 8) must be defined by the agency. In addition,
to account for the differencesin timing between the treatments
applied to the as-designed and as-constructed pavements, an
appropriate discount rate must be defined. Guidance on these
inputsis provided in Section 6.4.

Step 10: Define the Simulation Parameters. A Monte
Carlo simulation approach is used to generate an appropriate
number of performance simulationsfor both the as-designed
and the as-constructed pavements. From these simulations,
the program cal cul atesvalid estimates of the mean and standard
deviation of the LCC of the as-designed and as-constructed
pavements. The simulations require certain agency-defined
parameters, as discussed in Section 6.9, to perform these
simulations.

8.2 GENERATING THE SPECIFICATION

Step 11: Develop/M odify the Specification. In this step,
the agency must prepare the text (or language) of the HMA
construction specification. The Guide Specification (provided
in Appendix C and included asthe default specification in the
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HMA Spec software) may be used in total or modified by the
agency. The agency also has the option of incorporating its
own specification, after it has been modified to accommodate
the new method of contractor PA. Although the HMA Spec
software was designed and devel oped to accommodate spec-
ifications different from the default specification, this must
be done manually within the HMA Spec database.

Step 12: Execute the Software (in Preconstruction
Mode). One of the easiest steps of the entire processis exe-
cuting the HMA Spec software to generate the specification.
With the inputs from steps 1 through 10, the software will
carry out the pavement performance simulations, estimate
the LCCsfor al treatment combinations and, then, generate
asingle PFrelationship. This PF relationship will account for
the performance-weighted effects of all the AQCs and their
significant interactions. When completed, the relationship
will beincorporated directly into the electronic version of the
construction specification and printed. Although the software
does not yet incorporate a feature for producing OC curves
that permit the agency and the contractor to assesstheir respec-
tive risk, the PF relationship does provide some indication of
therelative sensitivity of PFto each AQC. (Sincethe z-values
for each AQC represent normalized variations with respect to
their as-designed standard deviations, the coefficientsfor each
AQC term indicate the relative effect on contractor payment).
However, the preconstruction specification component of the
HMA Sec software does not have the ability to consider the
effect of the agency and contractor agreeing to some confi-
dence level within which no PA would be made.

Step 13: Proof the Specification. The PRS system is a
tool available to the agency to help prepare specifications for
HMA pavement construction that encourage the contractor to
achieve better quality on those M& C factors that have the
greatest effect on performance. Like most computer software,
the PRS system is neither bug-free nor foolproof. Accord-
ingly, it is the ultimate responsibility of the agency to thor-
oughly review the specification and the accompanying PF
relationship to ensure that no text errors have been made and
that the terms for contractor payment are reasonable.




CHAPTER 9

STEP-BY-STEP GUIDE FOR DETERMINING PAY ADJUSTMENTS FOR

AS-CONSTRUCTED PAVEMENT LOTS

9.1 INTRODUCTION

The PA for a pavement lot can be determined after the lot
has been constructed and sampled and tested for each included
AQC. Thischapter provides guidance on determining the PA
for agiven as-constructed pavement |ot.

9.2 PROCESS

Step 1: Dividethe As-Constructed Pavement Lot into
Sublots. As stated in Chapter 6, the HMA Spec software
assumes that sampling and testing of each included AQC is
conducted on aper sublot basis. That is, the number of sam-
ples to obtain for testing is specified on a per sublot basis.
The HMA Spec software further assumes the as-constructed
pavement lot will be divided into sublots as defined in the
Guide Specification (see Chapter 10). The Guide Specifica
tion indicates the lot should be divided into five sublots with
each sublot having approximately equal aress.

Because it is likely that loose-mix samples will be taken
during the placement of the HMA pavement lot, determina-
tion of the sublot size must be accomplished prior to the paving
operation. Further, the starting and ending locations of each
sublot should be determined and identified on site to facil-
itate easy identification of sampling locations. These lengths
become the target sublot lengths.

Step 2: Determine the As-Constructed Acceptance
Sampling L ocations. Oncethelot isdivided into the appro-
priate number of sublots and the termini of each sublot iden-
tified, the procedure outlined in Attachment A of the Guide
Specification (see Chapter 10) should be used to identify exact
sampling locations. This attachment outlines procedures for
stratified random sampling.

Step 3: Conduct Lot Sampling and Testing. When
paving beginsfor agiven lot, the actual sublot length should
equal the target sublot length. If, however, a problem occurs
during the paving of thisfirst sublot (requiring the start of a
new lot) and the pavement length islessthan the target sublot
length, then the sublot should be assumed to represent the

entire lot and should be accepted by another method mutu-
ally agreed on between the contractor and agency.

If paving of thefirst sublot is successful, additional sublots
(each equal in length to the target sublot) are defined con-
secutively until paving operations are complete for the lot.
Following this approach, each sublot will have alength equal
to the target sublot length except for the final sublot. If the
final sublot hasalength lessthan half the target sublot length,
then the final sublot area should be included with the previ-
ous sublot. If, on the other hand, the final sublot length is
greater than or equal to half the target sublot length, then the
final sublot should be sampled and tested in the same man-
ner as all other sublotsin thelot.

Oncetheactua number of sublotsisdeterminedin thefield,
each sublot will need to be sampled according to the sampling
and testing plan in the specification and at locations previ-
ously determined in step 2. The results of these testswill then
be used to determine the PF and PA for the as-constructed
pavement lot.

Step 4: DeterminetheOverall Lot Pay Factor. Oncethe
sampling and testing program for the lot is compl ete, the PF
for the as-constructed pavement lot is determined through use
of the HMA Spec software or through simplified PF relation-
ships as described in Chapter 11. If simplified PF relation-
ships are used, the results from the testing program must be
reduced to mean values for each AQC tested and the z-value
for the AQC must be determined (see step 4 in Section
3.3.1). Once the z-values of all AQCs are determined, they
are entered into the PF relationship to determine the PF.
Although stochastic variability was accounted for in the
development of the PF relationship, use of the relationship
does not account for stochastic variability.

If the HMA Spec software is used, the individual results
from the testing program are entered into the program and
reduced or reduced data are entered. In ether case, the pro-
gram utilizes the mean and standard deviation of each AQC
in a Monte Carlo simulation process to predict the LCC of
the as-constructed pavement lot in the same manner as the
as-designed pavement lot. Once the predicted LCC of the
as-constructed pavement lot is determined, the PF is deter-
mined by the program according to equation 4 in step 4 of
Section 3.4.1.
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Step 5: Computethe Payment for the L ot. Oncethe PF Contractor’s Lot Payment = adjusted payment made to
is calculated, the payment for the lot can be determined from the contractor for the as-
equation 60 as follows: constructed pavement lot,

Bid Price = contractor’s actual bid price
Contractor’s Lot Payment = (Bid Price) x (Pay Factor) (60) in $/sqgm (or $/sq yd),
x (Lot Size) Pay Factor = computed PF from step 4
above, and

where Lot Size = areaof lotinsgm (or sqyd).
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CHAPTER 10

GUIDE PERFORMANCE SPECIFICATION FOR WESTRACK

10.1 INTRODUCTION

Thischapter provides asummary of theinformation used to
develop the “WesTrack Guide Specification” that is contained
within the HMA performance-related software developed
inthe WesTrack project. The WesTrack Guide Specification
was developed with background provided by references 8,
29 through 49, and the NCHRP Project 9-20 panel’ s specific
guidanceto use the guide specification resulting from NCHRP
Project 9-7 (38). The principal investigator’ s experienceasa
team member in the development of three state QC/QA-type
specifications was also used.

10.2 BACKGROUND

A review of existing QC/QA specifications (26-37) indi-
catesthat awide variety of methods are used to describetheir
workings. The Guide Specification described here attempts
to simplify the QC/QA specification formats currently used
while providing the basic elements of thistype of specification.

This Guide Specification was developed based on several
assumptions and decisions made by the WesTrack team:

* AASHTO test methods and specifications are used wher-
ever possible.

+ ASTM test methods and specifications are used when
AASHTO methods are not available.

+ A QCplanisrequired with minimum sampling and test-
ing requirements.

* All personnel performing the sampling, testing, and
inspection must be certified or qualified.

* All testing must be performed in an accredited or qual-
ified laboratory.

* Recycled asphalt pavement (RAP) is allowed in the
HMA.

» Baghouse fines can be reintroduced into the HMA.

A construction section isincluded in the Guide Speci-
fication.

* Superpave mixture design methods are used.

+ Multiple mixture designs can be used on a project.

» The laboratory mixture design is approved based on a
paper review of information.

» Thefield trial section information provides the mixture
design for the project.

* Multiple job mix formulae can be used on a project.

* QC/QA sampling and testing and pay are based on lots/
sublots.

+ AnHMA lotis 1,800 Mg (2,000 tons) regardless of the
number of days required to produce the quantity.

* AnHMA sublot is360 Mg (400 tons) (5 sublotsper lot).

» Sampling is performed by the contractor and witnessed
by the agency engineer.

» The contractor is responsible for QC testing.

» The agency is responsible for QA testing and testing
for pay.

* QC/QA sampling and testing areincluded for the asphalt
binder, aggregate, HMA, and ride quality.

» Statistical QC/QA techniques are used for sampling,
QC charts, comparison of data sets, and determination
of PWL.

» HMA production is separated from HMA placement for
QC testing, QA testing, and acceptance.

» Acceptanceis based on QC and QA tests.

» PA factors are used for asphalt binder, HMA, and ride
quality.

» PA factorsfor HMA are based on WesTrack performance
models for rutting and fatigue.

10.3 KEY SECTIONS

The sectionsand first order subsections of the Guide Spec-
ification are shown in Figure 59 (Figure C.1 of the Guide
Specification). The following are the section titles:

« 10
« 20
+ 30
« 40
50
*+ 60
« 7.0

Introduction.
Materials.
Construction.
Mixture Design.
Job Mix Formula.
Lot and Sublot.
Quality Control.

+ 8.0 Quality Assurance.
*+ 9.0 Acceptance.

* 10.0 Measurement.

* 11.0 Pay Adjustment Factor and Payment.



The sections of the Guide Specification and their interac-
tion that control the acceptance activities are shown in Fig-
ure 60 (Figure C.2 of the Guide Specification). Both QC and
QA testing are used to control the quality of the project. The
Guide Specification will not allow for more than 3 consecu-
tive days of PA factors below 1.00.

10.3.1 Introduction

The“Introduction” section definesthe material, itsuse, and
the scope of the Guide Specification. Relevant documents are
identified, aswell asterminology associated with the Guide
Specification. Requirementsfor personnel (certification) and
laboratories (accreditation) are defined. Sampling and testing
standards and the required QC plan are defined in this section
of the Guide Specification.

10.3.2 Materials

The“Materials’ section of the Guide Specification defines
the requirements for the asphalt binder, aggregate, mineral
filler, lime, baghouse fines, and RAP.

10.3.3 Construction

The “Construction” section of the Guide Specification
describes the materials handling requirements, mixing plant
requirements, hauling equipment, and laydown and com-
paction operations. Genera restrictions on placement of the
HMA are also included in the Guide Specification. The eguip-
ment section is that typically included in current state high-
way agency specifications.

10.3.4 Mixture Design

The“Mixture Design” section of the Guide Specification
defines the material and mixture design requirements. The
HMA mixture design is performed by the contractor and
approved by the agency engineer. The approval process
includes the engineer performing tests on the asphalt binder
and aggregate and a paper review of the submitted LMLC
mix design submitted by the contractor.

The engineer does a complete set of tests on the FMLC
samples obtained from the trial field section placed by the
contractor. New mixture designs can be developed as fre-
guently as necessary to produce a quality HMA pavement.
New mixture designs are required with a change in asphalt
binder source or grade and with a change in aggregate source
or with aggregate variability.

10.3.5 Job Mix Formula

The* Job Mix Formula’ section of the Guide Specification
defines the process of developing the IMF to be used on the
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project. Multiple job mix formulae can be developed for a
project to ensure that quality HMA is produced. IMF adjust-
ments can be made during the construction of the project.

10.3.6 Lot and Sublot

The “Lot and Sublot” section of the Guide Specification
definesthelot and sublot sizefor asphalt binder sampling and
testing, aggregate sampling and testing, HMA sampling and
testing for production, and placement and ride quality deter-
mination. Thelot sizeisaproduction day of HMA. Five pro-
duction days form alot for the asphalt binder and aggregate.

An HMA lot is defined as 1,800 Mg (2,000 tons) regard-
less of the number of days required to produce the HMA.
Five sublots of 360 Mg (400 tons) each form alot.

10.3.7 Quality Control

The“Quality Control” section of the Guide Specification
defines the QC sampling and testing requirements for the con-
tractor. Sampling and testing is required for the asphalt binder,
aggregate, HMA production, HMA placement, and ride qual -
ity, as shown in Figure 60. Statistical QC charts are used as
well as statistical techniques for comparison of QC results
with QA results.

10.3.8 Quality Assurance

The “Quality Assurance” section of the Guide Specifica
tion definesthe QA sampling and testing requirementsfor the
engineer. Testingisrequired for the asphalt binder, aggregate,
HMA production, HMA placement, and ride quality asshown
in Figure 60. Referee testing is also identified in this section
of the Guide Specification.

10.3.9 Acceptance

The" Acceptance” section of the Gui de Specification defines
the acceptance procedure for the engineer. Both QC and QA
test resultsarerequired for acceptance. Mat irregularitiesand
individual loads of HMA are addressed in this section of the
Guide Specification. Acceptance programs are described for
asphalt binders, aggregate, HMA, and ride quality.

10.3.10 Measurement, Pay Adjustment Factors, and
Payment

The*Measurement, Pay Adjustment Factorsand Payment”
sections of the Guide Specification define the procedure to be
used by the engineer to determine payment for the HMA. Sep-
arate PAs are madefor asphalt binder, HMA, and ride qudlity.

TheHMA PA factorsare based on performance of fine- and
coarse-graded Superpave mixturesat WesTrack. Different PA
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factors are used for fine- and coarse-graded mixtures. Fine-
graded mixtures are those with gradations passing above the
lower limits of the restricted zone. Coarse-graded mixtures
are those with gradations passing below the lower limits of
the restricted zone.

The HMA is paid on aweight basis. If lightweight aggre-
gates are used, payment programs on avolume basis must be
developed by the SHA.

10.4 COMMENTS

10.4.1 Acceptance Tolerances for
Mix Design and Quality Control and
Quality Assurance Testing

The requirementsfor a“field trial section” mixture accep-
tance based on JIMF 1 and the tolerances shown in Tables 26
and 27 (Tables C.15 and C.16 of the Guide Specification) are
based on NCHRP Project 9-7 recommendations (38). These
sametolerances are used in the plansfor QC and acceptance.
Based on field construction variability information presented
in reference 31, these limits are very restrictive and may be
modified by the SHA and the contractorstofit local practices.

10.4.2 Superpave Asphalt Binders and
Mixture Design

The latest approved specification for Superpave
Performance-Graded Binders and the Superpave Volumetric
Mixture Design have been used in this Guide Specification.
Future changesto these specifications should beincorporated
as part of the Guide Specification.

10.4.3 Quality Control/Quality Assurance
Sampling and Testing

Tables 28 and 29 (Tables C.18 and C.20 of the Guide
Specification) contain a summary of the QC/QA sampling
and testing requirements for asphalt binders and aggregates.
Tables 30 and 31 (Tables C.22 and C.23 of the Guide Spec-

ification) contain a summary of the QC/QA sampling and
testing requirements for HMA production and placement. In
general, the frequency of testing is reduced for the QA test-
ing as compared with the QC testing. Thetest results used for
determining PA factors (with the exception of gyratory-
compacted air voids) are those used for QA purposes. Public
agencies should consider reducing the frequency of testing
based on statistical comparisons of the results of QC and QA
testing as well as the uniformity achieved in production and
placement.

In-place air voids determined from cores are used for QA
and PA factor determination for HMA placement. Nuclear or
other approved methods may be used for QC purposes.

10.4.4 Asphalt Binders

Table 32 (Table C.19 of the Guide Specification) defines
the acceptable difference between contractor and engineer
test results for asphalt binders. This table is based on Utah
Department of Transportation (UDOT) requirements and
was to be revised by the department prior to the 2000 con-
struction season.

Table 33 (Table C.24 of the Guide Specification), which
defines PA factorsfor asphalt binders, was a so obtained from
the UDOT. It wasto be revised by the department prior to the
2000 construction season.

10.4.5 Aggregates

Table 34 (Table C.21 of the Guide Specification), which
defines the acceptabl e difference between contractor and engi-
neer test resultsfor aggregates, was devel oped from AASHTO
and ASTM precision and bias statements for the test methods
listed in the table. The acceptable difference for the flat and
elongated particles was estimated by the authors.

10.4.6 Guide Specification

The Guide Specification appearsin Appendix C.
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Figure59. Hot-mix asphalt quality control/quality assurance guide specification section designations.



350
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* SAND EQUIVALENT
* LA ABRASION
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Figure 60. Hot-mix asphalt quality control/quality assurance guide specification tests.
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TABLE 26 Aggregate gradation and asphalt binder content tolerancesfor field
trial section acceptance

Sieve Size* Tolerance, Mass
Metric, mm U.S. Customary
50 2.0-in. +3.0
375 1.5-in. +3.0
25 1-in. +3.0
19 3/4-in. +3.0
125 Y2-in. +3.0
95 3/8-in. +3.0
4.75 No. 4 +3.0
2.36 No. 8 +20
1.18 No. 16 +20
0.600 No. 30 +20
0.300 No. 50 +20
0.150 No. 100 +20
0.075 No. 200 +0.7
Asphalt binder content,** percent by mass +0.13

*The gradation (AASHTO T27) shall be determined after the asphalt content is determined by
the Ignition Test (ASTM D6307).
** Agphalt content determined by ASTM D6307 (Ignition Test).

Note: Tolerances based on IMF 1.

TABLE 27 Volumetric tolerancesfor field trial section acceptance

Test Method Tolerances
Description Number
AASHTO | ASTM
A. Gyratory-compacted sample properties a Nyesg, TPA
1. Airvoids (Vay) T269 D3203 +1
2. Voidsin mineral aggregate (VMA) PP28 +1
3. Voidsfilled with asphalt (VFA) PP28 +5
4. Bulk specific gravity (Gmb) T166 D2726 +0.022
5. Dust-to-binder ratio PP28 0.6to1.6
6. Theoretical maximum specific gravity (Gmm) T209 D2041 +0.015
B. In-place air voids T269 D3203 2to7

Note: Tolerances based on IMF 1.
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TABLE 28 Asphalt binder sampling and testing

Test Method Contractor's Quality Engineer's Verification Engineer's Quality Engineer's Pay Factor
Control Testing* Testing Assurance Testing Testing
Number Location | Frequency | Location | Frequency | Location | Frequency | Location | Frequency
Description of of of of
AASHTO | ASTM | Sampling Sampling Sampling Sampling
Rotational Feed 1 per
viscometer (original D4402 line** lot***
asphalt)
Dynamic shear Feed line 1 per lot
rheometer (original TP5
asphalt)
Dynamic shear Feed line 1 per lot
rheometer (RTFO- TP5
aged) T240
Dynamic shear Feed line 1 per lot
rheometer (PAV- TP5
aged) PP1
Bending beam Feed line 1 per lot
rheometer (PAV- TP1
aged) PP1
Direct tension (PAV- TP3 Feed line 1 per lot
aged) PP1
Flash point T48 D92 Feed line 1 per lot
Solubility T44 D2042 Feed line 1 per lot
Specific gravity T228 D70

*Meet requirements of PP26.
** Agphalt binder feed line between contractor's storage tank and plant mixing chamber.

***Ejve sublots per lot.

TABLE 29 Aggregate sampling and testing

Test Method Contractor's Quality Engineer's Verification Engineer's Quality Engineer's Pay Factor
Control Testing Testing Assurance Testing Testing
Number Location | Frequency | Location | Frequency | Location | Frequency | Location | Frequency
Description of of of of
AASHTO | ASTM | Sampling Sampling Sampling Sampling
Coarse aggregate Combined | 1sample Combined | 1sample
angularity D5821 | coldfeed | per sublot* cold feed per lot
Fine aggregate Combined | 1sample Combined | 1sample
angularity T304 coldfeed | per sublot cold feed per lot
Flat and elongated Combined 1 sample Combined 1 sample
particles D4791 | coldfeed | per sublot cold feed per lot
Sand equivalent Combined 1 sample Combined 1sample
T176 D2419 | coldfeed | per sublot cold feed per lot
Los Angeles C131, |[Combined 1 sample Combined 1 sample
abrasion T96 C535 cold feed per lot cold feed per 3lots
Soundness T104 C88 Combined | 1sample Combined | 1sample
cold feed per lot cold feed per 3lots
Deleterious materials T112 C142 Combined 1 sample Combined 1 sample
cold feed per sublot cold feed per lot

*Five sublots per lot.




TABLE 30 Quality control, quality assurance, and pay factor testsfor HMA production and placement
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Test Method Contractor's Quality Engineer's Verification Engineer's Quality Engineer's Pay Factor
Control Testing Testing Assurance Testing Testing
Number Location Frequency Location Frequency | Location | Frequency Location Frequency
Description of of of of
AASHTO | ASTM | Sampling Sampling Sampling Sampling
A. Gradation T27 C136 Behind 1 per sublot 1 per sublot Behind 1 per sublot
paver paver
B. Asphalt binder D6307 Behind 1 per sublot Behind 1 per sublot Behind 1 per sublot
content paver paver paver
C. Gyrator- TP4 Behind 1 per sublot Behind | 1 per sublot
compacted sample paver paver
properties at Ngegn
1. Air voids (Vg) T269 D3203 1 per sublot 1 per sublot
2. Voidsin PP28 1 per sublot
mineral
aggregates
(VMA)
3. Voidsfilled PP28 1 per sublot
with asphalt
(VFA)
4. Bulk specific T166 D2726 1 per sublot 1 per sublot
gravity (Gmb)
5. Dust to binder PP28 1 per sublot
ratio
6. Theoretical T209 D2041 1 per sublot 1 per sublot 1 per sublot
maximum
specific gravity
(Gmm)
D. In-placeair voids T269 D3203 2 per sublot Cores 2 per sublot Cores 2 per sublot
D2950 from from
pavement pavement

TABLE 31 Aggregate gradation deter mination reguirementsfor quality

control, quality assurance, and pay factor testing

Sieve Size Engineer's
Quality
us. Contractor Qqal ity Assurgnce Engineer's Pay
Metric, mm | Customary Control Testing Testing Factor Testing
50 2.0-in.
375 1.5-in.
25 1-in. X*
19 3/4-in.
125 1/2-in,
9.5 3/8-in.
4.75 No. 4
2.36 No. 8 X X
118 No. 16 X
0.600 No. 30 X
0.300 No. 50 X
0.150 No. 100
0.075 No. 200 X X X

*Use gradation control sieves for nominal maximum aggregate specified. Requirements for 19-mm
(3/4-in.) nominal maximum size aggregate are shown in the table.




TABLE 32 Acceptable difference between contractor’s and engineer’stest
resultsfor asphalt binders

Test Method
Number Acceptable
Designation Difference*
AASHTO ASTM
Dynamic shear rheometer on original asphalt, TP5 20 percent**
G*/sind
Dynamic shear rheometer on RTFOT-aged binder, TP5
G*/sin & TP240 D2872 | 20 percent**
Dynamic shear rheometer on PAV-aged binder, TP5
G*sind PP1 20 percent**
Bending beam rheometer on PAV-aged binder, TP1
S-value PP1 10 percent**
Bending beam rheometer on PAV-aged binder, TP1
m-value PP1 0.015
Fracture strain on PAV-aged binder, fracture strain TP3
PP1 30 percent

*Based on UDOT specification.
** Percent of average value of two test results.
RTFOT = rolling thin film oven test.

TABLE 33 Pay adjustment factor for asphalt binder s*

Property Compliance Limit for Price | Rejection Limit for Price
Adjustment of 1.00 Adjustment of 0.75
G*/sin & of the original binder at
high grade temperature, kPa 0.84 Min. 0.70 Min.
G*/sin 6 of RTFO residue at high
grade temperature, kPa 1.74 Min. 1.40 Min.

Stiffness of the PAV residue at low
grade temperature + 10°C, MPa 311 Max. 355 Max.

Slope (m-value) of the creep curve
at low grade temperature +10°C 0.294 Min. 0.265 Min.

Failure strain of PAV residuein
direct tension at low grade
temperature + 10°C! 1.04 Min. 0.78 Min.

'Use only for binders for which the test temperature of the low temperature propertiesis-18°C
or colder.

*Based on UDQT draft specification.



TABLE 34 Acceptable difference between contractor’s and engineer’stest

resultsfor aggregates

Test Method
Acceptable
L Number Difference*
Designation
AASHTO ASTM
Coarse aggregate angularity D5821 28
Fine aggregate angularity T304 1
Flat and elongated particles D4791 3+
Sand equivalent T176 D2419 9
Los Angeles abrasion T96 Cl131, 13
C535
Soundness T104 C88 70 percent***
Deleterious materials T112 C142 17

* Represent multi-laboratory precision for AASHTO or ASTM test methods.

** Estimated.

*** M agnesium sulfate, percent of average value of test results.
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CHAPTER 11

DEVELOPMENT OF PAY FACTOR RELATIONSHIPS FOR USE AT

THE BASIC OPERATING LEVEL

11.1 INTRODUCTION

The HMA Spec software represents a powerful and conve-
nient tool that agencies can use to generate an HMA pave-
ment construction specification in which attention isfocused
on those M& C factors that have a significant effect on per-
formance. The software represents the advanced PRS oper-
ating level. The methodol ogy relates contractor payment to the
level of quality delivered on one or more key performance-
related M& C factors through the development and incorpo-
ration of a project-specific PF relationship into the specifi-
cation. Despite its power and convenience, the HMA Spec
software still relies on the engineer’s judgment to ensure a
valid specification. Thus, it isimportant for the user to pos-
sess an understanding of statistics as well as the ability to
interpret the sensitivity and meaningfulness of the PF rela-
tionship. The only way for an agency to avoid the sophisti-
cation and level of understanding associated with the use of
HMA Spec software isto develop a standard (but more gen-
eral) matrix of PF relationshipsthat coversthe expected range
of project characteristics, that is, HMA layer thickness, struc-
tural support conditions, traffic level, environmental condi-
tions, and so on. Then, for any given project, the appropriate
PF relationship would be selected and incorporated into the
specification based on the characteristics of the project. This
simplified approach constitutes the basic operating level of
the PRS system and is similar to the approach used by New
Jersey DOT (10).

This chapter provides an example of the development of a
basic PF relationship derived through statistical analysisof the
results of the Monte Carlo simulations performed by the HMA
Soec software. Depending on its environment, traffic levels,
and pavement structura capacities, an individual agency can
develop amatrix of similar basic PF relationshipsto repre-
sent its own conditions.

11.2 DEVELOPMENT AND USE

Aspart of the process of generating aspecification, the HMA
Soec program performs a Monte Carlo simulation involving
hundreds of iterations; this procedure simulates the variabil -

ity of the selected AQCs to determine the mean LCC of the
as-designed (as-specified) pavement. The program also uses
data from these iterations to devel op the preconstruction PF
relationship that goesinto the specification. Because theinputs
for a given project are site-specific, the output PF relation-
ship is considered to be limited to the specific project. How-
ever, if the user selectsinputs to simulate a broader range of
conditions, then the resultant PF relationship may be consid-
ered applicable to those conditions.

The example below is a basic PF relationship developed
for the same conditions represented by one of the HMA mixes
at the WesTrack project site, that is, coarse-graded mix, dry
climate with freeze-thaw cycling in winter and hot days/cool
nights in summer, moderate HMA thickness (150 mm or
[6in.]), strong subgrade soil and base support, and mod-
erate traffic level (5 million ESAL applications during the
first life-cycle). The design (or target) values for mean and
standard deviation for each AQC used in the simulation are
asfollows:

Std.
AQC Code Units Mean Deviation
HMA Thickness TH int 6 0.3
Asphalt Binder Pas % 5.7 0.33
Content
Air Void Vair % 8 15
Content

11in.=25.4mm

Development of the basic PF relationship shown in equa-
tion 61 used only the level 2 fatigue cracking model so that
the effects of deviations in the AQCs could be emphasized
without the compounding effects of rutting or any other per-
formance model. It should be emphasized here, however, that
the HMA Spec software allows development of PF relation-
shipsusing asingle or combination of pavement performance
models, including fatigue cracking, rutting, and roughness.
Under the advanced level of operation, this PF relationship
would beincorporated directly into the preconstruction spec-
ification to allow the agency and contractor to determine the
effects of deviationsin the AQCs on the PF.



PF = 1.0118 + 0.11795 x 75y, — 0.07173 x z,,
+0.10982 x 75, — 0.00289 X Zyy, X Zp,,
+0.00274 X Zpy X Zy,, + 0.00208 X zy,, X Z,, (61)
~ 0.00247 x zy,2 — 0.00043 x 7,2 — 0.00158

X Zp, 2

where

Zmy = normalized deviation of HMA thickness from its
specification,

Zp., = normalized deviation of asphalt binder content from
its target specification, and

Zv.. = hormalized deviation of air void content from its
target specification.

Recall that the z-value for any given AQC is calculated
using the following basic equation:

Zage = (AQCcon - AQCdes)/ Oes (62)

where

AQC,,, = as-constructed value for agiven AQC,
AQC = as-designed mean valuefor the AQC being con-
sidered, and
Oges = Standard deviation of the as-designed AQC
distribution.

A note of caution should be expressed here regarding the
potential for misuse of any given PF relationship. The use of
the z-value may givetheimpression that PFisatruefunction
of the “standardized” deviation of any AQC from its mean.
Thisis not the case. The PF relationship is a function of the
actual deviation of the AQC from its mean. Thus, any basic
PF relationship devel oped using the approach described above
will be limited in application to the range of target AQC
means and standard deviations used in its devel opment. Use
outside that range can lead to error in PF assessment.

Because of the two-factor interactions in the example PF
relationship, an accurate assessment of the effect of devia-
tionsin each AQC on the PF callsfor amore statistically rig-
orous sensitivity analysis. However, it is possible to make
some general observations:

1. Thefact that theinitial coefficient (PF axisintercept) is
1.0118 means that if the contractor were to achieve the
target means and standard deviations of the project, a
bonus of 1.18 percent of the bid pricewould be awarded.
Thisis an anomaly associated with the combination
of the Monte Carlo simulation and statistical analysis
approaches used to develop the modd. (Theinitial coef-
ficient could just as easily have been 0.99 and resulted in
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a1 percent penalty). The recommended solution to this
isto assign an initia coefficient of 1.00.

2. Examination of the coefficients of the main effects in
equation 61 suggests that deviation in HMA thickness
likely hasthe largest effect on the PF, with asphalt con-
tent being aclose second and air void content being anot-
too-distant third. A sendgitivity anaysis of the complete
model, including interactions, might show arearrange-
ment of the relative effects of these three AQCs on PF.

3. A positive coefficient indicates that positive deviations
inthicknessand air void content from their target value
would increase the PF. In contrast, the negative coeffi-
cient for z,,, indicatesthat positive deviationsin air void
content would reduce the PF. These effects are all rea-
sonabl e recognizing that the PF rel ationship was devel -
oped considering fatigue cracking only.

It should be emphasized that the PF relationship shown in
equation 61 was developed by selecting inputs that simulated
acoarse-graded mix under WesTrack conditions. At thispoint,
it is unknown whether the relationship would be valid for any
other mix, environment, structure, or traffic level. It should
aso be noted that, unlike the feature in the HMA Spec soft-
ware, use of the simplified PF relationship precludesthedirect
consideration of uncertainty in PF determination, that is, the
establishment of rangein predicted L CC of the as-constructed
pavement where no PA would be assessed.

Assuming that PF relationships are sensitive to other fac-
tors besides the AQCs, it would be necessary to develop a
matrix of PF relationshipsto cover therange of possible con-
ditions that might be encountered. These might include the
following, for example:

+ Fiveto ten mix types or gradations.

+ Fiveto ten environments.

* Three HMA thickness levels.

* Three subgrade soil and subbase support levels.

* Three ESAL traffic levels.

» Three levels for failure criteria associated with fatigue
cracking and rut depth.

Alternatively, smplified PF tables for these different con-
ditions could be developed. Table 35 provides an example of
a PF table (derived from equation 61 using a spreadsheet) that
illustrates this approach. It should be emphasized that the val-
ues shown in thetable are direct outputs of the PF relationship
and therefore have not been restricted by maximum and min-
imum limitsfor the PFs. It must be further emphasi zed that the
PFs apply only to those conditions for which they were devel-
oped and are therefore not applicable to other conditions.
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TABLE 35 Example pay factor tale derived from the pay factor relationship in

equation 61
Normalized Deviation in Air Void Content from the Target, z,,
Normalized -1 0 1
Deviationin . o
Thickness from Normalized Deviation in Asphalt Content from the Target, z,_
Vet I a ] o] 1| o |1 | 1] o 1
-1 0.85 096 | 1.07 | 0.78 0.89 | 1.00 0.70 | 0.82 0.93
0 0.97 108 | 119 | 0.90 101 | 112 0.83 | 0.94 1.05
1 1.09 120 | 1.30 | 1.02 113 | 1.23 0.95 | 1.06 1.16
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CHAPTER 12
CONCLUSIONS AND RECOMMENDATIONS

Part |1 of thisreport, documenting the research results of the
WesTrack project, focuses on the development of a PRS for
HMA pavement construction. The following conclusions and
recommendations relate only to this key aspect of the study.

3. Statistical and mechanistic analyses of the data showed
that prediction models could be devel oped for the state-
of-the-art application level (level 2). These prediction
models encompass both fatigue cracking and perma
nent deformation and took into consideration mix type,
asphalt content, air void content and aggregate grada-
tion. The fatigue cracking model was adapted to make
it operational within the HMA PRS system.

4. With the PRS for PCC pavements developed under
FHWA sponsorship serving as atemplate and the Wes-
Track pavement performance prediction models provid-
ing arational anaysis engine, an alphaversion of aPRS

12.1 CONCLUSIONS

With the completion of the WesTrack study and the asso-
ciated PRS system for HMA pavement construction, the fol-
lowing conclusions may be drawn:

1. Anaysis of the laboratory and field data showed con-

clusively that asphalt content, air void content, and gra-

dation each have a significant effect on the perfor-

mance of HMA pavements.

 For asphalt content and air void content, the effects
areclear and quantifiable. Higher asphalt content and
lower air void content transl ated into accel erated rut-
ting and reduced fatigue cracking in al mixes. Lower
asphalt contents and higher air void contents, on the
other hand, produced mixes that experienced less
permanent deformation, but more fatigue cracking.

» From the gradation perspective, the two fine-graded
mixes (those that have fines contents that go through
or above the Superpave restricted zone) outperformed
the coarse-graded mix. The fine mixes exhibited less
distress (in terms of both fatigue cracking and per-
manent deformation) and were also less sensitive to
deviations in asphalt content and air void content
from their targets.

* Interms of a particular gradation parameter, that is,
percent passing the 0.075-mm (No. 200) sieve (i.e.,
P2q0), the experiment showed that it had a small but
significant effect on the performance of the fine-
graded mixes. The experiment was not set up to mea-
sure its effect on the coarse-graded mixes.

. Statistical analyses of the data showed that prediction
models could be devel oped for the state-of -the-practice
application level (level 1). These prediction models
encompass both fatigue cracking and permanent defor-
mation and took into consideration mix type, asphalt
content, air void content, and aggregate gradation. The
fatigue cracking model was adapted (using the results
of past research) to also consider the effect of HMA
thickness.

system for HMA pavement construction was devel oped.
Thedphaversionisasophisticated Microsoft Windows-
based software tool (called HMA Spec) that is designed
to (1) produce a construction specification that focuses
attention on those AQCs that have the greatest effect
on pavement performance and (2) determine arational
contractor PA based on the quality of the as-constructed
pavement.

12.2 RECOMMENDATIONS

Based on the results reported in this part of the study, the
following recommendations are offered:

1. Evauatethe Performance Prediction Models. The pave-

ment performance prediction models were devel oped

very near the end of the 5-year research project. During

the implementation of the PRS, the following evalua
tions should be conducted:

* Verify that the models actually “fit” the data from
which they were derived and confirm that the mod-
€els produce practical, logical results.

+ Carry out sensitivity analysesto establishtherelative
influence of each AQC on the predicted deterioration
of the pavement.

+ Validate the output of the modelswith field data and
the output of other models that may be available in
the literature. Re-calibrate the models as needed.

. Evaluate Other Models. The statistical and mechanis-

tic approaches used to develop the new models may
not apply to al environments or M& C practices. Con-
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sequently, other models in the literature or under

development should be evaluated for different cir-

cumstances.

Enhance the HMA Spec Software. The first stage of

development of HMA Spec is complete. The alphaver-

sion will require the following:

+ Beta testing. Other individuals or agencies need to
test the software to identify software weaknesses or
flaws that the developer may have missed.

* Incorporation of User Cost Model. The PRS system
should incorporate the ability to estimate user costs
for both as-designed and as-constructed pavement.

+ Development of OC Curves. The PRS system should
also have the capability to automatically generate OC
curves which help the agency and contractor assess
their individua risks.

4. Conduct Field Trials. The PRS system should beimple-

mented on actua construction projects, both asa* shadow
specification” and as atrial specification. Aswith the
development of the PRS for PCC pavements, this step
will assist adoption by state agencies.

. Develop Additional Simplified Pay Factor Relation-

ships. For the basic PRS operating level, more PF rela-
tionships are needed to complete the combinations
of frost and moisture environments, traffic levels, and
underlying pavement/soil support conditions that are
likely to be encountered by state agencies.

. Conduct More Laboratory and Accelerated Pavement

Testing. Additional laboratory and accelerated pave-
ment testing will identify effects of other asphalt binders
(including modifiers), aggregate types, and gradations.
These will enhance the wide applicability of the PRS.




ABBREVIATIONS

AAP AASHTO Accreditation Program

AASHTO American Association of State Highway and
Transportation Officials

AC Asphalt Concrete

ANOVA Analysis of Variance

AQC Acceptance Quality Characteristics

AQL Acceptable Quality Levels

ASTM American Society for Testing and Materials

AV Air Void Content

BBR Bending Beam Rheometer

BP Bid Price

CBR Cadlifornia Bearing Ratio

CF Condition Factor

DSR Dynamic Shear Rheometer

DTT Direct Tension Test

ESAL Equivalent Single-Axle Load

FA Fine Aggregate

FC Fatigue Cracking

FHWA Federal Highway Administration

FMFC Field-Mixed/Field-Compacted

FWD Falling Weight Deflectometer

GLM General Linear Model

GUI Graphical User Interface

HMA Hot-Mix Asphalt

HVS Heavy Vehicle Simulator

IRI International Roughness | ndex

JMF Job Mix Formula

LMLC Lab-Mixed/L ab-Compacted

LCC Life-Cycle Cost

LCCA Life-Cycle Cost Analysis

LTL Lower Tolerance Limit

LTPP Long-Term Pavement Performance

M&C Materials and Construction

M-E M echanistic-Empirical

M&R Maintenance and Rehabilitation

NAPCOM Nationwide Pavement Cost Model

NCHRP

NCSU
NJDOT
NPV
oC

PA
PAV
PBS

PD
PF

PFT

PFR
PGAB
PRS
PWL

QA

QC
QCIQA
QCP
RAP
RMSE
RQL
RSST-CH

RTFO
RV
SF
SHA
SHRP
SN
TCF
TEA
UTL
VFA
VMA
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National Cooperative Highway Research
Program

North Carolina State University

New Jersey Department of Transportation
Net Present Value

Operating Characteristic

Pay Adjustment

Pressure Aging Vessel
Performance-Based Specification
Portland Cement Concrete

Percent Defective

Pay Factor

Pay Factor Table

Pay Factor Relationship
Performance-Graded Asphalt Binder
Performance-Related Specification
Percent Within Limits

Quality Assurance

Quality Control

Quality Control/Quality Assurance
Quality Control Plan

Recycled Asphalt Pavement

Root Mean Square Error

Rejectable Quality Level

Repeated Simple Shear Test at Constant
Height

Rolling Thin Film Oven

Rotational Viscometer

Shift Factor

State Highway Agency

Strategic Highway Research Program
Structural Number

Temperature Conversion Factor
Transportation Efficiency Act

Upper Tolerance Limit

Voids Filled with Asphalt

Voidsin Mineral Aggregate
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APPENDIX A

ADAPTATION AND CONVERSION OF PREDICTION MODELS

Chapter 4 of Part |1 describes the development of pave-
ment performance prediction models using WesTrack data.
Included in the description are modelsfor two pavement dis-
tresstypes (fatigue cracking and permanent deformation) and
two levelsof PRS application: level 1 (state-of-the-practice)
and level 2 (state-of-the-art). Although arigorous analytical
approach was used in their development, several of the mod-
els were not amenable for direct use within the PRS frame-
work of the HMA Spec software. Thisappendix identifiesthe
weaknesses or difficulties of each model in terms of their use
within the software and describes the adaptation (or conver-
sion) process used to overcome them.

A.1 LEVEL 1A FATIGUE CRACKING MODELS

Because many WesTrack sections exhibited little or no
fatigue cracking, a probabilistic approach was employed in
the development of the level 1A fatigue cracking models.
Use of the probabilistic approach helps to minimize the bias
associated with neglecting thetest sectionsthat “ survived” the
test. The PROBIT models (asthey are also referred to) were
developed for the two WesTrack mix gradations (fine and
coarse) and for three distress levels (2, 5, and 10 percent
fatigue cracking). Variability in the initial progression of
fatigue cracking in the WesTrack sections led to concern
about the viability of the PROBIT models for the two lower
distresslevels. Consequently, emphasis (asfar asthe adapta-
tion of the models for use in the PRS) was put on the fatigue
cracking modelsfor the highest distresslevel, that is, 10 per-
cent fatigue cracking. Following are the two model s selected
for further development as PRS level 1A fatigue cracking
models. Both of these equations are designed to predict the
probability of the occurrence of 10 percent or greater fatigue
cracking, that is, Prob (>10 percent FC), and, therefore, require
the use of the cumulative density function (®). Since these
equations do not attempt to account for seasona temperature
fluctuations or mix stiffness, they are considered site-specific.

PROBIT Model for Fine-Graded Mixes

Prob(>10% FC) = ®[— 49.502 + 4.788 - In(ESAL)

—5245. P, + 1.148 - (A.1)
- 2301 . ono]

PROBIT Model for Coarse-Graded Mixes

Prob(>10% FC) = d[—-47.151 + 5.293 « In(ESAL) (A2)

—5.996 + Py, + 0.450 + V]

Theindependent variablesin equationsA.1and A.2 areas
follows:

ESAL = cumulative 80-kN (18-kip) ESAL applications.
P.s = asphalt content in mix (percent).
V;, = air void content in mix (percent).
Pxgo = percent of aggregate passing the 0.075-mm (No.
200) sieve.

The In(ESAL) term in both equations refers to the natural
log of ESAL. Recall that ESALs for WesTrack were based
on the conversion of the eight-axle WesTrack loading vehi-
cleto ESAL applications using AASHTO load equivalence
factors. This conversion is not technically accurate because
of the less-than-average wander (lateral distribution) of the
vehicles as well asthe higher tire pressures.

The Py, term does not appear in the model for coarse-
graded mixes because (unlike the fine-graded mix) none of
the WesTrack coarse-graded mix sections were constructed
with afines content that was different than thetarget. In other
words, the WesTrack experiment was not designed to mea-
surethe effect. Accordingly, the user should not interpret the
lack of a Py, term in the coarse-graded mix model asan indi-
cation that adifferencein fines content (from the target) will
have no effect on pavement performance.

Because of (1) their probabilistic nature, that is, they predict
the probability of a certain level of fatigue cracking, (2) the
fact that they do not account for the effects of HMA thick-
ness and stiffness, and (3) thefact that they are geared to only
one level of fatigue cracking, the equations were not consid-
ered amenabl e to direct incorporation into the HMA Spec soft-
ware. Accordingly, three adaptations were made to make the
equations deterministic, incorporate an HMA tensile strain
(layer thickness) effect, and provide a means for the predic-
tion of fatigue cracking on a continuous basis.

A.1.1 First Adaptation

Thefirst adaptation was to convert equations A.1 and A.2
into new equationsthat predict the cumulative 80-kN (18-kip)
ESAL applications to 10 percent fatigue cracking as a func-
tion of the mix characteristics. This was accomplished by
solving the equations for the number of ESAL applications
required to achievethe 50 percent probability level of 10 per-
cent fatigue cracking for a factorial of mix characteristics.
Tables A.1 and A.2 show the data and results of this process
for the fine and coarse mixes, respectively.



Column 2 indicates that the model is for the 10 percent
fatigue cracking (FC) level. Columns 3 through 5 show the
combinations of asphalt content (P.s,), air void content (V)
and percent aggregate passing the 0.075-mm (No. 200) sieve
(Pygo) used inthefactorial. Column 6 showsthe level of ESAL
applications required to produce a 50 percent probability of
10 percent fatigue cracking, while column 7 representsthelog
(base 10) of column 6. The datain columns 3 through 7 pro-
vide the basis for simple regression analyses that resulted in
the following models:

50 Percent Probability Model for Fine-Graded Mixes

10g1o(ESAL) = 4.490 + 0.4757 « Py, — 0.1041 « Vy, A3)
+ 02087 ® P200 )

50 Percent Probability Model for Coarse-Graded Mixes

logi(ESAL) =3.8686 + 0.4920 « Py, —0.03692 - V,;,  (A.4)

All variables are as previously defined and, again, the P,y
term does not appear in the model for coarse-graded mixes
because the effect of increased fines in coarse mixes was not
included in the WesTrack experiment. Both equations are
till site-specific to WesTrack.

The nature of the original PROBIT models madeit easy to
develop regression models with excellent fit. In fact, the
coefficient of determination (r?) for equations A.3 and A .4
was essentially 1.0 in both cases. The standard error of esti-
mate [on log,o(ESAL)] for each model was also very good
(0.0000544 and 0.0000629, respectively). Columns9, 10, and
11 of Tables A.1 and A.2 provide an indication of how well
the modified models“fit” the factorial data. Column 9 may
be compared with column 7 and, likewise, column 11 may be
compared with column 6. Column 10 shows the residual
(error) for each individua treatment combination.

A.1.2 Second Adaptation

The second adaptation transformed the models so that they
could account for the effects of HMA layer thickness and
stiffness on fatigue cracking. This adaptation required sev-
era steps and was accomplished with the aid of datafrom the
original 26 WesTrack sectionsand the NCHRP Project 1-10B
fatigue cracking models (A.1). Table A.3 is used to help
describe the step-by-step process.

Step 1. Estimate Dynamic Modulusfor WesTrack Sec-
tions. One of the independent variablesin the NCHRP 1-10B
fatigue relationship(s) is the dynamic (or complex) modulus
of the HMA layer. It was incorporated into the model to
account for the fact that stiff mixes (despite having lower
load-related tensile strains) tend to fatigue faster than soft
mixes. To help provide for portability of the final WesTrack
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level 1 fatigue models to other environments, the relative
effect of dynamic modulusfrom the NCHRP Project 1-10B
relationship was selected for inclusion in the adaptation
process. Although resilient modulus testing was performed
on all layers of the WesTrack structure, testing for dynamic
modulus was not part of the WesTrack laboratory test plan.
Therefore, it was estimated using a predictive relationship
derived by Fonsecaand Witczak (A.2) modified slightly for
consistency:

* =—0.261 + 0.008225 « P>y — 0.00000101
* (P200)2 + 000196 * P4 - 003157 * Vajr - 0415
° Vbeff/(Vbeff + Vajr) + [187 + 0002808 * P4
+0.0000404 + Py — 0.0001786 « (Psg)?
+0.0164 . p34]/[1 + e(—0.716- Inf—-0.7425 - Inn]

(A.5)

where

E* = asphalt mix dynamic modulus (10° psi) (1 psi = 6.9
kPa),
n = bitumen viscosity (poise, at any temperature and
degree of aging),
f = load frequency (Hz),
Vi = air void content in mix (percent by volume),
Ve = effective bitumen content (percent by volume),
Ps, = percent retained on the 19-mm (3/2in.) Sieve, by tota
aggregate weight (cumulative),
Psg = percent retained onthe 9.5-mm (3/sin.) sieve, by total
aggregate weight (cumulative),
P, = percent retained on the 4.75-mm (No. 4) sieve, by
total aggregate weight (cumulative), and
Pxo = percent passing the 0.075-mm (No. 200) sieve, by
total aggregate weight.

Columns 3 through 12 show the data from the original 26
WesTrack sections used to estimate the initial dynamic mod-
ulus for each mix (column 13) at a standard test temperature
of 20°C (68°F). A more refined model would take into con-
sideration the variability of the dynamic modulus with time
and temperature during loading (to provide better portability
to other environments). However, that approach was beyond
the scope of this project.

Step 2: Calculate Maximum Tensile Strain for Wes-
Track Sections. Themaximum critical tensile strain for each
of the 26 original WesTrack sectionswas cal culated using the
U.S. Army Corps of Engineers WESLEA elastic layer pro-
gram, the known HMA layer thicknesses (column 14), the
known subsurface layer structure, and estimated modulus val-
ues for each layer. These strains are shown in column 15.

For incorporation into the PRS software, an extensive
stetistical analysis was performed on a factorial of results
from the WESLEA program in an effort to develop a ten-
sile strain (G) equation. The factorial used isillustrated in
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Table A.4 and thetensile strain equationisincluded as equa-
tion A.6.

l0g,0(€) = +2.979343598 + 2.455798724 « log(TH1)
—0.488054165 - log(TH2) — 0.475116528
« log(TH3) —0.502900343 - log(E4)
—1.049789136 - log(E3) — 0.721885714
+ E23-0.119641587 - log(E1)
—0.737169201 - log(TH1)? + 0.088049851
«log(TH2) « log(TH3) + 0.115648268
+ log(TH2) - log(E4) + 0.094517328
« log(TH3) - log(E4) + 0.059291906
- log(E4) - log(E3) — 0.238641065
« log(E3)? + 0.128477256 « log(TH1)
« E23-0.078371929 - log(TH2) - E23
+0.007672458 - log(E4) - E23
+0.010962106 - E232 — 0.445345749
«log(TH1) - log(E1) + 0.415729220
« log(E3) - log(E1) + 0.095260104 - E23
« log(E1) —0.173593980 - log(E1)?

(A.6)

In this equation, T1, T2, and T3 represent the thicknesses
(ininches) of the HMA surface, aggregate base, and subbase
courses, respectively; E1, E3, and E4 represent the elastic
moduli (in psi) of the HMA surface, subbase, and natural
subgrade soil, respectively; and E23 represents the ratio of
the elastic modul us of the aggregate base courseto that of the
subbase course.

This model has an r? of 0.9992 and a standard error of esti-
mate of 0.005908 on the base 10 |ogarithm of thetensile strain.

Step 3: Determine the (NCHRP 1-10B) Fatigue Life.
The estimated fatigue life (in ESAL applications) according
to the NCHRP 1-10B study (A.1) was calculated using equa-
tion A.7. This equation requires the critical tensile strain in
the HMA surface layer and the HMA dynamic modulus as
inputs. The results are presented in column 16 of Table A.3.

100:0(Nf) = Ay —3.291 « logyo(e/10°°) — 0.854

« 10g,o(E*/1000) (A7)

where

N; = allowable cumulative load applications to a given

level of fatigue cracking;
€ =critical tensile strain at the bottom of the HMA sur-

facelayer, in./in.;

E* = complex (or dynamic) modulus of the HMA surface
layer (psi); and

A, = regression constant depending on the fatigue crack-
ing level:
15.947 for 10 percent fatigue cracking (in the wheel -
paths)
16.086 for 45 percent fatigue cracking (in the wheel -
paths).

Step 4: Use50 Per cent Probability M odelsto Estimate
Fatigue Life of WesTrack Sections. Since not all of the

WesTrack sections exhibited fatigue cracking at the time the
test was completed, the 50 percent probability models repre-
sented by equations A.3 and A.4 provide astatistically sound
basisfor estimating what their fatigue liveswould have been.
The results of these calculations are shown in column 17.

The NCHRP 1-10B relationship was derived using data
from AASHO Road Test sections that were optimally con-
structed. Consequently, the only valid comparisons between
the ESAL valuesin columns 17 and 16 are the optimally-
constructed WesTrack sections, that is, fine-mix replicate sec-
tions 1 and 15 and coarse-mix replicate sections 5 and 24.
Overall, these comparisons indicate the following:

» The 50 percent probability model for coarse mixes pre-
dictsdightly higher ESAL valuesthanthe NCHRP 1-10B
model.

» The50 percent probability model for fine mixespredicts
ESAL valuesthat are about an order of magnitude greater
than the NCHRP 1-10B model.

+ A reasonable basis for equation adaptation exists,
although the model for fine mixes seems to produce
overly high estimates of fatigue life.

Step 5: Apply Shift Factor (s) to Existing M odels. Rec-
ognizing that all WesTrack sections have a fixed HMA sur-
facethickness (and, therefore, littlevariationintensile strain),
the best approach to adapting the 50 percent probability equa-
tions was to “shift” the NCHRP Project 1-10B equations
(and their accompanying tensile strain and dynamic modulus
effects) to the location of the 50 percent probability models
(and their corresponding air void content, asphalt content,
and gradation effects). This was accomplished by determin-
ing anew Ag-intercept for the NCHRP Project 1-10B eguation
that shifts it to the performance of the four key WesTrack
mixes. Column 19 shows the four A, coefficients required to
make the conversions for just the sections with the optimal
mixes. The final A, coefficient for the fine mix is represented
by the average of the values for sections 1 and 15. Similarly,
thefina A, coefficient for the coarse mix isrepresented by the
average of the valuesfor sections 5 and 24. The end-products
of this step are equations A.8 and A.9. Again, these arefor a
level of fatigue cracking equal to 10 percent. Column 18 shows
the effect of the shift from NCHRP Project 1-10B (AASHO
Road Test) to WesTrack performance.

Composite Model for Fine-Graded Mixes (10 Percent
Fatigue Cracking Level)

logi(ESAL) = 14.166 — 3.291 - l0g,o(e/107) — 0.854
- 10g1(E*/1000) + 0.4757 + Py
—0.1041 « Vy, + 0.2087 + Poo

(A.8)



Composite Model for Coarse-Graded Mixes (10 Percent
Fatigue Cracking Level)

logio(ESAL) = 13.583 — 3.291 - l0g,o(€/107) — 0.854
- 10g1(E*/1000) + 0.4920 + Py,
—0.03692 - Vi

(A.9)

For these equations, all the variables are as previously
defined.

A.1.3 Third Adaptation

Thethird and final adaptation wasto convert equations A.8
and A.9 into formulasthat could be used to predict the extent
of fatigue cracking (in the wheel paths) asafunction of al the
key independent variables, including cumulative axle load
applications. Average A, values for the 45 percent fatigue
cracking level were determined in the same manner as step 5
above (14.305 for the fine-graded mixes and 13.722 for the
coarse-graded mixes). The end-results were the following
equations for fine- and coarse-graded mixes, respectively.

10g10(Ao) = 1.1448 + 0.006492 « [0g(FC) (A.10)

[0g10(Ag) = 1.1262 + 0.006769 « |0g;4(FC) (A.11)

Substituting these relationships for the A,-terms in equa-
tions A.8 and A.9 and then rearranging the equation to solve
for fatigue cracking level results in the following two rec-
ommended level 1 models.

Composite Model for Fine-Graded Mixes

FC (%) = [1.2313 + 0.071655 - log,o(ESAL)
+0.2358 « [0gy(€) + 0.061193 - |0g1(E*)

— 0.034086 - P, + 0.0074593 - Vi, (A-12)
- 0014954 . ono] 154.04

Composite Model for Coarse-Graded Mixes

FC (%) =[1.2850 + 0.07478 « l0g;o(ESAL)
+0.2461 - logyo(€) + 0.06386 « logo(E*)  (A.13)

—0.036791 « Py, + 0.002761 « V] 77

In both of these equations, FC (%) represents the percent
of the wheelpath area exhibiting fatigue cracking and all
other variables are as previously defined.

Figure A.lillustratesthe predictive output of the two equa-
tions for the two primary WesTrack mixes. The example
shown isfor apavement having a 150-mm (6-in.) HMA sur-
face layer thickness, abitumen stiffness of 1,929 poise (4.03
Ib-sec/ft?), aload frequency of 10 Hz, the WesTrack subsur-
face structure, and other needed HMA mix properties pro-
vided in Table A.5.
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A.2 LEVEL 2 FATIGUE CRACKING MODELS

Included within Chapter 4 of Part |1 is a discussion of the
development of the WesTrack level 2 fatigue cracking mod-
els. Unlike the WesTrack level 1A fatigue cracking models,
which were derived from a probabilistic analysis of fatigue
cracking observed inthefield, thelevel 2 modelswere derived
through an M-E analysis of fatigue test results on WesTrack
mix samples gathered in the field and tested in the lab. The
primary reason for using the laboratory fatigue results was
the fact that many of the field test sections exhibited little or
no fatigue cracking. The problem with models developed
based on laboratory test resultsisthat they still need to be cal-
ibrated to match field performance.

The major advantage of the level 2 models is that they
incorporate the use of state-of-the-art testing and modeling
approaches to better simulate loading conditions, environ-
mental effects and materials behavior, and more accurately
predict performance. Thelevel 2 fatigue cracking models con-
sider pavement response to wheel load and temperature;
however, during their development, consideration was also
given to the lateral distribution of wheel loads and cyclic
changes in temperature. The HMA Spec software was not
intended to accommodate this level of sophistication. Con-
sequently, simplifying assumptions were made that resulted
in models that were easier to incorporate.

A separate |aboratory-based fatigue cracking model was
developed for all three WesTrack mix types:

Level 2 Model for Fine-Graded Mixes

IN(Ny) = —27.0265 — 0.1439 « V,;, + 0.4148 « Py,

~ 46894~ In(g,) (A-14)
Level 2 Model for Fine-Plus-Graded Mixes
In(Ny) = —27.3409 — 0.1431 « V;;; + 0.4219 « Pyg, (A.15)
+0.0128 « In(T) - 4.6918 « In(g,)
Level 2 Model for Coarse-Graded Mixes
In(N) = —27.0723 - 0.0941 - iy, + 0.6540 « Py, (A.16)

+0.0331 - T - 4.5402 - In(gy)

Definitions for each of the terms in these models are as
follows:

N; = laboratory fatigue life, load cyclesto failure,
V;, = air void content (percent),
P,y = asphalt content (percent),
T=HMA temperature at 150 mm (6 in.) depth (°C)
(°F=18°C+32),and
€ = maximum HMA tensile strain (in./in.).

Summarizing the process described in Chapter 4 of Part 11,
pavement damage is computed hourly based on the estimated
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hourly load applications (n) and the estimated fatigue life
(from the appropriate level 2 equation for Ny), that is, damage
=n,/(N;);. Because traffic and pavement temperature and sup-
port conditions change with time, the hourly damage can be
different from hour to hour, day to day, and season to season,
hence the reason for more rigorous level 2 models. As the
damage is computed for each hour, it, along with |oad appli-
cations, is accumulated. Once the cumulative damage
reaches 1.0, the corresponding cumulative load applications
represent laboratory fatigue life (Ny). Thisvaueisthen trans-
lated into an estimate of the pavement fatigue life (ESAL)
using the following relationship:
ESAL; 5w = (N « SF)/TCF (A.17)
where SF represents the shift factor and TCF represents the
temperature conversion factor. Chapter 4 provides genera
criteriafor SF ranging from 2 to 3 for coarse mixesand 10 to
20 for fine mixes. It aso provides the following relationship
for estimating TCF:

TCF=a-In(tx) + b (A.18)

where

tac = HMA layer thickness (cm) (1 in. = 2.54 cm) and
a, b = coefficients depending on climatic region (see
Chapter 4 of Part I1).

Tosimplify themode for useinthe PRS, it isrecommended
that the iterative process associ ated with computing and accu-
mulating the hourly damage be replaced by a process involv-
ing the estimation of an effective year-round pavement tem-
perature (T) and an effective year-round HMA tensile strain
() for use in the above equations.

Table A.6 summarizes the results of the analysis of Wes-
Track data involving the application of a simplified process
to estimate shift factors (SF values) for the different Wes-
Track mixes. The steps corresponding to the devel opment of
the data in each column of Table A.6 are described as fol-
lows. Note that one of the steps demonstrates an approach to
predicting the progression of fatigue cracking.

1. Columns 1 through 8 represent the characteristics of
al the original 26 WesTrack sections. These columns
should be self-explanatory.

2. Column 9 (average pavement temperature) represents
the average pavement surface temperaturefor each sec-
tion up to thetime it had devel oped 10 percent fatigue
cracking. If the section failed earlier in rutting, the
average pavement temperature is the average up to
that time. If the section survived the test, the average
pavement temperature isthe best estimate of the mean
pavement temperature up to the time the pavement
was expected to fail. These average pavement tem-

10.

11

12.

peratureswere cal culated using temperature datafrom
the WesTrack database.

Column 10 represents the HMA stiffness (in MPa) as
afunction of P, Vi, and the average pavement sur-
face temperature. The WesTrack HMA stiffnhess model
described in Chapter 4 of Part |1 was used to calculate
thisvalue. Column 11 representsthe conversion of the
HMA stiffnessfrom Sl to U.S. customary units (MPa
to psi) for each pavement section.

Column 12 represents the as-constructed HMA sur-
face thickness for each WesTrack pavement section.
Column 13 representsthemaximum HMA tensilestrain
calculated using an early two-layer strain model. (The
data had no effect on the analysis).

Column 14 representsthemaximum HMA tensilestrain
calculated using the four-layer strain model. Resilient
modulus values for the underlying WesTrack layers
were selected based on the values used to develop the
level 2 fatigue model. This included fixed modulus
valuesof 172 MPa (25,000 psi) for the 305 mm (12-in.)
base course and 110 MPa (16,000 psi) for the engi-
neered fill and subgrade soil. (The 110 MPa for the
engineered fill/subgrade soil represents an estimate of
the effective year-round resilient modulus for those
layers).

Column 15 represents the predicted load applications
(Ny) from the NCHRP Project 1-10B fatigue equation
for 10 percent cracking. It isincluded for purposes of
comparison and has no effect on the analysis.
Column 16 represents the predicted |oad applications
(Ny) for 10 percent cracking from the three level 2
|aboratory-based fatigue modelsidentified in Chap-
ter 4 of Part I1. The three models are for the fine, fine
plus and coarse mixes.

Columns 17 represents the TCF calculated for each
WesTrack section. Itisbased on the* high-desert” coef-
ficients provided in Chapter 4 of Part Il, that is, a =
2.102 and b = -3.884, aswell asthe actual HMA layer
thickness.

Column 18 represents a visual estimate of the ESAL
applications (ESAL;, 4,) required to achieve 10 per-
cent fatigue cracking in most of the WesTrack pave-
ment sections. The estimates for sections denoted by
a star (*) are based on an extrapolation beyond the
range of axle applications at WesTrack.

Column 19 representsthe effective shift factor required
to adjust the laboratory-based load applicationsto the
performance observed at WesTrack (column 16). The
effective shift factor was calculated using the follow-
ing formula:

S= ESALin Stu ® TCF/Nf (Alg)
Based on the effective shift factors calculated in col-
umn 19, the shift factors (required to match WesTrack
performance) are provided in the table below.



Because WesTrack performance is representative of
channelized traffic, these shift factorswould be higher
for typical highway pavements.

Rangein Average
Mix Type Shift Factor Shift Factor
Fine or Fine Plus 0.7t05 3.0
Coarse 0.3t00.8 0.5

13. Application of the WesTrack PRS software requiresa
fatigue model capable of predicting the progression of
fatigue cracking with increasing ESAL applications.
Thus, the following model was derived to satisfy this
reguirement:

IN(FC) = A; « [ IN(ESAL) — IN(ESAL 1) ]
+In(10) (420

where

FC = fatigue cracking (percent of wheel path
area),
A, = regression coefficient that accountsfor
therate of fatigue crack progression,
ESAL, = cumulative ESAL applicationsat some
time, t, during thelife of the pavement,
ESAL ;s = predicted fatigue life (to 10 percent
fatigue cracking) of thein situ pave-
ment in ESAL applications, and
calculated from equation A.19 as
N« SF/TCF.

Analysis of the cracking progression rates in Wes-
Track sections (six fine mixes and five coarse mixes)
provides the following criteriafor selection of A;:

Mix Type Rangein A, Suggested A,
Fine or Fine Plus 2t08 5
Coarse 4t0 56 25

It should be noted that high A; values result in
accelerated crack progression rates. For example, a
value of 25 means that a section can go from zero to
100 percent fatigue cracking in less than 100,000
ESAL applications.

A.3 LEVEL 2 PERMANENT
DEFORMATION MODEL

Asindicated in Chapter 4 of Part I, the level 2 permanent
deformation (rutting) model was developed using hourly traf-
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fic estimates and varying layer moduli for theHMA layer and
the subgrade layer. This allowed the principle of time hard-
ening to be used in the analyses. Use of the level 2 rutting
model in the HMA Spec software differs from the way the
model was developed in three important ways: (1) trafficis
estimated on an annual basis, (2) average moduli are used for
the pavement layers, and (3) the principle of time hardening
isnot included. These simplifications were adopted to main-
tain consistency with theway thelevel 1 modelsand thelevel
2 fatigue cracking models are used in the software.

Thelevel 2 rutting model used in the HMA Spec software
is shown in equation A.21. As indicated, it includes both
rutting in the HMA layer (RD4c) and rutting in the roadbed
soil (RDgg).

RDrow = RDac + RDgs (A.21)

where

RDq = total estimated rut depth, mm (in.),
RD,c = estimated rut depth in the HMA layer, mm (in.),
and
RDg; = estimated rut depth in the roadbed soil (subgrade),
mm (in.).

A.3.1 Permanent Deformation in the HMA Layer

The estimated rut depth inthe HMA layer (RDac) isdeter-
mined from the relationship shown in equation A.22.

RDac=K -y (A.22)

where

RDc = estimated rut depth in the HMA layer, mm (in.),
K = afactor to account for HMA thickness, and
y' = permanent (inelastic) shear strain at a depth of 50
mm (2in.) inthe HMA layer.

Suggested valuesfor K asshowninthefollowing table (A.3).

Thickness of
HMA layer, int K
>12 10
9-12 8.5
7-9 7.0
57 55

11in. =254 mm

Theinelastic shear strain (y') is determined from equation
A.23.

y =a-exp(bt)-ye. ESAL® (A.23)
where

y' = permanent (inelastic) shear strain at a depth of
50 mm (2in.) inthe HMA layer,
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T = shear stressat adepth of 50mm (2in.) intheHMA
layer, psi or MPa,
y® = elastic shear strain at adepth of 50 mm (2in.) in
the HMA layer,
ESAL =number of axle load repetitions, and
a, b, c = regression coefficients.

The shear stress (1) and elastic shear strain (y©) are deter-
mined from equations A.24 and A.25, respectively. Theseare
regression eguations devel oped from layered el astic analyses
using the CIRCLY layered elastic analysis software. Figure
A.2 indicates the axle load and configuration used in these
analyses whereas Figure A.3 indicates the pavement struc-
ture and experiment design.

T = exp(-0.53883 + 0.036073 - In(y®) — 0.00509

. TH, + 0.0000632 - E, - 0.00072 « E,) (A.24)
ye = exp(—7.52845 - 0.00528 - TH,; — 0.00022 (A.25)
+E; —0.00075 . Ey) '
where
T = shear stress at adepth of 50 mm (2in.) inthe HMA
layer, MPa,
y© = elastic shear strain at adepth of 50 mm (2in.) inthe
HMA layer,

TH; = thickness of HMA layer, mm (1 in. = 25.4 mm),
E, = elastic modulus of HMA layer, MPa, and
E, = elastic modulus of the base course layer, MPa.

Values for E; and E, are user input values and are con-
sidered constant throughout the analysis period within HMA
Sec. Thevalue for TH; isvaried in the Monte Carlo simula-
tion process. These simplifications result in constant values
for T and y© for agiven iteration in the process.

Chapter 4 of Part I indicatesthat avaluefor b of 10.28 for
Sl units (0.071 for in.-Ib units) was used in the analyses dur-
ing model development. This value was adopted for use in
the software.

The values for a and c in equation A.23 are determined
from equations A.26 and A.27, respectively. Eliminating the
indicator variables for gradation and substituting equation
A.27 into equation A.26 gives equations A.28 and A.29 for
coarse-graded mixturesand equations A.30 and A.31 for fine-
graded mixtures.

In(field @) = —10.0792 — 0.788273 - P, + 0.0846995

+ Vi —0.358081 - fine + 0.225354 (A.26)
« coarse —4.52386 - In(field ¢)
In(field c) = —7.5834 + 1.051941 - P,q, + 0.95641 (A.27)

« fine plus + 0.66471 - coarse

where

field a = calculated coefficient accounting for field
conditions,

field c = calculated coefficient accounting for field
conditions,
P, = percent asphalt content by weight,
Vi = percent air void content,
fine = indicator variablefor fine mixtures (=1 for fine,
=0 for other mixture types),
fine plus = indicator variablefor fine plusmixtures (=1 for
fine plus, =0 for other mixture types), and
coarse = indicator variable for coarse mixtures (=1 for
coarse, =0 for other mixture types).

Coarse-graded mixtures

field a = exp[21.44552 - 5.547107 « Pg

+0.0846995 - V] (A.28)
field ¢ = exp[~6.91873 + 1.051941 « P,g)] (A.29)
Fine-graded mixtures
field a = exp[23.86914 — 5.547107 « Py, (A.30)
+0.0846995 « V]
field c = exp[~7.58344 + 1.051941 « P,g)] (A.31)

where

field a = calculated coefficient accounting for field condi-
tions,
field ¢ = calculated coefficient accounting for field condi-
tions,
P. = percent asphalt content by weight, and
Vi, = percent air void content.

The value for axle load repetitions (n) is calculated based
on user input of initial ESALs (or initial average daily traffic
(ADT) with percent trucksand an ADT-to-ESAL conversion
factor), traffic growth rate, and growth type (see equations 56
and 57 in Chapter 6 of Part 11). These are calculated on an
annual basis. In devel oping the model, traffic (ESAL) wascal-
culated on an hourly basis and the time-hardening principle
was used to estimate accumulation of permanent strain (see
Chapter 4 of Part I1). HMA Spec does not incorporate the time-
hardening principle.

A.3.2 Permanent Deformation in the
Roadbed Soil

The contribution of subgrade rutting (RDsg) in equation
A.21 isdetermined using equations 25 and 26 (see Chapter 4
of Part I1). However, aswith RDc, the principle of time hard-
ening is not incorporated in HMA Spec. The vertical strain at
the surface of the roadbed soil is determined using equation
A.32. This equation was developed during the analyses used
to develop eguations A.24 and A.25 above.



g, = exp(0.175553 + 0.734386 - In(y*)
+0.0000913 - E; - 0.00767 - (E,/E;)
- 0.01088 + Eg — 0.0018 + THror)

(A.32)

where
€, = vertical compressive strain at the top of the
subgrade;
y¢ = elastic shear strain at adepth of 50 mm (2in.) in
the HMA layer;
E, = elastic modulus of the HMA layer, MPa (1 ks =
6.9 MPa);

E, = elastic modulus of the base layer, MPa;
E; = elastic modulus of the subbase layer, MPg;
Egs = elastic modulus of the subgrade soil, M Pa; and
THqa = tota thickness of the pavement structure, (TH, +
TH, + TH3) mm (1 in. = 25.4 mm).

A.3.3 Summary

HMA Spec uses traffic calculated on an annual basis and
average values for the moduli of the pavement layers to esti-
matetotal rut depth. Thisisadeparture from the way the mod-
els were developed but results in a reasonable approximation
of rut depth accumulation. Figure A.4 indicates the differ-
ence, for Section 24 (original coarse-graded mixture), between

371

calculation of total rut depth based on hourly traffic, varying
moduli, and time hardening and that based on the method-
ology incorporated in HMA Spec. It must be emphasized here
that the valuesfor a and c were obtained from Table 12 and
not from equations A.28 and A.29 above. Asindicated, the
methodol ogy using hourly traffic, varying moduli, and time
hardening better estimates early rutting, but, for practical pur-
poses, the two methods are essentially the same.
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TABLE A.1 Development of fatigue crack prediction model for fine-graded asphalt mixes

1 2 3 4 5 6 7 8 9 10 11
PROBIT |PROBIT | Fatigue
Obs. | FC | Ry, | M | Pao Model Model Crack Predicted Predicted
No. | (%) (%) ESALs log Probability*| | log(ESALS) | Residuals ESALs
(ESALs)

1 10| 4 4 3 4,005,000 6.603 50.0% 6.6025| 0.00010 4,004,055
2 10| 4 4 5 10,475,000 7.020 50.0% 7.0199] 0.00025] 10,468,875
3 10 | 4 4 7 27,390,000 7.438 50.0% 7.4373] 0.00029| 27,371,588
4 10| 4 7 3 1,951,000 6.290 50.0% 6.2902| 0.00006 1,950,743
5 10| 4 7 5 5,102,000 6.708 50.0% 6.7076] 0.00014 5,100,350
6 10| 4 7 7 13,340,000 7.125 50.0% 7.1250] 0.00016] 13,335,214
7 10| 4 ] 10 3 950,500 5.978 50.0% 5.9779] 0.00005 950,386
8 10| 4 | 10 5 2,485,000 6.395 50.0% 6.3953] 0.00003 2,484,849
9 10| 4 | 10 7 6,497,000 6.813 50.0% 6.8127| 0.00001 6,496,808
10 |10 ] 5 4 3 11,980,000 7.078 50.0% 7.0782] 0.00026] 11,972,918
11 J10] 5 4 5 31,320,000 7.496 50.0% 7.4956] 0.00022| 31,304,012
12 |10 ] 5 4 7 81,900,000 7.913 50.0% 7.9130] 0.00028] 81,846,479
13 10 ] 5 7 3 5,834,000 6.766 50.0% 6.7659| 0.00007 5,833,108
14 |10 ] 5 7 5 15,260,000 7.184 50.0% 7.1833] 0.00025| 15,251,059
15 ] 10] 5 7 7 39,900,000 7.601 50.0% 7.6007] 0.00027| 39,874,936
16 J10] 5 110} 3 2,842,000 6.454 50.0% 6.4536] 0.00002 2,841,842
17 J10] 5 | 10 5 7,430,000 6.871 50.0% 6.8710| -0.00001 7,430,191
18 |10 ] 5 | 10 7 19,430,000 7.288 50.0% 7.2884] 0.00007| 19,426,743
19 | 10| 6 4 3 35,820,000 7.554 50.0% 7.5539] 0.00023] 35,801,399
20 | 10| 6 4 5 93,650,000 7.972 50.0% 7.9713] 0.00021] 93,605,205
21 1 10| 6 4 7 244,900,000 8.389 50.0% 8.3887] 0.00029| 244,737,207
22 1 10| 6 7 3 17,450,000 7.242 50.0% 7.2416] 0.00020| 17,442,149
23 110| 6 7 5 45,620,000 7.659 50.0% 7.6590| 0.00016] 45,603,692
24 1 10| 6 7 7 119,300,000 8.077 50.0% 8.0764] 0.00024| 119,233,969
25 1 10| 6 | 10 3 8,500,000 6.929 50.0% 6.9293| 0.00012 8,497,673
26 |10 6 | 10 5 22,220,000 7.347 50.0% 7.3467| 0.00004| 22,217,746
27 110 6 | 10 7 58,120,000 7.764 50.0% 7.7641] 0.00023] 58,089,816

! Probability of 10 percent fatigue cracking.

TABLE A.2 Development of fatigue crack prediction model for coar se-graded asphalt mixes

1 2 3 4 6 7 8 9 10 11
PROBIT PROBIT | Fatigue
Obs. | FC Ry \, Model Model Crack Predicted Predicted
No. | (%) ESALs log Probability” | | log(ESALS) | Residuals ESALs
(ESALS)
1 10 4 4 488,700 5.689 50.0% 5.689] 0.00012 488,562
2 10 4 7 378,600 5.578 50.0% 5.578] 0.00002 378,582
3 10 4 10 293,400 5.467 50.0% 5.467] 0.00006 293,359
4 10 5 4 1,516,600 6.181 50.0% 6.181] -0.00005| 1,516,771
5 10 5 7 1,175,500 6.070 50.0% 6.070] 0.00006] 1,175,330
6 10 5 10 911,000 5.960 50.0% 5.959] 0.00012 910,752
7 10 6 4 4,710,000 6.673 50.0% 6.673] 0.00010 4,708,906
8 10 6 7 3,649,000 6.562 50.0% 6.562| 0.00001] 3,648,884
9 10 6 10 2,828,000 6.451 50.0% 6.451] 0.00008 2,827,483

* Probability of 10 percent fatigue cracking.
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TABLE A.3 Summary of data used in development of composite fatigue cracking models from WesTrack and
NCHRP 1-10B projects

1 2 3 4 5 6 718 9 10 11 12 13 14 15 16 17 18 19
P2 Py Pasg Pss Absorp Load| Visco- | Witczak| HMA HMA |NCHRP 1-10B|| UCB/WesTrack || UCB/WesTrack || Effective
WesTrack % | % (% (% | Vair |Pasp| -tion |(Vh)eff| Freq| sity [Formulaf Thick.| Strain 10% FC Leve 1(a)" [|w/ NCHRP 1-108B|[ Intercept
Section | Description | pass) | retain)| retain) | retain) (%) (%) | (H2)| (poise) [ E* (psi)| (in.) | (in./in.) ESALs ESALs ESALs (10% FC)
1 Fine (MM) 47) 26.6] 118 0| 86| 5.7, 10 4.7] 10| 1,929| 378,322| 6.30| 0.0001837| 1,970,899 19,369,571 20,454,284| 14.1423
2 Fine (LM) 4.7] 26.6] 11.8] 0]10.0] 4.9 1.0} 39| 10| 1,929| 373,068 6.20] 0.0001881] 1,844,645 5,765,275 5,698,135
3 Fine (LH) 47) 26.6] 118 0/11.8] 5.1 1.0 4.1) 10| 1,929| 355,798] 6.40| 0.0001862) 1,985,567 4,662,083 4,959,804
4 Fine (ML) 47| 26.6] 118 0| 6.6 54 1.0 44| 10| 1,929| 395,258| 6.10| 0.0001859 1,825,069 22,522,158]| 22,023,646,
14 Fine (HM) 471 26.6] 118 0| 8.1] 6.6 1.0 5.6/ 10| 1,929 375,609 6.10] 0.0001906 1,754,173 58,519,418 55,001,225
15 Fine (MM) 47) 26.6| 118 0] 87| 5.6 10 4.6] 10| 1,929| 378,308] 6.10| 0.0001900 1,763,958 16,948,841 16,018,737|| 14.1905)
16 Fine (LH) 4.7] 26.6] 11.8] 0][11.8] 4.8 1.0} 3.8] 10| 1,929| 357,911] 6.30] 0.0001888| 1,887,770] 3,356,371 3,394,839
17 Fine (MH) 4.7) 26.6] 118 0]11.0] 5.7 10 4.7) 10| 1,929| 358,667| 6.30] 0.0001886) 1,890,868, 10,896,324 11,039,291
18 Fine (HL) 4.7 26.6] 118 0] 4.8] 6.2 1.0 5.2] 10| 1,929] 398,045] 6.10] 0.0001852) 1,835,060 83,281,780 81,884,214
9 Finet (HL) 55| 257 121 0] 34| 5.9 1.0] 4.9 10| 1,929 404,470 6.10] 0.0001838 1,858,035 123,179,943 122,629,167
10 Finet+ (LH) 55[ 257 121 0]12.4] 4.6 10 3.6] 10| 1,929( 354,275 5.80] 0.0002065| 1,417,034 3,429,494]| 2,603,815
11 Finet (MM) 55| 257 121 0| 7.6] 5.3 1.0 4.3] 10| 1,929| 389,563 6.10] 0.0001872 1,804,603" 23,329,208" 22,557,017,
12 Finet (ML) 55] 257 121 0] 50] 5.3 1.0 4.3] 10| 1,929| 405,526] 5.90| 0.0001899 1,664,893 43,507,086 38,810,244
13 Finet+ (HM) 55| 257 121 0| 6.6 5.9 1.0 4.9 10| 1,929] 391,399| 6.20| 0.0001837| 1,914,692 57,203,157| 58,683,894
19 Finet (MM) 55| 257 121 0] 8.1] 54 1.0 44| 10| 1,929| 384,952 6.20] 0.0001852 1,890,141 23,089,791 23,383,750
20 Fine+ (MH) 55[ 257 121 0]10.3] 5.3 10 4.3] 10| 1,929| 367,792] 6.20| 0.0001894 1,824,342 12,213,215 11,938,127
21 Finet+ (HL) 55| 257 121 0| 4.3] 6.0 1.0 5.0 10| 1,929| 401,837 6.30] 0.0001782 2,065,444 110,769,450 122,583,886
22 Finet+ (LM) 55 257 121 0] 8.5 4.6 1.0 3.6] 10| 1,929 388,813 6.00] 0.0001906 1,704,140 8,734,137
5 Coarse(MM)| 6.05 23.7] 195 0| 84| 5.6 0.7, 49| 10| 1,929| 361,543| 6.00| 0.0001976| 1,610,521 2,059,074 1,941,057|] 13.6086
6 Coarse (MH) | 6.05| 23.7] 195 0]11.3] 5.8 0.7 5.1 10| 1,929( 337,873 5.90| 0.0002078| 1,444,760 2,018,385 1,706,867,
7 Coarse(HM)| 6.05| 23.7] 195 0] 7.5 6.3 0.7 56 10| 1,929( 362,957| 6.10[ 0.0001939 1,708,087| 4,912,471 4,911,453
8 Coarse (LM) | 6.05 23.7] 195 0| 85| 5.5 0.7] 48] 10| 1,929 361,530] 6.00] 0.0001976 1,610,475 1,822,972 1,718,439
23 Coarse(ML) | 6.05] 23.7[ 19.5 0] 5.8] 5.8 0.7 5.1 10| 1,929( 376,600[ 5.80] 0.0002004] 1,485,945 3,221,544 2,801,991
24 Coarse (MM)| 6.05| 23.7] 195 0] 7.6] 5.8 0.7] 51 10| 1,929( 365,724 6.20] 0.0001899 1,816,365 2,764,445 2,939,079|| 13.5564
25 Coarse (HL) | 6.05 23.7] 195 0| 3.8] 6.3 0.7 5.6] 10| 1,929| 380,416] 6.10] 0.0001894 1,771,591 6,728,279 6,976,980
26 Coarse(LH) | 6.05| 23.7] 195 0]10.1] 5.4 0.7 4.7] 10| 1,929| 349,959] 6.20| 0.0001941] 1,755,231 1,420,718]| 1,459,628
50 percent probability 10 percent fatigue cracking
1psi =6.9kPa
1in.=254mm

TABLE A.4 Factorial of predictor variablesfor the development of atensile
strain equation

Layer 1 Thickness, TH1 (mm)

102, 144, and 203

Layer 2 Thickness, TH2 (mm)

102, 216, and 305

Layer 3 Thickness, TH3 (mm)

152, 216, and 305

Layer 1 Elastic Modulus, E1 (MPa)

1.38, 3.09, and 6.90

Layer 3 Elastic Modulus, E3 (MPa)

0.07,0.10, and 0.14

Layer 4 Elastic Modulus, E4 (MPa)

0.02, 0.04, and 0.08

Ratio of Layer 2 to Layer 3 Modulus, E23

1,2,and3

TABLE A.5 HMA mix propertiesused toillustrate composite fatigue equations

Independent Variable

Fine-Graded Mix

Coarse-Graded Mix

HMA tensile strain (mm/mm) 0.0001932 0.0001976
HMA dynamic modulus (MPa) 261 2.49
Percent passing (0.075-mm sieve) 47 6.05
Percent retained (4.75-mm sieve) 26.6 237
Percent retained (9.5-mm sieve) 11.8 195
Percent retained (19-mm sieve) 0.0 0.0
Asphalt content (%) 5.7 5.6
Absorption (%) 1.0 0.7
Air void content (%) 8.6 84
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1 2 3 4 5 6 718 9 [ 10 | 11 12 13 14 15 16 17 18 19
HMA Stiffness HMA Strain (in./in.) [ NCHRP ucB/ Temp. |WesTrack| Effective

Pooo Py Psg Py ucs/ HMA| 2-Layer 4-Layer 1-10B WesTrack Conv. |ESALs'to| Shift

WesTrack % | (% (% (% | Vair [Pasp| Temp. WesTrack Thick.|] Level 1 Leve 2 | 10%FC |Level 2 (Lab)| Factor? [FC=10%| Factor

Section | Description | pass) | retain)| retain)| retain) (°C) [E(MPa)] E (ps) | (in) Model Model ESALs NF TCF | (eyeest) SF
1 Fine (MM) 4.7 266 118 0] 86|57 185] 4,372 633,879] 6.30] 0.0001422) 0.0001484| 2,557,649| 5,075,857| 1.9442 6 * 2.30)
2 Fine (LM) 4.7 266 11.8 0] 10.0] 4.9 20.3 4,212| 610,732| 6.20] 0.0001473| 0.0001544| 2,318,557 2,474,605| 1.9106 3.6 2.78]
3 Fine (LH) 4.7 266 118 0] 11.8] 5.1f 20.1 3,508| 508,608 6.40| 0.0001560| 0.0001657| 2,147,898 1,489,461| 1.9773 31 4.12
4 Fine (ML) 4.7 266 11.8 0] 6.6] 54| 17.7 5,786] 838,931 6.10] 0.0001280| 0.0001296{ 3,140,987 11,264,508| 1.8764 6.5 * 1.08
14 Fine (HM) 4.7 266 11.8 0] 8.1] 6.6 18.8| 3,645 528,577 6.10] 0.0001609] 0.0001706] 1,886,985] 4,117,994| 1.8764 55* 2.51)
15 Fine (MM) 4.7 266 11.8 0] 8.7] 5.6] 185] 4,436 643,189 6.10] 0.0001460] 0.0001524| 2,312,947| 4,233,669| 1.8764 7* 3.10]
16 Fine (LH) 4.7 266 118 0] 11.8] 4.8 18.7 4,074| 590,688 6.30] 0.0001473| 0.0001547| 2,369,685 1,814,943| 1.9442 4.2 4.50
17 Fine (MH) 4.7 266 11.8 0] 11.0] 5.7 17.7 3,755| 544,408 6.30] 0.0001533| 0.0001621| 2,176,213 2,372,271 1.9442 5.1 4.18
18 Fine (HL) 47| 266 11.8 0] 48] 6.2 185| 5,340 774,230[ 6.10] 0.0001332| 0.0001363| 2,853,092| 16,084,680 1.8764] 6 * 0.70
9 Finet (HL) 55 257 121 0] 3.4] 59 23.4| 4,834 700,986 6.10] 0.0001399| 0.0001448| 2,544,151| 10,616,730 1.8764]| Rut Fail - -
10 Finet+ (LH) 55 257 121 0] 12.4] 4.6 20.4| 3,677| 533,222 5.80] 0.0001686] 0.0001789] 1,602,750 626,567)  1.7704 1.8 5.09]
11 Finet (MM) 55 257 121 0] 7.6] 53] 19.1] 5,025 728,668 6.10] 0.0001373| 0.0001415| 2,658,809] 5,031,257| 1.8764] 5.7 2.13
12 Finet+ (ML) 55 257 121 0] 5.0] 53| 185| 6,451 935404 5.90] 0.0001255] 0.0001257| 3,170,361 12,708,507| 1.8064 6 0.85]
13 Finet+ (HM) 55 257 121 0] 6.6] 59| 23.4| 3,710f 537,995 6.20] 0.0001569| 0.0001661] 2,032,332| 3,532,807| 1.9106] Rut Fail - -
19 Finet (MM) 55| 257] 121 0] 81|54 177 5,111] 741,058] 6.20f 0.0001338| 0.0001375| 2,878,545 5,579,327 1.9106| 6.5 * 2.23)
20 Finet+ (MH) 55 257 121 0] 10.3] 53] 18.8] 4,090f 593,062] 6.20] 0.0001495] 0.0001570| 2,247,298| 2,093,145 1.9106 55 * 5.02
21 Finet+ (HL) 55| 257] 121 0] 43| 6.0] 234 4,386| 636,006] 6.30[ 0.0001420| 0.0001481| 2,567,092| 8,759,946 1.9442| Rut Fail --
22 Fine+ (LM) 55 257 121 0] 85| 4.6] 185] 5,667 821,785 6.00] 0.0001315] 0.0001338| 2,880,617| 4,270,751| 1.8417 7* 3.02
) Coarse (MM)| 6.05] 23.7] 19.5 0] 84| 5.6 204| 5172 750,004 6.00] 0.0001376] 0.0001416 2,587,464 9,953,983| 1.8417 1.8 0.33]
6 Coarse (MH) | 6.05| 23.7] 19.5 0f 11.3] 58] 21.4| 3,947| 572,263| 5.90| 0.0001601] 0.0001690| 1,820,824| 3,997,001| 1.8064] 1.67 0.75)
7 Coarse (HM) | 6.05| 23.7] 19.5 0| 75|63 234 3,910| 566,897] 6.10[ 0.0001555| 0.0001640| 2,024,613| 9,694,751 1.8764| Rut Fail --
8 Coarse (LM) | 6.05 23.7| 19.5 0| 85| 55| 22.3] 4,683| 678,985 6.00] 0.0001446| 0.0001503| 2,313,069 7,494,688 1.8417| 154 0.38,
23 Coarse (ML) | 6.05] 23.7[ 19.5 0] 5.8 58 187 6,381] 925,208| 5.80| 0.0001283| 0.0001290f 2,934,378| 20,865,173| 1.7704| Rut Fail - -
24 Coarse(MM)| 6.05| 23.7| 19.5 0| 7.6/58] 17.9] 6,038 875,520 6.20] 0.0001232| 0.0001238| 3,520,783 20,666,827| 1.9106| Rut Fail --
25 Coarse(HL) | 6.05| 23.7] 19.5 0| 38| 6.3] 234 4,838] 701,554| 6.10[ 0.0001399| 0.0001447| 2,546,479] 24,221,189| 1.8764| Rut Fail --
26 Coarse (LH) | 6.05 23.7] 19.5 0] 10.1] 5.4 22.8] 4,233| 613,732] 6.20] 0.0001470] 0.0001539| 2,330,765| 5,508,304 1.9106 1.46 0.51
lin.=254mm * Estimate based on

in millions extrapolation.

?Based on the “high-deviant” coefficients, a= 2.102 and b = -3.884. See Chapter, Section 4.4.3
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APPENDIX B

HOT-MIX ASPHALT OVERLAY THICKNESS DESIGN MODEL

B.1 INTRODUCTION

For the LCC analysisapproach described in Chapters 3 and
5 of Part Il towork successfully in generating acontractor PA,
itisimportant that arational process be used to determinethe
structural need for both the as-designed and the as-constructed
pavement when rehabilitation is triggered. The most widely
accepted overlay design methodology is the one devel oped
for and presented in the 1993 AASHTO Guide for Design of
Pavement Sructures (B.1). The methodology isrational and
defensible, and it takes into account the effect of a pre-overlay
milling operation. Consequently, it was selected for useinthe
HMA PRS.

Thisappendix describesthe step-by-step processes used for
determining the overlay thickness requirement for the as-
designed and as-constructed pavement. The processesfor both
arevery similar. The primary differenceisthat the design life
of the as-designed pavement is given, whilethelife of the as-
constructed pavement is unknown. Both processes rely on
the “remaining life” approach described in the 1993
AASHTO Guide for Design of Pavement Structures.

B.2 OVERLAY DESIGN FOR
AS-DESIGNED PAVEMENT

Five steps are required to develop the overlay thickness
design for the as-designed pavement. To help demonstrate the
process, an example problemis started in thefirst step and car-
ried through the fifth.

Step 1. Determine the Associated AASHTO Struc-
tural Number. For purposes of the HMA PRS, the effective
AASHTO structural number associated with the as-designed
pavement isbackcal culated using the AASHTO design equa
tion and information supplied by the user:

» Theyear inthelife of the as-designed pavement at which
the rehabilitation istriggered. This should bethe sameas
the user-defined estimate of the mean life (in years) of the
as-designed pavement. It identifiesthe cumulative ESAL
applications through use of the traffic/ESAL cumulative
growth formula. [ Example: For rehabilitation triggered
inyear 12, assume ESAL = 1,000,000.]

* The user-defined target smoothness of the as-designed
pavement, (IRI,)qs Thisisconverted into (p,)qes, theini-
tial PSI, using the following PSI-IRI relationship (B.2):

PS| = 5 00 0R (B.1)

where IRl isin unitsof m/km. [Example: (IRl,)ges=0.44
VKM, (Po)ges =4.5.]

» The user-defined terminal (trigger) roughnessleve, IRI..
This value is converted to p,, the terminal PSI, using
equation B.1. [Example: IRl = 2.13, p, = 3.0.]

» The user-defined roadbed soil resilient modulus, My
(psi). [Example: Mg = 5,000 psi.]

The basic eguation from the 1993 AASHTO Guide for
Design of Pavement Sructures (B.1) for the design of flexi-
ble pavements, that is, equation 1.2.1 in Chapter 1 of Part |
providesthe basisfor determining therequired structural num-
ber (SN), which isreferred to as (SN) 4 Since SN appearsin
two locations, it must be solved for through an iterative
process using the following equation(s):

SN =10"R—-10 (B.2)

where

PWR = 0.1068*|0g;,(ESAL) — 0.1068
Olog,o(APSI/2.7)/[0.40 + 1094/(SN + 1)519] (B.3)
—0.2479 Olog,o(Mg) + 0.8835 —0.1068 '
0z, 0S,

APS| = p, —p (B.4)

where Zi = standard normal deviate and S, = combined stan-
dard error of the traffic and performance predictions.

The iterative process is started by assuming an SN of 4.0,
entering it into theformulafor PWR (equation B.3), and solv-
ing for anew SN in equation B.2. The difference between
the assumed SN and the new SN is checked and if the dif-
ferenceislessthan 0.01, theiterative processis stopped. If
the difference is greater than 0.01, an SN equal to the new
SN isassumed and another iteration is compl eted. Once con-
vergenceis achieved, (SNg)qe iS Set equal to SN.

Example of Iterative Process

APS = (Po)ees— P =4.5-3.0=15

SN =4.00, PWR = 0.6487, SN(new) = 3.45

N =3.45, PWR = 0.6386, S\(new) =3.35

N =3.35, PWR = 0.6366, S\(new) = 3.33

N =3.33, PWR=0.6362, SN(new) = 3.33 (convergence)
(SNo)ges = 3.33

SN

It should be noted that thereis one other term with two vari-
ables in the basic AASHTO design equation which was not



included in the above derivation. This Zg S, term accounts
for design reliability and becomes zero when, as is recom-
mended in this instance, design reliability, R, is established
at 50 percent.

Step 22 Egtimatethe Cumulative ESAL Applicationsto
“Ultimate” Pavement Failure. The cumulative ESAL appli-
cations discussed in step 1 referred to the level of axle load
traffic that could be carried by the pavement until it reached
acertain terminal serviceability (trigger) level, p,. Typicaly,
thistrigger level is significantly greater than the serviceabil-
ity level associated with ultimate pavement failure, that is,
p: = 1.5. The purpose of this step is to estimate the cumula-
tive ESAL traffic, (N1s)ges, COrresponding to this ultimate
failure level for the as-designed pavement. This is accom-
plished using the basic AASHTO design equation where p, =
(Po)dess Pt =1.5, Zg 0S, =0, SN = (SNy)ges, and all other vari-
ablesarethe same asin step 1.

The value of ESAL arising from this calculation then
becomes (Ny5) ges-

[Example: For p, =4.5, p, = 1.5, SN = 3.33, and Mg = 5,000
psi; (Ny1s)aes = 2,100,000.]

Step 3: Determine the Effective Structural Number
(when rehabilitation is triggered). With time and cumula
tive ESAL applications, the structural number of the pavement
will deteriorate to alesser value that would be representative
of the support the pavement would provide to a subsequent
overlay or rehabilitation option. Inthe 1993 AASHTO Guide
for Design of Pavement Structures, thisis referred to as the
effective structural number, SN, and may be calculated any
one of threeways: (1) through backcal cul ation based on non-
destructive testing, (2) through interpretation/analysis of pave-
ment condition, or (3) through remaining life analysis. The
third method was selected in this process becauseit isrelated
directly to ESAL applications, which are readily and accu-
rately available.

Theinformation required for the determination of the effec-
tive structural number of the as-designed pavement, (SNi) ges,
include the following:

+ The cumulative ESAL applications, (N,)ges, in the year
when the rehabilitation is triggered. This is obtained
fromthetraffic/ESAL growth formulafor the year when
therehabilitation istriggered. It correspondsto thevalue
of ESAL determined in step 1(a) above.

* The cumulative ESAL applications, (N1s)¢s When the
pavement reaches ultimate failure (from step 2).

With the values of (Np)4es and (Nys)ees from above, the
remaining life of the as-designed pavement (expressed as a
decimal fraction) is determined using the following eguation:

(RL)ges = [1 = (Np)des/(N1.5)ces] (B.5)

377

If thevalue of (RL ) isdetermined to be negative, it should
be reassigned a value of 0.0.

[Example: (RL)ges =[1 — 1000000/ 2100000] = 0.524.]

There are some instances where the estimated remaining
life of the pavement is controlled by the extent of fatigue
cracking. Accordingly, the following equation is used to cal-
culate the maximum level of remaining life, RL . (expressed
as a decimal fraction), associated with the extent fatigue
cracking, FC (expressed as a percentage of the wheelpath
area exhibiting cracking):

RL . =1 —0.087 OFC + 0.00144 OFC? (B.6)

Then, if the remaining life of the as-designed pavement,
(RL)ges, determined based on AASHTO serviceshility, is
foundto be greater than RL ., it should bereassigned avalue
equal to RL .

[ Example: Assuming the predicted fatigue cracking (FC) at
year 12 is5 percent, then RL . = 0.60. Snce the (RL) e cal-
culated using eguation B.5 is not greater that 0.60, it is not
corrected.)

Next, the pavement condition factor, (CF) e, isdetermined
as afunction of the remaining life:

(CPges = (RL)d™ (B.7)

[Example: (CF)ges =0.90.]

Inthiscase, if thevalue of (CF)gsisdetermined to beless
that 0.5, it should be reassigned a value equal to 0.50. [In
the example, (CF)qes is greater than 0.50, so no correction
is necessary.]

Finally, the effective structural number of the as-designed
pavement is cal culated using the following relationship:

(SNei)des = (CF) ges J(SNo)ges — (81 I D) (B.8)

where

a; = The(reduced) layer coefficient of theHMA surface
layer at the time the rehabilitation operation istrig-
gered. For programming purposes within the HMA
Foec software, avalue of 0.20 was assumed and

D = The depth (inches) of the pre-overlay milling oper-
ation specified by the M&R decision tree (1 in. =
25.4 mm).

The remaining variables are as previously defined (or
calculated).

[ Example: Assuming valuesfor a; and D, of 0.20and 1in.,
respectively, (SN )ges = 2.80.]
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Step 4: Deter minethe Structura Number Required for
a New Pavement to Last the Rest of the Analysis Period.
The purpose of this step isto determine the structural number,
(SNf)ees, that would be required if a new pavement wereto be
constructed to last the remaining years of the analysis period.
The calculationismadeusing either thebasic AASHTO design
equation or, for programming purposes within the HMA Spec
software, the set of relationships represented by equations
B.2, B.3, and B.4 that require an iterative process (see descrip-
tion in step 1) for proper determination. In either case, the
following inputs are required:

» The cumulative ESAL applications expected from the
time of the rehabilitation to the end of the analysis period.
Thisiscalculated using the ESAL /traffic growth formula
assuming that traffic startsto accumulate at the time the
rehabilitation is complete. [ Example: Assume ESAL traf-
fic between year 12 when the rehabilitation istriggered
and the end of the analysis period (year 20) is 800,000.
Thus, the total ESAL traffic over the 20-year analysis
period is 1,800,000.]

+ The user-defined roadbed soil modulus, Mg. Thisisthe
same value that was used in step 1. [Example: Mg =
5,000 psi.]

» Theinitial pavement serviceahility, p,, after the rehabil-
itation is complete. For programming purposes within
the HMA Spec software, it was assumed that this value
isthe same asthat determined for the as-designed pave-
ment, (Po)ees: [ Example: p, =4.5.]

» Theterminal pavement serviceability, p,, which triggers
arehabilitation operation. Thisvalueisthe same asthat
used inthestep 1 calculation process. [ Example: p,=3.0.]

* The predefined values associated with the treatment of
life uncertainty, that is, design reliability and overall
standard deviation, R and S,, respectively. S, isavalue
typicaly in the range of 0.39 to 0.49 for flexible pave-
ments. A default value of 0.45 isused in the HMA Spec
software. R is avalue in the range of 50 to 99.99 per-
cent. Table4.1 (from Part | of the 1993 AASHTO Guide
for Design of Pavement Structures) provides the stan-
dard normal deviate, Zg, corresponding to the range of
reliability valuestypically used by pavement designers.
The R values required for rehabilitation design in the
HMA Spec software have the default values specified in
Table4.1 of Part | of the 1993 AASHTO Guidefor Design
of Pavement Sructures(B.1). [ Example: §,=0.45,R=90
percent and Zz =-1.282.]

In this instance, the iterative process is started by assum-
ing an SN equal to (SNg)qes (from step 1), entering it into the
formulafor PWR (equation B.3) and solving for anew SN in
equation B.2. The difference between the assumed SN and
the new SN ischecked and, if the differenceislessthan 0.01,
the iterative process is stopped. If the difference is greater

than 0.01, an SN equal to the new SN is assumed and another
iteration iscompleted. Once convergenceisachieved, (SNy)ges
isassigned equal to SN.

Example of Iterative Process

APS = (Po)aes— P =4.5-3.0=15

N =3.33, PWR = 0.6875, SN(new) = 3.87

N =3.87, PWR = 0.6978, SN(new) = 3.99

N =3.99, PWR = 0.7000, SN(new) = 4.01

N =4.01, PWR=0.7002, N(new) = 4.01 (convergence)
(SNi)ges = 4.01
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Step 5: Determinethe Required HMA Overlay Thick-
ness. Thefollowing equation isused to cal cul ate the thickness,
(Da)aes (inches), of the new layer of HMA surface associated
with the prescribed rehabilitation operation:
(Do)des = [(SNi) des — (SNett) desl /00 (B.9)
where a, = The user-defined layer coefficient for the HMA
overlay material.

Theremaining variablesare as calculated in previous steps.

[Example: Assuming a typical HMA layer coefficient of 0.44,
thedesign HMA overlay thicknessrequired for the as-designed
pavement (in year 12) is1.5in.]

B.3 OVERLAY DESIGN FOR
AS-CONSTRUCTED PAVEMENT

Followingisadescription of the stepsrequired to determine
the overlay thickness design for the as-constructed pave-
ment. They are very similar to the steps described for the
as-designed pavement. Again, an example is followed from
start to finish to help demonstrate the process.

Step 1: Determinethe Associated AASHTO Structural
Number. The following information is required to deter-
mine the AASHTO structural number associated with the
as-constructed pavement:

* Theyear in the life of the as-constructed pavement at
which the rehabilitation isbeing triggered. Thisiscon-
verted into cumulative ESAL applications using the
traffic/ESAL cumulative growth formula. [ Example;
Assume that rehabilitation istriggered in year 9, when
the cumulative ESAL applicationsis 720,000.]

» The user-defined initial measured smoothness of the
as-constructed pavement, IRI,. Thisis converted into p,
using the PSI-IRI relationship identified earlier as equa-
tion B.1. [Example: (IRl)ges = 0.44 mVkm, (Po)ges = 4.5.]

» Theuser-defined terminal (trigger) roughnesslevel, IRI..
Thisisthe same as for the as-designed pavement and is



also converted into p, using the PSI-IRI correlation in
equation B.1. [Example: IRI; =2.13, p,=3.0]

* Theuser-defined roadbed sail resilient modulus, Mg (psi).
This, too, is the same as the value defined under step 1
of the overlay design process for the as-designed pave-
ment. [ Example: Mg = 5,000 psi.]

» Aswasthe case with the as-designed pavement, reliabil-
ity does not play arolein estimating the mean structural
number of the as-constructed pavement. Therefore, reli-
ability is set to 50 percent and the Z; 0S, term becomes
zero and there is no effect on the calculations.

The same series of relationships used in step 1 of the
as-designed pavement rehabilitation process (equations B.2,
B.3, and B.4) are used for the as-constructed pavement.
Some of the inputs are different, as described previoudly, and
the result is the estimated mean structural number of the
as-constructed pavement, (SNo)con-

Theiterative processis started by assuming an SN of 4.0,
enteringitinto theformulafor PWR (equation B.3), and solv-
ing for anew SN in equation B.2. The difference between the
assumed SN and the new SN is checked and if the difference
is less than 0.01, the iterative process is stopped. If the dif-
ference is greater than 0.01, an SN equal to the new SN is
assumed and another iteration is completed. Once conver-
gence is achieved, (SNo)con iS assigned equal to SN.

Example of Iterative Process

PY = (po)ees— P =4.5-3.0=15

SN =4.00, PWR = 0.6335, SN(new) = 3.30

SN =3.30, PWR = 0.6204, SN(new) = 3.17

N =3.17, PWR = 0.6178, SN(new) = 3.15

N =3.15, PWR=0.6174, SN(new) = 3.14 (convergence)
(S\Io)con =3.14
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Step 2: Estimatethe Cumulative ESAL Applicationsto
Ultimate Pavement Failure. Thisstepisvery similar to step
2 of the as-designed pavement rehabilitation process. The
only input difference(s) now are po = (Po)con @A SN = (SNg)con-

The value of ESAL arising from the cal culation becomes
(Nl.S)oon-

[Example: For p, = 4.5, p,= 1.5, S\ = 3.14, and Mg = 5,000
pS|, (Nl.S)con = 1,360,000]

Step 3: Determine the Effective Structural Number
(when rehabilitation istriggered). The information required
for the determination of the effective structural number of the
as-constructed pavement, (SNei)con, iNCludes the following:

+ Thecumulative ESAL applications, (Np)con, in the year
when the rehabilitation is triggered. This corresponds
tothevalueof ESAL determinedin step 1 above. [ Exam:
ple: (Np)eon = 720,000.]
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* The cumulative ESAL applications, (N1s)con, When the
pavement reaches ultimatefailure (from step 2). [ Exam+
ple: (Nyis)eon = 1,360,000.]

With the values of (Np)eon and (Nys)cn from above, the
remaining life of the as-constructed pavement (expressed asa
decimal fraction) is determined using the following equation:
(RL)oon = [1_( Np)Con/(Nl.S)con] (B.lO)

If the value of (RL)., iS determined to be negative, it
should be reassigned a value of 0.0.

[Example; (RL)en = [ 1 — 720000/1360000) = 0.471]

As was the case for the as-designed pavement, this value
of remaining life must be checked against the maximum value
associated with the extent of fatigue cracking. If (RL)co, iS
greater than RL . (determined from equation B.6 for the pre-
dicted extent of fatigue cracking in the as-constructed pave-
ment), then (RL)c, must be set equal to RL .

[ Example: Assuming the predicted fatigue cracking (FC) at
year 9is 8 percent, then RL,,, =0.396. Sncethe (RL)4e cal-
culated using equation B.5 is greater than 0.396, it must be
corrected to the lower value, that is, (RL)n = 0.396.]

Next, the pavement condition factor, (CF), isdetermined
as afunction of the remaining life:

(CF)con = (RL)(:onO'165 (Bll)

[Example: (CF)qn = 0.858. ]

Inthiscase, if the value of (CF),, isdetermined to beless
that 0.5, it should be reassigned avalue equal to 0.5. [In the
example, (CF)., is greater than 0.5, so no correction is
necessary.]

Finally, the effective structural number of the as-designed
pavement is calculated using the following relationship:
(SNeff)con = (CF)con D(SNO)con - (ai 0 Dmill) (812)
where the remaining variables are as previously defined (or
calculated).

[Example: Assuming valuesfor a;,” and Dy, of 0.20and Lin.,
respectively, (SNe)con = 2.49.]

Step 4: Determinethe Structural Number Required for
a New Pavement to Last the Rest of the Analysis Period.
The purpose of this step is to determine the structural num-
ber, (SNf)con, that would be required if a new pavement were
to be constructed to last the remaining years of the analysis
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period. This step is almost identical to step 4 of the rehabili-
tation design process for the as-designed pavement. The cal-
culation is the set of relationships represented by equations
B.2, B.3, and B.4 that require an iterative process for proper
determination. The following inputs are required:

* The cumulative ESAL applications expected from the
time of the rehabilitation to the end of the anaysis
period. Thisiscalculated using the ESA L /traffic growth
formulaassuming that traffic startsto accumulate at the
time the rehabilitation is complete. [ Example: Assume
ESAL traffic between year 9 when the rehabilitation is
triggered and the end of the analysis period (year 20) is
1,080,000. This means that the total ESAL traffic over
the 20-year analysis period, that is, 1,800,000, is the
same as that used in the example for the as-designed
pavement.]

* The user-defined roadbed soil modulus, Mg. Thisisthe
same value that was used for the as-designed pavement.
[ Example: Mg = 5,000 psi.]

+ Theinitial pavement serviceability, p,, after the rehabil -
itation is complete. For purposes of the HMA Spec soft-
ware, this value is assumed to be the same as that deter-
mined for the as-designed pavement, (po)qes [ Example:
P, =4.5]

» Theterminal pavement serviceability, p,, which triggers
arehabilitation operation. Thisvaueisthe same asthat
used in the step 1 calculation process and for the as-
designed pavement. [ Example: p, = 3.0.]

» The predefined vaues associated with the treatment of
lifeuncertainty, that is, design reliability and overall stan-
dard deviation, R and S, respectively. The values used
for rehabilitation design of the as-constructed pavement
arethe same asfor the as-designed pavement. [ Example:
S =0.45, R=90 percent, and Z; = -1.282]

The same iterative process used for the as-designed pave-
ment isfollowed for the as-constructed pavement. Once con-
vergenceis achieved, (SNy)con IS Set equal to SN.

Example of Iterative Process

. P = (Po)aes— P =4.5-3.0=15

. SN =3.14, PWR = 0.6976, SN(new) = 3.98

. SN =3.98, PWR = 0.7136, SN(new) = 4.17

. N =417, PWR=0.7167, SN(new) = 4.21

. SN=4.21, PWR=0.7173, N(new) = 4.22 (convergence)
. (NF)eon =4.22

O, WNPE

Step 5: Determinethe Required HMA Overlay Thick-
ness. Thefollowing equation isused to cal cul ate the thickness,
(Dg)eon (inches), of the new layer of HMA surface associated
with the prescribed rehabilitation operation:

(Dol)con = [(SNf)con - (SNeff)con] /aol (Bl?’)

where all variables are as previously defined or calculated.

[Example: Assuming a typical HMA layer coefficient of
0.44, the design HMA overlay thicknessrequired for the as-
constructed pavement (in year 9) is3.9in. Thiscompareswith
the 1.5-in. overlay thickness required for the as-designed
pavement in year 12.]
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APPENDIX C
GUIDE SPECIFICATION FOR HOT-MIX ASPHALT PAVEMENT MATERIAL
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GUIDE SPECIFICATION
FOR
HOT-MIX ASPHALT PAVEMENT MATERIAL
AASHTO PP 400

CHAPTER 1—INTRODUCTION
1.1 DESCRIPTION

A mixture composed of aggregate, asphalt cement with or
without mineral filler, modifiers and/or additives, recycled
asphalt and baghouse fines which has been designed, mixed
at an elevated temperature at acentral plant, transported, laid,
and compacted in compliance with the lines, grades, thick-
ness, and typical cross sections shown on the plans.

1.2 USE

The mixture shall be used as a base course, leveling course,
or surface course, or any combination of these courses as
shown on the plans.

1.3 SCOPE

This specification provides the framework (Figures C.1 and
C.2) for aquality control/quality assurance specification for
hot-mix asphalt (HMA) pavement material. Included in the
specification are requirements for the following:

+ Laboratoriesfacilities.

« Laboratory equipment.

» Sampling and testing personnel.

» Sampling, testing methods, and testing frequencies for
quality control and quality assurance.

* Quality Control Plans.

+ Materids.

+ Construction practices.

* Mixture design method.

+ Acceptance plan.

* Measurement.

 Pay adjustment factors.

* Payment.

This standard may involve hazardous materials, operations,
and equipment. It does not purport to address all of the safety
problemsassociated with itsuse. It isthe responsibility of the
user of thispracticeto consult and establish appropriate saf ety
and health practices and determine the applicability of regu-
latory requirements prior to use.

1.4 REFERENCED DOCUMENTS

Procedures, guides, sampling methods, test methods, and spec-
ifications are referenced in this specification.

1.4.1 Quality Control/Quality Assurance

Table C.1 contains procedures, guides, specifications, and gen-
eral references associated with quality control and quality
assurance types of specifications.

1.4.2 Asphalt Binder Tests

Table C.2 contains sampling methods, test methods, and spec-
ifications for asphalt binders.

1.4.3 Agoregate Tests

Table C.3 contains sampling methods, test methods and spec-
ifications for aggregates used in HMA.

1.4.4 Hot-Mix Asphalt Tests

Table C.4 contains sampling methods, test methods, specifi-
cations, and mixture design methods for HMA.

1.4.5 Pavement Roughness M easurement

Table C.5 contains test methods for measuring pavement
roughness.

15 TERMINOLOGY
15.1 Standard Terminology

Definition of terms common to quality control and quality
assurance standards are contained in AASHTO R-10.

Definition of many common terms relating to HMA are con-
tained in ASTM D 8.

Definitions of terms used in reference to other standards are
as defined therein.
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Definition of terms in mathematical expressions are as gen-

erally used in standard practice. Unique terms are defined in
the section containing the first presentation of such terms.

1.5.2 Definitions

AAP AASHTO Accreditation Program

AASHTO American Association of State Highway and
Transportation Officials

ASTM American Society for Testing and Materials

HMA Hot-Mix Asphalt

JMF Job mix formula

JMF1 Job mix formula number 1 obtained from labo-
ratory mixture design process

IJMF2 Job mix formula number 2 obtained from tria
field section placed at start of field production
of the HMA

JMF3 Job mix formulanumber 3 defined by contractor
and approved by engineer to represent accept-
able mixture during production of HMA

IMFi Job mix formula i defined by contractor and
approved by engineer to represent acceptable
mixture during production of HMA

PG Performance-Graded Asphalt Binder

QA Quality Assurance

QC Quiality Control

QCP Quality Control Plan

SHA State Highway Agency

1.6 LABORATORY, EQUIPMENT,
AND PERSONNEL

1.6.1 Laboratory

Laboratories (contractor, engineer, and referee) performing
tests in accordance with these standards shall be currently
accredited by the AASHTO Accreditation Program (AAP) for
the materials being tested (asphalt binders, aggregates, or
HMA). Testing laboratories conducting inspections or tests
not covered by the AAP shall comply with the applicable
requirements of AASHTO R 18 and ASTM D 3666.

1.6.2 Equipment

All laboratory equipment (contractor, engineer, and referee
laboratory) used to perform tests in accordance with these
standards shall be calibrated and calibration verified at estab-
lished intervals by the State Highway Agency according to
relevant State Highway Agency standards.

1.6.3 Personné

All personnel (contractor, State Highway Agency, and ref-
eree) shall be appropriately qualified through certification

procedures established by the State Highway Agency. Certi-
fication shall ensure that minimum standards are in place for
personnel to obtain samples; process samples; operate neces-
sary equipment; verify equipment accuracy and calibration;
interpret test results; and inspect the construction operation.
Tables C.2 through C.5 show the requirements for certifica-
tion for individual test methods.

1.7 SAMPLING AND TESTING
1.7.1 Quality Control Sampling and Testing

The contractor shall perform the sampling, testing, inspec-
tion, and calibrations as shown in Table C.1 and as defined
in the Quality Control Plan.

1.7.2 Quality Assurance Sampling and Testing

The engineer will perform the sampling, testing, and inspec-
tion asshown in Table C.1 and as defined in the specification
as quality assurance sampling and testing.

1.7.3 Referee Sampling and Testing

This sampling and testing will be performed by athird party
mutually agreed upon at the start of the project. Thethird party
sampling and testing group can be the State Highway Agency
central laboratory or acommercial laboratory which has the
proper certifications and accreditations.

1.7.4 Independent Assurance Program

An unbiased and independent eval uation of all sampling and
testing used in the acceptance program shall be performed by
the State Highway Agency in conformance with Federal
Highway Administration policies.

1.8 QUALITY CONTROL PLAN
1.8.1 General

The contractor shall maintain a quality control system that is
based on an established Quality Control Plan. The Quality
Control Plan shall be prepared by the contractor and will be
approved by the engineer. The Quality Control Plan shall bea
written document covering all personnel, equipment, supplies,
and facilities necessary to obtain samples, perform and docu-
ment tests, and otherwise ensure the quality of the product.

A draft, written Quality Control Plan for this specification
item shall be presented at the Preconstruction Conference
for the project. The contractor proposed Quality Control Plan
for this specification item shall be submitted to the engineer



for approval at least 10 working days before the start of HMA
production. The engineer will accept or reject the Quality
Control Plan within 5 working days of submittal.

The Quality Control Plan shall reference the following stan-
dards for qudification, control, and guidelines (Table C.1):

AASHTOR 4 Statistical Procedures

AASHTOR 9 Acceptance Sampling Plans for Highway
Construction

AASHTOR 10 Definition of Termsfor Specificationsand
Procedures

AASHTOR 11 Using Significant Digitsin Test Data to
Determine Conformance with Specifica-
tions

AASHTOR 18 Establishing and Implementing a Quality
System for Construction Materials Test-
ing Laboratories

ASTM D 3666 Minimum Requirements for Agencies

Testing and Inspecting Bituminous Paving
Materials

The Quality Control Plan’s administration, including compli-
ance with the plan and its modifications, is the responsibility
of the contractor. The Quality Control Plan can bewholly per-
formed by the contractor or, wholly or in part, by an indepen-
dent organization under contract to the contractor.

Theengineer will make no partial paymentsfor materialsthat
are subject to specific quality control requirements without
an approved Quality Control Plan.

1.8.2 Requirements of Quality Control Plan

The Quality Control Plan shall, as a minimum, address the
items contained in AASHTO R 18 and ASTM D 3666 as
briefly summarized below.

1.8.2.1 Personnel

The Quality Control Plan shall provide an organization chart
defining the area of responsibility and authority of each indi-
vidual. This organization chart shall show all quality control
personnel by name, function, and experience, and how these
individual sintegrate with other management, production and
construction functions, and workforce.

Thenamesand qualifications of personnel shall be providedin
the Quality Control Plan. The plan will indicate the total staff
required to implement all elements of the quality control pro-
grams, including inspection, testing, and reporting functions.

If an outside organization or an independent laboratory is
used for implementation of all or part of the Quality Control
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Plan, the personnel assigned are subject to the qualification
requirements of this section. The Quality Control Plan shall
indicate on the organization chart which personnel are con-
tractor employees and which are provided by an outside orga-
nization and define the lines of reporting.

The Quality Control Manager shall be defined in the Quality
Control Plan and is responsible for the successful operation
of the plan to ensure compliance with the specifications. The
Quality Control Manager reports directly to a responsible
officer in the contractor’ s organization.

Quality Control Technicians shall be certified as defined in
Section 1.6.3 and as shown in Tables C.2 through C.5 of this
specification and shall perform the following functions:

+ Inspect all plant equipment used in proportioning and
mixing to ensure proper calibration and operating con-
dition.

+ Perform quality control tests necessary to adjust and con-
trol mix proportioning in accordance with the job mix
formula

* Inspect all equipment used in placing, finishing, and com-
pacting material to ensure proper operating condition.

* Inspect during construction to ensure placing, joint con-
struction, and compaction are in conformance with the
specifications.

» Perform all quality control testing as required in this
specification.

+ Detail the criteria to be used to correct unsatisfactory
production processes and construction practices.

+ Perform al reporting required in the specification.

The Quality Control Manager and Quality Control Techni-
ciansshall by their actionsaddress all elementsthat affect the
quality of the HMA including the following:

* HMA mixture design.

« Aggregate gradation.

* Quality of materials.

+ Aggregate stockpile management.

* Proportioning of HMA.

* Mixing of materials.

+ Storage of materials.

 Transportation of materials.

* Placing, compaction, and finishing (joints, in-place den-
sity, smoothness, segregation, etc.).

+ Sampling and testing.

1.8.2.2 Quality Control Testing Laboratory

The Quality Control Testing Laboratory shall be accredited
by the AAP as defined in Section 1.6.1 of this specification.
Testing laboratories conducting inspections or tests not cov-
ered by the AAP shall comply with the applicable require-
ments of AASHTO R 18 and ASTM D 3666.
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1.8.2.3 Sampling

Random sampling techniques as defined in ASTM D 3665
and Attachment A to this specification shall be used.

1.8.2.4 Records and Control Charts

The contractor shall record al sampling, testing, and inspec-
tion data on forms as defined in the Quality Control Plan.
The contractor shall maintain complete testing and inspec-
tion records and post all test datain the Quality Control Lab-
oratory within 2 hours of completion of the daily testing as
defined in the approved Quality Control Plan.

Mean and range control charts shall be prepared by the con-
tractor and shall be posted on adaily basis. Attachment B con-
tains methods for preparing mean and range control charts.

1.8.2.5 Sample Management

The Quality Control Plan shall contain a description of proce-
duresfor sampleidentification, storage, retention, and disposal.

1.8.2.6 Internal Quality Assurance System

The Quality Control Plan shall contain a description of the
contractor internal quality assurance system. This system
shall contain, asaminimum, inspections, testing of proficiency
samples, and other activities as defined in AASHTOR 18.

CHAPTER 2—MATERIALS
2.1 ASPHALT BINDER

The asphalt binder shall meet the requirements of AASHTO
MP 1 (Specification for Performance-Graded Asphalt Binder
as shown in Table C.6).

2.2 AGGREGATE

The coarse and fine aggregate shall meet the requirements
for aggregates as defined in AASHTO MP 2 Specification
for Superpave Volumetric Design as shown in Tables C.7
through C.10.

2.2.1 Coarse Aggregate

Coarse aggregate shall be retained on the 4.75-mm (No. 4)
sieve and shall consist of clean, hard, durable particles and
shall befreefrom frozen lumps, del eterious matter, and harm-
ful coatings.

2.2.2 Fine Aggregate

Fine aggregate shall be passing the 4.75-mm (No. 4) seveand
shall consist of clean, hard, durable particles and shall befree
from frozen lumps, deleterious matter, and harmful coating.

2.3 MINERAL FILLER

Mineral filler shall meet the requirements of AASHTOM 17
or ASTM D 242 (Mineral Filler for Bituminous Paving
Mixtures).

24 LIME

Hydrated lime shall meet the requirements of AASHTO
M 303 or ASTM C 1097 (Lime for Asphalt Mixtures).

2.5 BAGHOUSE FINES

The addition of fines collected by a baghouse in the HMA
plant is permitted when a metering system is provided. The
baghouse fines shall be considered as part of the aggregate
for gradation purposes and gradation compliance.

2.6 RECYCLED ASPHALT PAVEMENT

Recycled asphalt pavement (RAP) is defined as salvaged,
milled, pulverized, broken, or crushed asphalt-bound pave-
ment. RAPisalowedin HMA provided all requirements con-
tained in this specification are met.

CHAPTER 3—CONSTRUCTION
3.1 GENERAL

The contractor shall maintain all equipment for the handling
of materials, mixing, hauling, placing, and compaction of the
mixture in good repair and operating condition to produce a
quality product.

3.2 STOCKPILING, STORING, FEEDING,
AND DRYING MATERIALS

3.2.1 Stockpiling of Aggregate(s)

Prior to stockpiling aggregates the contractor shal clear the
area of trash, weeds, and grass. The area shall be relatively
smooth and well drained.

The contractor shall perform stockpiling in amanner that will
minimize aggregate degradation, segregation, and/or mixing
of one stockpile with another.



The contractor shall not allow foreign material to contami-
nate the stockpile(s).

The contractor shall separate aggregates proportioned prior
to the heating and drying processinto aminimum of two sizes,
one coarse and one fine.

The contractor shall keep all stockpiles separate.

3.2.2 Feeding and Drying of Aggregate

If applicable, the contractor shall feed the various sizes of
aggregate through the cold aggregate bins and a proportion-
ing device that will provide a uniform and constant flow of
material in the required proportions.

3.2.3 RAP Feed System

If RAPisused, the contractor shall introduce the RAP through
a separate cold feed bin that has adequate controls to pro-
vide auniform and consistent flow of material in the required
proportion.

3.2.4 Storing and Heating Asphalt Binders

The contractor shall equip tanks for storing asphalt binders
and for heating and holding the asphalt binder at the required
temperatures.

The contractor shall keep all equipment in a clean condition
at all times and operateit in such amanner that there shall be
no contamination with foreign material.

The contractor shall store asphalt binder in tanks separate and
apart from the dryer burner fuel. Tanks with separate com-
partments that (1) may be used to store two or more prod-
ucts in a single enclosure or casing and (2) that share any
common components (bulkheads, heating coils, valves, etc.)
that would allow either product to contaminate the other will
not be permitted for asphalt cement storage unless all of the
compartments are filled with the same product.

The contractor shall equip the heating apparatus with a con-
tinuous recording thermometer with a24-hour chart that shall
record the temperature of the asphalt binder at the location of
the highest temperature. Thisthermometer shall be in opera-
tion during production of the HMA.

The temperature of the asphalt binder just prior to mixing
shall be that defined by AASHTO PP 28 for laboratory
preparation of HMA samples.

When modified asphalt binders are used, the material shall be
stored and maintained in storage tanks as recommended by
the supplier.
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The contractor shall equip tanks to allow for measuring the
guantities of asphalt binder remaining in the tank.

The circulating system shall provide proper and continuous
circulation during the operating period.

The contractor shall provide a sampling port in the feed line
between the asphalt binder plant storage tank and the mixing
chamber.

3.2.5 Feeding Mineral Filler and Baghouse Fines

Mineral filler and/or baghouse fines shall be drawn from a
storage facility in which the minera filler is agitated by air
or other meansto keep it in auniform free flowing condition.
The mineral filler and/or baghouse fines shall be delivered to
the mixer from a vane type metering device which is inter-
locked (el ectric-driven feeders shal be actuated from the same
circuit) to the flow of each aggregate feeder. The drive shaft
on the vane feeder for the mineral filler, baghouse fines, or
both shall be equipped with a revolution counter reading to
one-tenth of arevolution and ameans for varying the rate.

3.2.6 ModifierAdditives

All storage and feeding systems for modifiers and additives
must be approved by the engineer.

3.3 MIXING PLANTS

The contractor shall use mixing plants of either the weigh-
batch, continuous mixing (proportioning after drying), con-
tinuous mixing (proportioning before drying), or drum mix-

ing type.

3.3.1 Burner Fuel and Burner

The contractor shall limit fuel used for heating aggregates to
thefollowing types: natural gas, liquefied natural gas, fuel ail
(ASTM D 396, gradesNo. 1 and No. 2), butane, propane, and
diesd fuel oil (ASTM D975, grades No. 1-D and No. 2-D).

The contractor shall certify that burner fuels comply with the
above requirements.

The contractor shal ensure that the burner used for heating the
aggregate shall achieve complete combustion of the approved
fuel and not leave any fuel residue that will adhere to the
heated aggregate.

3.3.2 Requirementsfor All Plants

The contractor shall install and maintain adequate equip-
ment and take necessary precautions to meet applicable fed-
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eral, state, and local government air quality and water quality
regulations.

The contractor shall install or have available platform scales
to determine the weights of HMA and hauling vehicles.

The contractor shall provide adequate and safe access to the
top of the truck bodies by a platform or other suitable access
ports in the truck bodies for the engineer to obtain the mix
temperature.

The contractor shall provide adequate and safe equipment at
the plant to afford access for plant operation, maintenance,
sampling, and calibration.

The contractor shall calibrate the plant in accordance with
Quality Control Plan.

3.3.3 Batch Plant

The contractor shall use afully automated and computerized
batch plant.

The contractor shall provide atwin shaft pugmill-type batch
mixer that is steam-jacketed or heated by other approved
methods and operated to produce a uniform mixture.

The contractor shall equip the mixer with an accurate time
lock to control the operations of acomplete mixing cyclewith
an accuracy of 2 sec.

3.3.4 Continuous Mixing Plants (Proportioned After
Drying, Proportioned Before Drying, Drum Mixer)

The contractor shall provide afully automated and computer-
ized plant with satisfactory means to provide a positive inter-
locking control between the flow of each feeder and the flow
of the asphalt binder, mineral filler, and baghouse fines.

The contractor shall provide the plant with acontinuous mixer,
adequately heated and operated to produce a uniform mixture
with a uniform coating of asphalt binder on the aggregate at
the discharge.

3.4 SURGE-STORAGE SYSTEM
3.4.1 Capacity
The contractor shall equip al continuous and drum mixer

plantswith a surge-storage system having a capacity in excess
of 18 Mg (20 tons).

3.4.2 Segregation

The contractor shall equip the surge-storage system with an
approved surge batcher or other approved method that will

prevent segregation of the HMA asit is being stored or dis-
charged into the hauling vehicle.

3.4.3 Storage

Temporary storage or holding of HMA during the production
day will be allowed. Storage for periods exceeding 24 hours
will not be permitted unless authorized.

3.5 HAULING EQUIPMENT
3.5.1 Trucks

The contractor shall usetrucksfor hauling HM A with tight,
clean, smooth metal bedswhich have been thinly coated with
aminimum amount of lime solution or other approved rel ease
agent to prevent the mixture from adhering to the truck
beds. The contractor shall not use diesel or kerosene as a
rel ease agent.

3.5.2 Dischargeinto Hauling Vehicles

The contractor shall discharge the HMA from the surge-
storage system directly into the hauling vehicle.

3.6 SURFACE PREPARATION

3.6.1 Utilitiesand Drainage Structure

The contractor shall locate, reference, and protect all utility
covers, monuments, curbsand gutters, and other items affected
by the paving operations.

3.6.2 Objectionable Material

The contractor shall remove all dirt, sand, leaves, and other
objectionable materia from the prepared surface before plac-
ing the HMA.

3.7 PLACING
3.7.1 Equipment

When the HMA is being produced by more than one HMA
mixing plant, the contractor shall place the material pro-
duced by each plant with separate spreading and compact-
ing equipment.

The contractor shall dump and spread the HMA on the pre-
pared surface with the spreading and finishing machine.

If window pick-up equipment isused, the contractor will pro-
vide equipment capable of removing and loading substan-



tially all of the mixture deposited on the roadbed into the
spreading and finishing machine.

The contractor shall use bituminous pavers that are self-
contained, power-propelled units, provided with an activated
screed or strike-off assembly, heated if necessary, and capa-
ble of spreading and finishing courses of HMA in lane and
shoulder widths applicable to the specified typical section
and thicknesses shown on the plans.

The contractor shall equip pavers with a receiving hopper
having sufficient capacity for a uniform spreading operation
and a distribution system to place the mixture uniformly in
front of the screed.

The contractor shall equip the screed with automatic controls
which will make adjustments in both transverse and longitu-
dina directions.

3.7.2 Operation

The contractor shall provide a placing operation to provide a
smooth, uniform textured surface without tearing, shoving,
gouging, segregation, or streaks.

3.8 JOINTS

3.8.1 Longitudinal

The contractor shall offset longitudinal construction joints of
successive courses of HMA at least 150 mm (6 in.).

The contractor shall place the HMA so that any longitudinal
joints constructed are within 300 mm (12 in.) of thefinal traf-
ficlanelines.

3.8.2 Transverse Joints

The contractor shall place additional HMA to provide atem-
porary 1:50 transition at the end of placement.

The contractor shall form transverse joints by removing the
temporary transition material, exposing the full depth of the
previous layer, and forming a clean, vertical edge.

The contractor shall place a brush coat of asphalt emulsion
on the contact surface of the joint before any additional mix-
tureis placed.

3.9 COMPACTION
3.9.1 General

The contractor shall compact the pavement thoroughly and
uniformly, with the necessary equipment, to obtain the den-
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sity and cross-section of the finished paving mixture, meet-
ing the requirements of the plans and specifications.

The contractor shall thoroughly compact the edges of pave-
ment not accessi bleto conventional rollerswith suitabletypes
of tampers, plates, trench rollers, etc.

The contractor shall commence initial rolling at the lower
edge and progress towardsthe highest portion of the roadbed.

The contractor shall perform rolling in a manner that crack-
ing, shoving, or displacement are avoided.

The contractor shall use rollersin good condition and capa-
bleof rolling and changing direction without adversely affect-
ing the mat.

The contractor shall properly moisten thewheelsof therollers
to prevent adhesion of the HMA. The contractor shall not use
diesel or kerosene for this purpose.

3.9.2 Specified Air Void Requirements

The contractor shall compact the pavement to conform to the
specified in-place air void requirements.

3.10 RESTRICTIONS
3.10.1 Frozen Base

The contractor shall not place the HMA when frozen materi-
als are present in the base.

3.10.2 Adverse Weather

The contractor shall not placethe HMA during rain or snow-
fall or when the roadway is wet.

CHAPTER 4—MIXTURE DESIGN
4.1 GENERAL
4.1.1 Description

HMA shall beauniform mixture of asphalt binder, aggregate
and/or mineral filler, recycled asphalt pavement, additives,
modifiers, and baghouse fines.

4.1.2 Responsibility

The mixture design shdll be theresponsibility of the contractor.
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4.1.3 Required Information

The information describing the mixture design shall be sub-
mitted by the contractor and contain all information obtained
during the mixture design process as defined in AASHTO
PP 28 (Superpave Volumetric Design for Hot-Mix Asphalt).

4.2 REQUIREMENTS
4.2.1 Asphalt Binder

The asphalt binder grade shall meet the requirements of
AASHTOMP 1 (Performance-Graded Asphalt Binder) (Table
C.6) and shall conform to the grade as shown on the plans.
The asphalt binder grade will be selected with considera-
tion given to AASHTO MP 2 (Superpave Volumetric Mix
Design) requirements.

The asphalt binder samples for mixture design purposes and
for approval of the mixture design by the engineer shall be
obtained by the contractor. The asphalt binder shall be sam-
pled from the refinery or contractor’s storage plant in accor-
dancewith AASHTO T 40 and shall be representative of the
asphalt binder that will be used during construction of the
project. The asphalt binder will be tested by the engineer
according to Table C.11 and AASHTO PP 6.

4.2.2 Aggregate

The aggregates shall meet the requirementsof AASHTO MP
2 (Superpave Volumetric Mix Design (Tables C.7 through
C.9) and the source properties shown in Table C.10, and they
shall conform to the gradation as shown on the plans.

Aggregate samples for mixture design purposes and for
approval of the mixture design by the engineer shall be
obtained by the contractor. The aggregate samples shall not be
obtained until aminimum of 4,550 Mg (5,000 tons) or 25 per-
cent of the required contract quantity of aggregate has been
proportionately produced (whichever is less) and placed in
stockpiles. The sampled aggregate shall be representative of
the aggregate to be used during construction of the project.
The aggregate will be tested by the engineer according to
Table C.12.

4.2.3 MixtureDesign

The HMA mixture design shall be performed in accordance
with AASHTO PP 28 (Superpave Volumetric Design for Hot-
Mix Asphalt) with the compactive effort defined by use of
Table C.13.

4.2.4 MixtureProperties

The designed HMA shall meet the mixture properties con-
tained in AASHTO PP 28 (Superpave Volumetric Design for
HMA) and shown in Table C.14.

4.3 SUBMITTALS
43.1 Materials

Split samples of the asphalt binder used by the contractor for
mixture design purposes shall be submitted to the engineer a
minimum of 30 working days prior to the start of the HMA
production. The asphalt binder shall be supplied in four,
0.95-L (1-qt) containers of the “paint can type.”

Split samples of aggregates used by the contractor for mix-
ture design purposes shall be submitted to the engineer a
minimum of 30 working days prior to the start of the HMA
production.

The contractor shall submitthe HMA mixture design 15 work-
ing days prior to the start of the HMA production. This sub-
mittal shall contain asphalt binder, aggregate, and HMA mix-
ture properties as defined in Section 4.2 of this specification.

4.4 APPROVAL
4.4.1 Responsibility

The approval of the laboratory mixture design will be the
responsibility of the engineer.

4.4.2 Basisof Approval

Approva of the mixture design will be based on the engi-
neer’ stest resultsfor the asphalt binder and the aggregate and
a“ paper” review of the submitted mixture design. The asphalt
binder and the aggregate must meet the requirements of
AASHTO PP 1 (Performance-Graded Asphalt) (Table C.6)
and AASHTO MP 2 (Superpave Volumetric Mix Design)
(Tables C.7 through C.10).

4.4.3 Time Required for Approval
Thelaboratory HMA mixture design will be approved or dis-
approved within 5 working days of submittal.

4.4.4 Mixtures Not Approved by the Engineer

If the furnished materials or mixture design are not approved
by the engineer, the contractor shall resubmit new materials
or anew mixture design after amending, correcting, or devel-
oping a new mixture design or obtaining new materials. The



approval processwill start over with the submittal of the new
mixture design.

45 NEW LABORATORY MIX DESIGN
4.5.1 Asphalt Binder Source

If the asphalt binder source or grade changes, the contractor
shall submit a new mixture design.

4.5.2 Aggregate Source

If the aggregate source changes or the aggregate material
characteristics change significantly within the source, the con-
tractor shall submit a new mixture design.

4.5.3 Number of New Mix Designs

New mixture designs shall be submitted asfrequently as nec-
essary to produce a quality HMA pavement.

45.4 Approval

All new mixture designs are subject to the approval process
defined in Section 4.4 of this specification.

CHAPTER 5—JOB MIX FORMULA
5.1 DESCRIPTION

The job mix formula shall include single values for the
following:

+ Percentage by weight of aggregate passing each speci-
fied sieve size (whole number percent).

+ Bin percentage of each aggregate used (whole number
percent).

* Percentage of asphalt binder by total weight of HMA
(0.1 percent).

+ Percentage of baghouse finesby dry weight of aggregate
(0.1 percent).

+ Percentage of minerd filler by dry weight of aggregate
(0.1 percent).

+ Gyratory compacted weight-volume values at design
asphalt binder content.
— Air voids (0.1 percent).
— Voidsin mineral aggregate (0.1 percent).
— Voidsfilled with asphalt (0.1 percent).
— Dust-to-binder ratio (0.1 percent).
— Bulk specific gravity of compacted mixture (0.001).
— Theoretical maximum specific gravity of HMA

(0.0012).
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— Temperature for mixing and compaction for labora-
tory and field operations (whole number °C).

5.2 JOB MIX FORMULA 1 (LABORATORY
MIXTURE DESIGN)

The approved laboratory mixture design (Section 4 of these
specifications) shall be job mix formula 1 (JMF 1). IMF 1
shall bethetargetsfor aggregate gradation and asphalt binder
content for the “Field Trial Section.”

5.3 FIELD TRIAL SECTION(S)
5.3.1 Period of Production

Onthefirst day of HMA production, threetrial mixtures of a
minimum of 455 Mg (500 tons) each shall be produced. The
trial mixtures shall be produced at the medium hot-mix plant
speed used during the calibration of the plant. The trial mix-
tures may be placed on the shoulder of the roadway, in a
passing lane on a multilane highway, or in another location
approved by theengineer. Thefield tria sections shall become
a section of the completed roadway. Production of HMA
shall be suspended for amaximum of 3 working daysor until
the production job mix formula has been approved. Working
days will not be charged during the work suspension period.

5.3.2 Composition of Field Trial Mixtures

JMF 1 shall be the target for the Field Tria Mixture No. 1.
Field Trial Mixture No. 2 shall conform to JIMF 1, except the
asphalt binder content shall be 0.4 percent above the target
asphalt binder content of JIMF 1. Field Tria Mixture No. 3
shall conform to JMF 1, except the asphalt binder content
shall be 0.4 percent below the target asphalt binder content
of IMF 1. The contractor may request the placement of addi-
tional trial mixtures. The placement of additional trial mix-
tures must be approved by the engineer.

5.3.3 Approval of Field Trial Mixtures

A loose sample of HMA shall be obtained by the contractor
from behind the laydown machine prior to compaction from
each 91 Mg (100 tons) of HMA placed. The sample will be
split by the contractor into three, approximately equal por-
tions suitable for mixturetesting asoutlined below. Theengi-
neer will receive and test one portion of the sampled mixture.
The contractor shall test the second portion of the sampled
mixture. The third portion of the sampled mixture will be
retained for referee testing if required.

Theloose mixture will be tested by the engineer and shall be
tested by the contractor to determine conformance to IMF 1
as determined by Tables C.14, C.15, and C.16. For each of
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the three Field Trial Mixtures, a minimum of 5 gradations
(AASHTO T 27), asphalt binder contents (ASTM D 6307),
theoretical maximum specific gravity (AASHTO T 209), and
mixture volumetric (AASHTO TP 4 and PP 28) values will
be reported. The gyratory-compacted wei ght-volume prop-
erties reported (air voids, voids in minera aggregate, voids
filled with asphalt, and bulk specific gravity of compacted
samples) will be the average of three compacted samplesfor
each of the 91 Mg (100 tons) of HMA sampled.

5.3.4 Comparison of Contractor’sand
Engineer’s Test Results

For each of thethree Field Trial Mixtures, acomparison shall
be made between the contractor’ s and engineer’s test results
using the t-test (alpha = 0.01) described in Attachment D.
Field Tria MixtureNo. 1 shall be usedinitialy to performthe
comparison. If the contractor’s and engineer’ stest results are
not determined to be statistically similar for Field Trial Mix-
tureNo. 1, aninvestigation will be performed to determinethe
reason for the difference(s). After appropriate changes are
made, Field Trial Mixture No. 2 will betested and eval uated.
If the contractor’s and engineer’s test results are not deter-
mined to be statistically similar for Field Tria Mixture No. 2,
an investigation will be performed to determine the reason for
the difference(s). After appropriate changes are made, Field
Trial Mixture No. 3 will be tested and evaluated. If the con-
tractor’s and engineer’s test results are not determined to be
statistically similar for Field Tria Mixture No. 3, an investi-
gation will be performed to determine the reason for the dif-
ference(s). The contractor and engineer will perform an
agreed upon test program on laboratory prepared samplesto
resolve differencesbetween test results. If thislaboratory test
program does not resolve the differences, a referee testing
program will beinitiated. At the conclusion of thiseffort, the
contractor’s and engineer’ s test results are to be statistically
similar in value as determined by Attachment D.

5.3.5 Acceptance of Field Trial Section

Acceptance of the Field Trial Section will be based on the
engineer’ stest results. The acceptable mixture shall meet the
requirements of Table C.14 and shall have an acceptable
quality level (percent within limits [PWL]) of 90 percent
within the IMF 1 [imits as determined by Attachment C with
the tolerances shown in Tables C.15 and C.16 for aggregate
gradation and weight-volume properties. The asphalt binder
content may vary from the limits shown in Table C.15 to pro-
vide the desired weight-volume properties.

5.3.6 Pay Adjustment Factor

The pay adjustment factor for the field trial sections will
be 1.00.

5.4 JOB MIX FORMULA 2
(FIELD TRIAL SECTION)

JMF 2 shall be determined based on the results of the Field
Tria Sections. If none of thethree Field Trial Sectionsplaced
(as described in Section 5.3 of the specification) meet the
acceptance requirements of Section 5.3.5 of this specifica-
tion, additional field trial sections shall be placed until the
requirements of Section 5.3 are met or a new mixture design
is prepared by the contractor and approved by the engineer
(Section 4 of the specification).

JMF 2 is described in Section 5.1 of this specification.

5.5 SECOND DAY PRODUCTION

The second day of production shall be based on IMF 2. Pay
adjustment factors will be calculated based on JIMF 2. Pay
adjustment factorswill be applied to the second day of pro-
duction and thereafter.

5.6 JOB MIX FORMULA ADJUSTMENT
5.6.1 ChangesAllowed

If adjustments to the IMF 2 are needed during production to
meet the specification requirements or to maximize the qual-
ity of the mixture, the IMF shall be adjusted prior to the start
of the production of thelot. This new JMF shall beidentified
as JMF 3. The contractor shall notify the engineer of these
changes. A lot may be terminated at the end of a sublot if
requested by the contractor and approved by the engineer.
The pay factor for the early terminated lot will be based on
the tests obtained for the sublot(s) produced.

5.6.2 Acceptance of Change

Changes in asphalt binder content and aggregate gradation
“single values’ will be alowed provided the changes do not
exceed the specification limits as defined in Tables C.7 and
C.8 and the tolerances shown in Table C.17 which are based
on JMF 1.

The contractor shall obtain five samples of loose mixture
behind the paver during the production of thefirst lot produced
with IMF 3 astarget values (Field Tria Section). Thegyratory-
compacted weight-volume requirements shown in Table C.14
shall be met. The mixture shall meet the acceptable quality
level of 90 percent within IMF 2 limits as determined by
Attachment C with the tolerances shown in Table C.16 for
air voids, voidsin mineral aggregate, voidsfilled with asphalt,
and dust-to-binder ratio.



5.6.3 Job Mix Formula 3

JMF 3 shall be based on the results of the Field Trial Sec-
tion placed as described in Section 5.6.2 of the specifica-
tion. IMF 3isdescribed in Section 5.1 of this specification.

5.6.4 New Job Mix Formulae

Additional job mix formulae will be allowed provided they
meet the requirements contained in Section 5.6 of this
specification.

5.7 COMPACTION ROLLING PATTERN

During placement of the Field Trial Sections, the contractor
shall establish aroller pattern(s) to ensure that the produced
HMA meets the in-place air void requirements of 99.7 per-
cent within the limits of 2 to 7 percent air voids as deter-
mined by AASHTO T 269. An acceptableroller pattern must
be established prior to the start of “day two” production.

CHAPTER 6—LOT AND SUBLOT
6.1 GENERAL

Acceptance of the HMA will be based on the acceptance of
lot quantities. Random sampling of asphalt binder, aggre-
gate, and the HMA shall be performed on alot and sublot
basis according to Attachment A. Lots and sublots shall be
established for asphalt binder, aggregate, HMA production
and placement, and ride quality as defined below. Lots can
be terminated at any time with the approval of the engineer.

6.2 ASPHALT LOT/SUBLOT

6.2.1 Definition

An asphalt binder lot isequal to the quantity of asphalt binder
in 2,000 tons of HMA.

6.2.2 Incomplete Production L ots

If alot is begun and cannot be completed due to the end of
the project, anincompletelot iscreated. Thetest resultsfrom
thisincomplete lot will be combined with the previous lot.

6.2.3 Small Production Quantities

When the anticipated daily production is less than 455 Mg
(500 tons) of HMA, the engineer may elect either to waive
all sampling and testing for that day or to follow Section
6.2.2 of this specification. If the engineer elects to waive
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sampling and testing, the pay adjustment factor for the asphalt
binder will be 1.00.

6.3 AGGREGATE LOT/SUBLOT
6.3.1 Definition

An aggregate ot isequal to the quantity of aggregatein 2,000
tons of HMA.

6.3.2 Incomplete Production Lots

If alot is begun and cannot be completed due to the end of
the project, anincompletelot iscreated. Thetest resultsfrom
thisincomplete lot will be combined with the previous lot.

6.3.3 Small Production Quantities

When the anticipated daily production is less than 455 Mg
(500 tons) of HMA, the engineer may elect either to waive
all sampling and testing for that day or to follow Section
6.3.2 of this specification.

6.4 HOT-MIX ASPHALT PRODUCTION
LOT/SUBLOT

6.4.1 Definition

A production lot shall consist of four equal sublots. The
production/placement sublot shall be 455 Mg (500 tons).

6.4.2 Incomplete Production Lots

If alot is begun and cannot be completed due to weather,
equipment breakdown, end of the project, or other circum-
stances, an incomplete lot is created. The sublot test results
from thisincomplete lot will be combined with the previous
productionlot or the next lot produced. If two or fewer sublot
test results are available from the incomplete lot, these test
resultswill be combined with the previous production lot. If
three or more subl ot test results are avail able from theincom-
plete lot, these test results will be combined with the next ot
produced.

6.4.3 Small Production Quantities

When the anticipated daily production is less than 455 Mg
(500 tons), the engineer may elect either to waiveall sampling
and testing requirements or to follow Section 6.4.2 of this
specification. If the engineer elects to waive sampling and
testing, the pay adjustment factor will be 1.00.
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6.5 HOT-MIX ASPHALT PLACEMENT
LOT/SUBLOT

6.5.1 Definition

A placement lot shall consist of the area of HMA placed in a
production lot, excluding miscellaneous areas. A placement
sublot shall consist of one-fifth of the areaof the placement I ot.

6.5.2 Incomplete Placement Lots

An incomplete placement lot shall consist of the area placed
in an incomplete production lot as described in Section 6.4.2
of this specification, excluding miscellaneous areas. For these
incomplete placement lots, one placement sample location
shall be selected for each production sublot placed and the
test results combined with the previouslot or the next lot pro-
duced as defined in Section 6.4.2 of this specification.

6.5.3 Miscellaneous Areas

Areasthat are not generally subject to primary traffic such as
driveways, mailbox turnouts, crossovers, gores, and other sim-
ilar areas are considered to be miscellaneous areas. Shoulders
and ramps are not considered miscellaneous areas. Miscella-
neous areas arethe only areasthat are not eligiblefor random
placement locations and will be assigned a pay factor of 1.00.

6.5.4 Shouldersand Ramps

Shouldersand rampsare not subject toin-placeair voids deter-
mination, unless otherwise shown on the plans. When shoul-
ders and ramps are not subject to in-place air voids determi-
nation, the compaction shall be in accordance with roller
patterns established in Section 5.7 of this specification. The
contractor may declare the shoulders and/or ramps as €ligi-
ble for in-place air void testing and pay adjustments; how-
ever, the contractor must notify the engineer in writing prior
to beginning of the mix production. The engineer must approve
this request.

6.5.5 Level-Upsand Thin Overlays

For the purpose of cal culating placement pay adjustment fac-
tors, level-ups and thin overlays will be considered as mis-
cellaneous areas and will be assigned a placement pay factor
of 1.00. The placement pay adjustment factor will be 1.00 for
any layer thickness designated on the plans less than 38 mm
(1.51in.) or for level-up areas. The contractor shall establish
arolling pattern that shall achievein-placeair voidsin accor-
dance with the roller patterns established in Section 5.7 of
this specification.

6.6 RIDE QUALITY LOT

A ride quality lot isequal to 1.6 lane-km (1 lane-mi). A lane-
km is defined as a kilometer length of a mainline travel lane
shown on the permanent striping plan. Pay factors for ride
quality are based on alot; therefore, the definition of asublot
is not needed.

CHAPTER 7—QUALITY CONTROL

7.1 QUALITY CONTROL SAMPLING AND
TESTING FOR ASPHALT BINDERS

7.1.1 Sampling

Stratified random sampling procedures shall be used as
described in Attachment A. For every 2,000 tons of HMA
produced, a single asphalt binder sample shall be taken at
randomly determined timesfrom thefeed linelocated between
the contractor’ sstorage tank and plant mixing chamber accord-
ing to AASHTO T 40. The samples shall be split into three
individual 0.95 L (1-qt) cans. The samples shall be obtained
by the contractor and witnessed by the engineer. One of the
split sampleswill be tested by the engineer for quality assur-
ance purposes as shown in Table C.18. The second split sam-
ple shall be held by the contractor and can be used for testing.
The third sample will be retained by the engineer for referee
testing.

7.1.2 Lotsand Sublots

Every 2,000 tons of HMA produced shall constitute an asphalt
binder lot (represented by one random sampl€). The quantity
of binder represented by alot may vary.

7.1.3 Quality Control Testing (optional)

The requirements contained in AASHTO PP 26 shall be the
quality control testing requirements for the asphalt binder.
Additional quality control testing by the contractor isat thecon-
tractor’s discretion. The contractor is encouraged to perform
the high temperature Dynamic Shear Rheometer (AASHTO
TP 5) tests on original and rolling thin film oven (AASHTO
T 240) aged samples obtained as described in Section 7.1.1.

7.1.4 Comparison of Quality Control and
Quality Assurance Tests

Split samples of asphalt binder tested by the contractor for
quality control and the engineer for quality assurance will be
within the allowable differences shown in Table C.19. If the
split sample data are not within these allowabl e differences,
an immediate investigation shall be conducted to determine
the cause(s) of the differences. Unlessavailablefactsindicate



otherwise, the investigation shall include a review of sam-
pling and testing procedures used by both the contractor and
engineer.

7.2 QUALITY CONTROL SAMPLING AND
TESTING FOR AGGREGATES

7.2.1 Sampling

Stratified random sampling procedures shall be used as
described in Attachment A. For every 2,000 tonsof HMA pro-
duced, a single aggregate sample shall be taken at randomly
determined times from the combined cold feed according to
AASHTO T 2 for each lot. The sample shall be split into
threeindividual samples of sufficient sizefor performing the
tests shown in Table C.20. The samples shall be obtained by
the contractor and witnessed by the engineer.

One of the split samples shall be tested by the contractor for
quality control purposes and one samplewill be tested by the
engineer for quality assurance purposes as described in Table
C.20. The third sample will be retained by the engineer for
referee testing.

7.2.2 Lotsand Sublots

Every 2,000 tons of HMA produced shall be constituted an
aggregate sublot (represented by one random sample). The
guantity of aggregate represented by alot may vary.

7.2.3 Quality Control Testing

The requirements shown in Table C.20 shall be the quality
control testing requirements for the aggregate. The Coarse
Aggregate Angularity (ASTM D 5821), Fine Aggregate Angu-
larity (AASHTO T 304), Flat and Elongated Particles (ASTM
D 4791), Sand Equivaent (AASHTO T 176), and Deleterious
Materials (AASHTO T 112) tests shdll be performed on each
sublot sample. Los Angeles Abrasion (AASTO T 96) and
soundnesstests (AASHTO T 104) shall be performed on each
lot from arandomly selected sample.

7.2.4 Comparison of Quality Control and
Quality Assurance Tests

Split samples of aggregate tested by the contractor for quality
control purposesand by theengineer for quality assurance pur-
poses shall bewithinthe allowabledifferencesshownin Table
C.21. If the split sample data are not within these allowable
differences, an immediate investigation shall be conducted
to determine the cause(s) of the differences. Unless available
factsindicate otherwise, theinvestigation shdl includeareview
of sampling and testing procedures used by both the con-
tractor and the engineer.
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7.2.5 Quality Control Requirements

The aggregate quality control process shall be considered in
control if two general criteria are met: (1) that the aggregate
meet the reguirements of Tables C.7 through C.10 for each
sample tested and (2) that the test results obtained by the con-
tractor for quality control and theengineer for quality assurance
are within the differences shown in Table C.21 asdescribed in
Section 7.2.4.

7.3 QUALITY CONTROL SAMPLING AND
TESTING FOR HMA PRODUCTION

7.3.1 Sampling

Stratified random sampling procedures shall be used as
described in Attachment A. A sample of HMA shall be
obtained at randomly determined points from behind the
paver prior to compaction for each sublot according to
AASHTO T 168. The sample shall be split into three indi-
vidual samplesof sufficient sizefor performing thetests shown
inTables C.22 and C.23. The samples shall be obtained by the
contractor and witnessed by the engineer. One of the samples
shall be tested by the contractor for quality control purposes
and one sample will be tested by the engineer for quality
assurance purposes as described in Tables C.22 and C.23.
The third sample will be retained by the engineer for referee
testing.

7.3.2 Lotsand Sublots

A production lot shall consist of four equal sublots. A pro-
duction sublot shall be 455 Mg (500 tons) (Section 6.4).

7.3.3 Quality Control Testing

Therequirements shownin TablesC.22 and C.23 shall bethe
quality control testing requirements for HMA production.
The asphalt binder content shall be determined by the Igni-
tion Method (ASTM D 6307) and the Aggregate Gradation
by AASHTOT 27.

ThelooseHMA shall be compacted by the Superpave Gyratory
Compactor (AASHTO TP4) and thefollowing weight-volume
parametersdetermined at Nges g NUMber of gyrations: Bulk Spe-
cific Gravity (AASHTO T 166), Theoretical Maximum Spe-
cific Gravity (AASHTO T 209), Air Voids (AASHTO T 269),
Voidsin Mineral Aggregate (AASHTO PP 28), VoidsFilled
with Asphalt (AASHTO PP 28), and Dust-to-Binder Ratio
(AASHTO PP28).

The aggregate gradation shall be determined with those sieves
used to specify the gradation for mixture design purposes
(Tables C.7, C.8, and C.23). The average of three Superpave
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gyratory-compacted samples shall be reported as the mixture
volumetrics parameters from each sublot sample of HMA.

7.3.4 Quality Control Requirements

The contractor shall determine and record the following in a
daily summary: quantities of asphalt binder, aggregate, min-
eral filler, and fibers (if required) used; the quantities of HMA
produced; the HMA production and compaction tempera-
tures (hourly basis as a minimum); and the results of the test-
ing shown in Tables C.22 and C.23.

The HMA production process shall be considered in control
if two genera criteria are met. The first general criterion
requiresthat the asphalt binder content, aggregate gradation,
and the field-mixed, laboratory-compacted weight-volume
parametersidentified in Table C.22 bewithin thelimits shown
in Tables C.15 and C.16 for each sublot. The target values
used to determine compliance are those for the last approved
IMF (IMF 2, IMF 3, etc.).

The second general criterion requiresthat the contractor meet
the requirements associated with statistical control charts as
outlined below. The contractor shall use statistical control
chartsto determineif the variability in HMA propertiesand/or
variability is due to random causes or assignabl e causes.

Statistical control charts shall be prepared for aggregate gra-
dation on the 2.36-mm (No. 8) and 0.075-mm (No. 200)
sieves, asphalt binder content and gyratory-compacted air
void contents. Target values and upper and lower control
limits for the control charts are determined from the Field
Tria Sections (Section 5.0) and thefirst few days of produc-
tion. The initial production test results that are used to
develop these statistical control charts shall agree with the
production results obtained during the Field Trial Sections
(Section 5.0).

The grand mean and average range of thesetest data shall be
used to develop x-bar (mean) and R (range) control charts
for each property: gradation on the 2.36-mm (No. 8) and
0.075-mm (No. 200) sieves, asphalt binder content, and
gyratory-compacted air void content according to Attachment
B. The upper and lower control limits shall be set at plus or
minus 2 timesthe standard deviation and plus or minus 3times
the standard deviation, defined as the warning and action
control limits, respectively. If thewarning and action control
limits are not within the allowable IMF tolerances (Tables
C.15 and C.16) for the approved JMF, the contractor shall
modify the HMA production process to reduce the variabil-
ity and bring the control limits within the tolerances.

Eight consecutive plotted points on one side or the other of
the target value, or one point outside the warning or action

limit, indicates an HMA mixture compositional change. If
any one or more of these conditions occurs, the next sublot
shall beimmediately tested. If the next sublot test result indi-
cates noncompliance with the above-stated criteria, the con-
tractor shall adjust the asphalt binder content, aggregate gra-
dation, or both to provide mixture compliance. The mixture
produced after these changes have been made shall be sub-
ject to the evaluation process identified in Section 5.6.

7.3.5 Comparison of Quality Control and
Quality Assurance Tests

Split production samples of HMA tested by the contractor for
quality control and by the engineer for quality assurance and
pay factor shall be compared by the Student t-test, as described
in Attachment D, with alphaequal to 0.10. Comparisons are
possiblefor gradation on the 2.36-mm (No. 8) and 0.075-mm
(No. 200) sieves, asphalt binder content, gyratory-compacted
air voids and bulk specific gravity, and theoretical maximum
specific gravity (Table C.22). If the results do not compare
favorably for a given lot, the reason(s) should be immedi-
ately determined and resolved. Unless available facts indi-
cate otherwise, the investigation shall include a review of
sampling and testing procedures used by both the contractor
and the engineer.

7.4 QUALITY CONTROL SAMPLING
AND TESTING FOR HMA PLACEMENT

7.4.1 Sampling

Stratified random sampling procedures shall be used as
described in Attachment A. Nondestructive or destructive
sampling and testing procedures may be used by the con-
tractor to determine in-place air void content. When non-
destructive measurements (ASTM D 2950) are used, a min-
imum of four locations shall be used in each sublot. When
pavement core samples (ASTM D 5361) are used, a mini-
mum of two locations shall be used in each sublot. When
nondestructive testing is used, the device shall be calibrated
with core samples to determine air void content. The field
trial sections shall be used to determine roller patterns to
obtain the desired in-place air voids (Section 5.7). In-place
air void determinations shall not be made within 0.45 m
(18 in.) of alongitudina joint or within 1.5 m (60 in.) of a
transversejoint.

7.4.2 Lotsand Sublots

A placement lot shall consist of the areaof HMA placedin a
production lot, excluding miscellaneous areas asdescribed in
Section 6.5.3. A placement sublot shall consist of one-fifth of
the area of the placement lot (Section 6.5).



7.4.3 Quality Control Testing

The requirements shown in Table C.22 shall be the quality
control testing requirementsfor HMA placement (in-placeair
voids). Thein-place air voids shall be determined from core
samplesaccordingto AASHTO T 269 based on Bulk Specific
Gravity determinations of core samplesby AASHTO T 166 or
T 275 and on Theoretical Maximum Specific Gravity accord-
ing to AASHTO T 209. Theoretical specific gravity values
determined by sublot for the quality control production test-
ing (Section 7.3) shall beused. If in-place air voids are deter-
mined by use of the Nuclear Gage (ASTM D 2950), correla
tion between the gage and core samples shall be required.

7.4.4 Quality Control Requirements

The contractor shall determine and record the following in a
daily summary: the amount of HMA delivered to the paver
(truck loads and Mg [or tons] per truck), temperature of the
HMA in the truck at the plant (hourly basis as a minimum),
and temperature of the HMA in the mat prior to initial com-
paction (hourly basis as a minimum).

The HMA production process shall be considered in control
if two genera criteria are met. The first general criterion
requiresthat thein-placeair voids be within the limits shown
in Table C.16 (2to 7 percent) for each sublot (average of two
samplesif coresare used and average of four samplesif non-
destructive methods are used).

The second general criterion requiresthat the contractor meet
the requirements associated with statistical control charts as
outlined below. The contractor shall use statistical control
charts to determine if the HMA properties, their variability,
or both are due to random causes or assignable causes.

Statistical control chartsshall be prepared for in-placeair voids
according to Attachment B. Target values and control limits
for in-place air voids shall be based on information obtained
during the placement of the Field Trial Sections (Section 5.0)
and thefirst day’ spavement construction. Thefirst day’ s pave-
ment construction test results that are used to develop these
statistical control charts shall agree with the production results
obtained during the Field Trial Sections (Section 5.0).

The grand mean and average range of these test data shall be
used to develop x-bar (mean) and R (range) control chartsfor
in-place air voids according to Attachment B. The upper and
lower control limits shall be set at plus or minus 2 times the
standard deviation and plusor minus 3 timesthe standard devi-
ation, defined asthe warning and action control limits, respec-
tively. If the warning and action control limits are not within
the alowable range of 2 to 7 percent (Table C.16), the con-
tractor shall modify the HMA placement and perhaps the pro-
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duction process to reduce the variability and bring the control
limits within the tolerances.

One test point outside the upper or lower warning control
limit shall be considered an indication that the control of the
laydown and compaction process may be unsatisfactory and
shall require the contractor to confirm that the process
parameters are within acceptable bounds by obtaining addi-
tional core samples.

One test point outside the upper or lower action control lim-
its or eight consecutive test points on one side or the other of
thetarget value shall bejudged asalack of control inthelay-
down and compaction process. The contractor shall stop pro-
duction of the HMA until the assignable cause(s) for the lack
of control is identified and remedied. The contractor shall
report within 24 hoursto the engineer the assignabl e cause(s)
for the stop in production and the action taken to remedy the
assignable cause.

7.4.5 Comparison of Quality Control and
Quality Assurance Test

In-place air void determinations performed by the contractor
for quality control testing and by the engineer for quality assur-
ance (Table C.22) shall be compared by the Student t-test, as
described in Attachment D, with apha equal to 0.10. If the
test results do not compare favorably for agiven lot, the rea-
son(s) should beimmediately determined and resolved. Unless
available facts indicate otherwise, the investigation shall
include areview of sampling and testing procedures used by
both the contractor and the engineer.

7.5 QUALITY CONTROL SAMPLING
AND TESTING FOR RIDE QUALITY

Quality contral testing for ride quality is not required. The
contractor is encouraged to determine aride quality evalua-
tion according to ASTM E 1274 or other suitable method
(Table C.5).

CHAPTER 8—QUALITY ASSURANCE

8.1 QUALITY ASSURANCE SAMPLING
AND TESTING FOR ASPHALT BINDERS

8.1.1 Sampling

Stratified random sampling procedures shall be used as
described in Attachment A. For every 2,000 tons of HMA
produced, a single asphalt binder sample shall be taken at
randomly determined timesfrom thefeed linelocated between
the contractor’ s storage tank and the plant mixing chamber
according to AASHTO T 40. The sample shall be split into
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three individual 0.95-L (1-qt) cans. The samples shall be
obtained by the contractor and witnessed by the engineer. One
of the split sampleswill be tested by the engineer for quality
assurance and pay factor determination. The second sample
shall be held by the contractor and can be used for testing.
The third sample will be retained by the engineer for referee
testing.

8.1.2 Lotsand Sublots

An asphalt binder ot isequal to the quantity of asphalt binder
in 1,800 Mg (2,000 tons) of HMA.

8.1.3 Quality Assurance Testing

The testing shown in Table C.18 will be the minimum qual-
ity assurance testing requirements for the asphalt binder.

8.1.4 Quality Assurance Requirements

The quality assurance tests will be used to determine com-
pliance to the specification for performance-graded asphalt
binder showninTable C.6. If the sampletested does not meet
the specification for the grade specified for the project, the
engineer will immediately contact the contractor and testing
will beinitiated by the engineer on the other four sublot sam-
ples of asphalt binder. An investigation will be conducted to
determine the cause(s) for not meeting the specification. The
asphalt binder test results obtained by the contractor will be
included inthisinvestigation, aswell asthe resultsfrom Sec-
tion 7.1.4 of the specification.

If differences between contractor’s and engineer’ stest results
cannot be resolved, referee testing will be conducted by the
engineer’s central laboratory or athird party laboratory. The
referee testing will be performed on the split samplesretained
by the engineer and theresultswill be used for final acceptance
and pay adjustments.

8.2 QUALITY ASSURANCE SAMPLING
AND TESTING FOR AGGREGATES

8.2.1 Sampling

Stratified random sampling procedures shall be used as
described in Attachment A. For every 2,000 tonsof HMA pro-
duced, a single aggregate sample shall be taken at randomly
determined times from the combined cold feed according to
AASHTO T 2. The sample shall be split into three individ-
ual samples of sufficient size for performing the tests shown
in Table C.20. The samples shall be obtained by the contrac-
tor and witnessed by the engineer. One of the split samples

shall be tested by the contractor for quality control purposes
as described in Section 7.2 of this specification. One sample
will be tested by the engineer for quality assurance purposes
asdescribed in Table C.20. The third samplewill be retained
by the engineer for referee testing.

8.2.2 Lotsand Sublots

An aggregatelot isequal to the quantity of aggregatein 1,800
Mg (2,000 tons) of HMA.

8.2.3 Quiality Assurance Testing

The testing shown in Table C.20 will be the minimum qual-
ity assurance testing requirements for the aggregate.

8.2.4 Quality Assurance Requirements

The quality assurance test results will be used to determine
compliance to the specification for aggregates as shown in
Tables C.9 and C.10. If the sample tested does not meet the
specification for the aggregates, the engineer will immediately
contact the contractor and testing will beinitiated by the engi-
neer on the other four sublot samples of aggregate. An inves-
tigation will be conducted to determine the cause(s) for not
meeting the specification. The aggregate test results obtained
by the contractor will be included in this investigation, as
well as the results from Section 7.2.4 of this specification.

If differences between the contractor's and engineer’'s test
results cannot be resolved, refereetesting will be conducted by
the engineer’s central laboratory or a third party laboratory.
The referee testing will be performed on the split samples
retained by the engineer and the results will be used for final

acceptance.

8.3 QUALITY ASSURANCE SAMPLING
AND TESTING FOR HMA PRODUCTION

8.3.1 Sampling

Stratified random sampling procedures shall be used as
described in Attachment A. A sample of HMA shall be
obtained at randomly determined pointsfrom behind the paver
prior to compaction for each sublot accordingto AASHTO
T 168. The sample shdll be split into three individua samples
of sufficient sizefor performing thetestsshownin TablesC.22
and C.23. The samples shall be obtained by the contractor and
witnessed by the engineer. One of the samples shall be tested
by the contractor for quality control purposes and one sample
will be tested by the engineer for quality assurance purposes
and pay factor determination. Thethird samplewill beretained
by the engineer for referee testing.



8.3.2 Lotsand Sublots

A production lot shall consist of four equal sublots. A pro-
duction sublot shall be 455 Mg (500 tons).

8.3.3 Quality Assurance Testing

The requirements shown in Tables C.22 and C.23 will bethe
minimum quality assurance testing requirements for HMA
production.

8.3.4 Quality Assurance Requirements

The quality assurance test results will be used to determine
compliance to the specification for HMA production as
described below.

PWL will be determined according to Attachment C for
asphalt binder content (ASTM D 6307), gradation 0.075 mm
(No. 200) (AASHTO T 27), and gyratory-compacted air
voids (AASHTO TP 4 and AASHTO T 269) on alot basis.
Thelast IMF approved according to Section 5.0 of this spec-
ification will provide the target values for all specified prop-
erties. The upper and lower specification limitswill be deter-
mined from tolerances shown in Tables C.16 and C.17 for
asphalt binder content, gradation, and gyratory-compacted
air voids. Thelot tested must be 100 percent within limitsfor
asphalt binder content, gradation, and gyratory-compacted
air voids to be accepted. If the lot tested does not meet this
requirement, the engineer will immediately contact the con-
tractor. Aninvestigation will be conducted to determine the
cause(s) for not meeting the specification. The HMA pro-
duction sample testing conducted by the contractor will be
included in this investigation, as well as the results from
Section 7.3.4 of this specification.

If differences between the contractor's and engineer’s test
results cannot be resolved, referee testing will be conducted by
the engineer’s central laboratory or a third party laboratory.
The referee testing will be performed on the split samples
retained by the engineer and the results will be used for final

acceptance.

8.4 QUALITY ASSURANCE SAMPLING AND
TESTING FOR HMA PLACEMENT

8.4.1 Sampling

Stratified random sampling procedures shall be used as
described in Attachment A. Core samples shall be used by the
engineer to determinein-place air void contents. A minimum
of two locationswill be used for each sublot. In-place air void
determinations shall not be made within 0.45 m (18 in.) of a
longitudinal joint or within 1.5 m (60in.) of atransversejoint.
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8.4.2 Lotsand Sublots

A placement lot shall consist of the areaof HMA placedin a
production lot, excluding miscellaneous areas asdescribed in
Section 6.5.3. A placement sublot shall consist of one-fifth of
the area of the placement lot (Section 6.5).

8.4.3 Quality Assurance Testing

The requirements shown in Table C.22 will be the minimum
quality assurance testing requirementsfor HMA placement.
The in-place air voids shall be determined from core sam-
ples according to AASHTO T 269 based on Bulk Specific
Gravity determination of core samplesby AASHTO T 166
or AASHTO T 275, and on the Theoretical Maximum Spe-
cific Gravity according to AASHTO T 209.

8.4.4 Quality Assurance Requirements

The quality assurance test results will be used to determine
compliance to the specification for HMA placement as
described below.

PWL will be determined according to Attachment C for the
core sampl e test results. The upper and lower specification
limitswill be 7 and 2 percent air voids, respectively. Thelot
tested must be 99.7 percent within limits to be accepted. If
the lot tested does not meet this requirement, the engineer
will immediately contact the contractor. An investigation
will be conducted to determine the cause(s) for not meeting
the specification. The HMA placement sampling and test-
ing performed by the contractor will beincluded inthisinves-
tigation, as well as the results from Section 7.4.3 of this
specification.

If differences between the contractor's and engineer’s test
results cannot be resolved, referee testing will be conducted by
theengineer’ scentral |aboratory or athird party laboratory. The
referee testing will be performed on the cores obtained by the
engineer and the resultswill be used for final acceptance.

8.5 RIDE QUALITY

8.5.1 Sampling

Ride quality is determined by continuous measurement along
a pavement and hence sampling is not required.

8.5.2 Lot and Sublot

A ridequality lotisequal to 1.6 lane-km (1 lane-mile). A lane-
km is defined as a kilometer length of amainline travel lane
shown on the permanent striping plan. Pay factors for ride
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quality are based on alot; therefore, the definition of asublot
is not needed.

8.5.3 Quality Assurance Testing

Quality assurance testing for acceptance will be performed
by one of the methods identified in Table C.5.

8.5.4 Quality Assurance Requirements

The quality assurance tests will be used to determine com-
plianceto the specification. The method of acceptanceiscon-
tained in the standard specification.

CHAPTER 9—ACCEPTANCE
9.1 GENERAL

The acceptance of the HMA is based on the acceptance plan
described below for the asphalt binder, aggregate, HMA pro-
duction, HMA placement, ride quality, and other require-
ments as defined below.

9.2 ASPHALT BINDER

The acceptance of the asphalt binder is based on compliance
to (@) the quality control sampling and testing plan and (b)
the quality assurance sampling and testing plan contained in
Sections 7.1 and 8.1, respectively, of this specification.

9.3 AGGREGATE

The acceptance of the aggregate is based on compliance to
(a) the quality control sampling and testing plan and (b) the
quality assurance sampling and testing plan contained in Sec-
tions 7.2 and 8.2, respectively, of this specification.

9.4 HOT-MIX ASPHALT PRODUCTION

The acceptance of the HMA production is based on compli-
ance to (a) the quality control sampling and testing plan and
(b) the quality assurance sampling and testing plan contained
in Sections 7.3 and 8.3, respectively, of this specification.

9.5 HOT-MIX ASPHALT PLACEMENT

The acceptance of the HMA placement is based on compli-
ance to (a) the quality control sampling and testing plan and
(b) the quality assurance sampling and testing plan contained
in Sections 7.4 and 8.4, respectively, of this specification.

9.6 RIDE QUALITY

The acceptance of the ride quality is based on compliance to
the quality assurance plan contained in Section 8.5 of this
specification.

9.7 IRREGULARITIESAND SEGREGATION

If a pattern of surface irregularities, including but not limited
to color, texture, roller marks, tears, uncoated aggregate
particles, or segregation is detected by either the contractor
or engineer, the contractor shall make an investigation into
the cause(s) and immediately take the appropriate corrective
action. With approval of the engineer, placement may continue
for no more than 1 day of production from the time the engi-
neer first notified the contractor if corrective actions are being
taken. If no appropriate action istaken or if the problem exists
after 1 day, paving shall cease until the contractor further
investigates the cause(s) and the engineer approves further
production to determine the effectiveness of corrective action.

Segregated areas shall be corrected at the contractor’ sexpense
as directed by the engineer. Correction may include removal
and replacement. Disputes will be resolved at the district or
regional level.

9.8 INDIVIDUAL LOADS

Individual loads of HMA in the truck can be rejected by the
engineer. Except for rejection based on temperature, uncoated
aggregate or nonuniformity, each rejected load will be tested
by the engineer if requested by the contractor. Therequest for
testing by the contractor must be made to the engineer within
4 hours of rejection. Tests shall be conducted by the engineer
according to the quality assurance testing plan described in
TablesC.22 and C.23 and Section 8.3 of this specification for
HMA production. If tests are within limits as described in
Section 8.3.4, payment will be made for the load at a pay
factor of 1.0. If test results are not within limits described in
Section 8.3.4, no payment will be made for the load. The
engineer will perform the sampling and testing on the dis-
puted loads.

CHAPTER 10—MEASUREMENT
10.1 GENERAL

The quantity of HMA will be measured by mass Mg (or ton)
of thetype actually used in the completed and accepted work
in accordance with the plans and specification for the project.
The composite HMA is defined as the asphalt binder, aggre-
gate, recycled asphalt pavement, additives, and modifiers as
noted on the plans, approved by the engineer, or both.



If mixing is performed by a drum-mix plant, measurement
will be made on scales as described in the standard specifi-
cations. If mixing is performed by aweigh-batch or modified
weight-batch plant, measurement will be determined on the
batch scales unless surge storage is used. Records of the num-
ber of batches, batch design, and the mass of the completed
HMA shall be supplied by the contractor. Where surge stor-
age is used, measurement of the material will be made on
truck scales or suspended hopper scales.

CHAPTER 11—PAY ADJUSTMENT FACTOR
AND PAYMENT

11.1 GENERAL

Separate pay adjustment factors and payments will be calcu-
lated for asphalt binders, HMA, and ride quality. Pay adjust-
ment factors and payment methods are described below.

11.2 ASPHALT BINDER
11.2.1 Pay Adjustment Factor

Asphalt binder pay adjustment will be determined by an
adjustment to the price of the HMA contained in an asphalt
binder lot. The pay adjustment factor will be determined by
use of Table C.24. If the value of the measured properties
meet the compliance limit of Table C.24, the price adjust-
ment factor is 1.00. The price adjustment factor will be 0.75
at thergjection limit. If any measured property is outside the
rejection limit (lessthan 0.75), the HMA will be rejected.

For each property whose value lies between the compliance
limit and the rejection limit, the pay adjustment factor will be
calculated assuming alinear variation between 1.00 and 0.75.
For alot having morethan one parameter out of specification,
a composite pay adjustment will be calculated by summing
the reduction of each individual property calculation.

The HMA will be accepted with reduced composite price
reduction if none of the properties are outside the rejection
limit and the composite pay adjustment factor is above 0.75.
The HMA will bergjected if one or more of the properties of
the asphalt binder fall outside of the rejection limits or if the
composite pay factor isbelow 0.75.

11.2.2 Payment

The amount of price reduction will be based on the HMA
price quoted in the contractor’s bid. If the price per Mg (or
ton) of HMA is unbalanced, the previous year’'s average bid
price per Mg (or ton) will be used. The pay for HMA con-
sidering the asphalt binder pay adjustment factor is equal to
the HMA price (per Mg or ton) times the asphalt binder pay
adjustment factor.
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11.3 AGGREGATE

Aggregates do not have pay adjustment factors.

11.4 HOT-MIX ASPHALT
11.4.1 General

HMA pay adjustment will be based on alot basis. The pay
adjustment factors will be based on Method “A” or Method
“B” as described below.

11.4.2 Method “A” Pay Adjustment Factors

Theengineer will determine pay adjustment factorsusing the
October 2000 release of the software for the “ Performance-
Related Specification for Hot-Mix Asphalt” for each pave-
ment lot.

The engineer will perform the testing for pay factor determi-
nation as described in Tables C.22 and C.23. Pay factor test-
ing shall be performed as part of the quality assurance testing
program for HMA production and placement described in
Section 8.0 of this specification.

11.4.3 Method “B” Pay Adjustment Factors

The engineer will develop a matrix of input values to cover
a range of functional classifications, pavement structures,
traffic levels, and decision tree criteria. The engineer will use
the software for the “Performance-Related Specification for
Hot-Mix Asphalt” to generate a pay factor for each set of
inputs and fill the cells within the matrix with the pay factors
generated by the software. To determine the pay factor, the
engineer will use the values within the table in lieu of the
software.

11.4.4 Payment

The amount of payment will be based on the HMA price
quoted in the contractor’ s bid. If the price per Mg (or ton) of
HMA is unbalanced, the previous year's average bid price
per Mg (or ton) will be used. The payment for HMA consid-
ering the HMA pay adjustment factor is equal to the HMA
price (per Mg or ton) timesthe HMA pay adjustment factor.

11.5 RIDE QUALITY

The ride quality payment will be based on the standard
specification.
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11.6 CONTRACTOR ACCEPTANCE OF
PAY ADJUSTMENT FACTORS

If the pay adjustment or pay factor for any lot of HMA isbelow
1.00, the contractor has the option (&) to remove and replace
thelot or (b) to agree to accept the lot at an adjusted unit price
determined by Section 11.4 of this specification. If the pay
adjustment factor for any lot isless than 0.70, the HMA shall
be removed at the expense of the contractor. Replacement
material shall meet the requirements of this specification.
The contractor and engineer will sign for acceptance of pay-
ment on alot-by-lot basis.

11.7 PAY ADJUSTMENT FACTORSBELOW 1.00

The contractor shall take corrective action if any one of the
asphalt binder, HMA, or ride quality pay adjustment fac-

torsisbelow 1.00 for alot. If three consecutive pay adjust-
ment factors for any single item (asphalt binder, HMA,
or ride quality) are below 1.00 (for example, three consec-
utive pay factors for HMA), construction shall terminate.
An investigation will be conducted by the contractor
and engineer to determine the cause(s) for not receiving a
1.00 pay adjustment factor. The HMA sampling and test-
ing performed by the contractor will be included in this
investigation.

If differences between the contractor’s and engineer’s test
results cannot be resolved, referee testing will be conducted
by the engineer’s central laboratory or athird party labora
tory. The referee testing will be performed on split samples
retained by the engineer and the resultswill be used for deter-
mination of the final pay factors and payment.
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Figure C.1. Hot-mix asphalt quality control/quality assurance guide specification section designations.
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Figure C.2. Hot-mix asphalt quality control/quality assurance guide specification tests.

TABLE C.1 General quality control/quality assurance specification references

Test Designation Test Method Number
AASHTO ASTM

Statistical procedures R4
Acceptance sampling plans for highway construction R9
Definition of terms for specifications and procedures R10
Indicating which places are to be considered significant in specified limiting values R11
Establishing and implementing a quality system for construction materials testing laboratories R18
Terminology relating to materials for roads and pavements D8
Random sampling of construction materials D3665
Minimum requirements for agencies testing and inspecting bituminous paving materials D3666
Probability sampling of materials E105
Choice of sample size to estimate the average quality of alot or process E122
Acceptance of evidence based on the results of probability sampling E141
Quality control systems for organizations producing and applying bituminous paving materials D4561
Organialza[i ons engaged in the certification of personnel testing and inspecting bituminous paving D5506
materials




TABLE C.2 Asphalt binder tests

Test Designation Test Method Number Certification
AASHTO ASTM Level
Rotational Viscometer (RV) TP48 D4402
Dynamic Shear Rheometer (DSR) TP5
Bending Beam Rheometer (BBR) TP1
Direct Tension Test (DTT) TP3
Rolling Thin Film Oven (RTFO) T240 D2872
Pressure Aging Vessel (PAV) PP1
Flash point T48 D92
Sampling bituminous materials T40 D140
Solubility of bituminous materials T44 D2042
Performance-graded binders MP1
Specific gravity of bituminous materials T228 D70
Certifying suppliers of performance-graded asphalt binders PP26
Grading or verifying the performance grade of an asphalt binder PP6
TABLE C.3 Aggregatetests
Test Designation Test Method Number Certification
AASHTO ASTM Leve
Sieve anaysis (gradation) T27 C136
Sieve analysis of extracted aggregate (gradation) T30
Minus 0.075 mm (No. 200) by washing T11 C117
Specific gravity and absorption of fine aggregate T84 C128
Specific gravity and absorption of coarse aggregate T85 C127
Coarse aggregate (angularity) fractured particles (CAA) D5821
Uncompacted void content of fine aggregate (fine aggregate angularity) (FAA) T304
Flat or elongated particlesin coarse aggregates D4791
Sand equivalent T176 D2419
Los Angeles abrasion T96 C131, C535
Soundness T104 C88
Deleterious materials T112 C142
Sampling aggregates T2 D75
Reducing samples of aggregate to testing size T248 C702
Bulk specific gravity of mineral filler T100 D854
Sieve analysis of mineral filler T37 D546
Liquid limit, plastic limit, and plastic index T89, T90 D4318
Shrinkage limit T92
Moisture content of aggregate T255 C566
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TABLE C.4 Hot-mix asphalt tests

Test Designation Test Method Number Certification
AASHTO ASTM Leve
Bulk specific gravity of compacted HMA-saturated surface dry (SSD) method T166 D2726
Bulk specific gravity of compacted HMA-paraffin T275
Bulk specific gravity of compacted HMA-parafilm D1188
Percent air voids of compacted HMA T269 D3203
Theoretic max specific gravity of HMA T209 D2041
Superpave volumetric mix design (Spec) MP2
Superpave volumetric mix design for HMA PP28
Mixture conditioning of HMA PP2
SHRP gyratory compactor TP4
Sampling HMA T168 D979
Sampling compacted HMA D5361
Resistance of HMA to moisture damage T283 D4867
Thickness of compacted HMA D3549
Nuclear density D2950
Asphalt content by nuclear method T287 D4125
Asphalt content by solvent extraction T164 D2172
Asphalt content by ignition method T308 D6307
Marshall and Hveem mixture design R12
Marshall stability T245 D1559
Hveem stability T246 D1560
California kneading compactor T247 D1561
TABLE C.5 Pavement roughness measurement
Test Designation Test Method Number Certification
AASHTO | ASTM Leve
Measurement of vehicular response to traveled surface roughness T286 E1082
Trailers used for measuring vehicle response to road roughness E1215
Longitudinal profile of traveled surface with an accelerometer established inertial E950
profiling reference
Pavement roughness using a profilograph E1274
Road roughness by static level method E1364




TABLE C.6 Performance-graded asphalt binder specification
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PERFORMANCE GRADE PG 46 PG 52 PG 58 PG 64

34|40|46 10|16|22|28|34|40|46 16|22|28|34|40 10|16|22|28|34|40
Average 7-day Maximum Pavement
Design Temperature, °C*® <46 <52 <58 <64
Minimum Pavement Design
Temperature, °C? >34 | >40 | >46 | >10 | >16 | >22 | >28 | >34 | >0 | >46 [ a6 | 522 | >28 | >34 [ >0 | 520 | >a6 | 22 | > | >34 [ >0

ORIGINAL BINDER
Flash Point Temp, T48: Minimum °C 230
Viscosity, ASTM D4402:°
Maximum, 3Paes, Test Temp, °C 135
Dynamic Shear, TP5:¢
G*/sind9, Minimum, 1.00 kPa 46 52 58 64
Test Temp @ 10rad/s, °C
ROLLING THIN FILM OVEN RESIDUE (T240)
Mass Loss, Maximum, percent 1.00
Dynamic Shear, TP5:
G*/sind9 Minimum, 2.20 kPa 46 52 58 64
Test Temp @ 10rad/s, °C
PRESSURE AGING VESSEL RESIDUE (PP1)

PAV Aging Temperature, °C¢ 90 90 100 100
Dynamic Shear, TP5:
G*/sind% Maximum, 5000 kPa
Test Temp @ 10rad/s, °C 07 ] 4|25122]|19|16|13|10(7 (2522|1916 (|13 |31|28|25|22|19]| 16
Physical Hardening® Report
Creep Stiffness, TPL:
S, Maximum, 300.0 MPa, 24|30 |-36| 0 6 12 | -18 [ -24 [ -30 | -36 6 12 | -18 24 30| 0 6 | -12|-18 | -24 | -30
mrvalue, Minimum, 0.300
Test Temp @ 60s, °C
Direct Tension, TP3:
Failure Strain, Minimum, 1.0% 24|30 |36 0 6 12| -18|-24|-30|-36 6 12 | -18 24 30| o 6 | -12 | -18 | -24 | -30
Test Temp @ 1.0 mm/min, °C

°F = 18°C+32
1ps = 6.9kPa
lin. = 254 mm
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TABLE C.6 (Continued)

Test Temp @ 10rad/s, °C

PERFORMANCE GRADE PG 70 PG 76 PG 82
10|16|22|28|34|40 10|16|22|28|34 10|16|22|28|34
Average 7-day Maximum Pavement Design <70 <76 <82
Temperature, °C®
Minimum Pavement Design
Temperature, °C" >10 | >16 | >22 | >28 | >3 | >4 | >0 | >16 | >22 [ >28 | >3 | >10 >-16 >-22 >28 | >34
ORIGINAL BINDER

Flash Point Temp, T48: Minimum °C 230
Viscosity, ASTM D4402:°

Maximum, 3Pees, Test Temp, °C 135
Dynamic Shear, TP5:°
G*/sind, Minimum, 1.00 kPa 70 76 82
Test Temp @ 10 rad/s, °C

ROLLING THIN FILM OVEN RESIDUE (T 240)
Mass Loss, Maximum, percent 1.00
Dynamic shear, TP5:
G*/sind, Minimum, 2.20 kPa 70 76 82
Test Temp @ 10rad/s, °C
PRESSURE AGING VESSEL RESIDUE (PP1)

PAV Aging Temperature, °C¢ 100(110) 100(110) 100(110)
Dynamic Shear, TP5:

G*/sind, Maximum, 5000 kPa 34 31 28 25 22 19 | 37 | 34 |31 (28| 25| 40 37 34 31 28

Physical Hardening® Report

Creep Stiffness, TPL:

S, Maximum, 300.0 MPa,
m-value, Minimum, 0.300 0 -6 12 -18 -24 -30 0 -6 12 | 18 | 24 0 -6 12 -18
Test Temp @ 60s, °C

-24

Direct Tension, TP3:f
Failure Strain, Minimum, 1.0% 0 -6 -12 -18 -24 -30 0 -6 -12 | -18 | -24 -0 -6 -12 -18
Test Temp @ 1.0 mm/min, °C

-24

°F = 18°C+32
lps = 6.9kPa
lin. = 254 mm

a

Pavement temperatures are estimated from air temperatures using an algorithm contained in the Long-Term
Pavement Performance (LTPP) Bind program, may be provided by the specifying agency, or by following
the procedures as outlined in MP2 and PP28.

This requirement may be waived at the discretion of the specifying agency if the supplier warrants that the
asphalt binder can be adequately pumped and mixed at temperatures that meet all applicable safety standards.
For quality control of unmodified asphalt cement production, measurement of the viscosity of the original
asphalt cement may be used to supplement dynamic shear measurements of G*/sind at test temperatures
where the asphalt is a Newtonian fluid.

The PAV aging temperature is based on simulated climatic conditions and is one of three temperatures 90° C
(194°F), 100° C (212°F), or 110°C (230°F). The PAV aging temperatureis 100° C (212°F) for PG 58- and
above, except in desert climates, whereit is 110°C.

Physical Hardening - TP1 is performed on a set of asphalt beams according to Section 13.1, except the
conditioning time is extended to 24 hours + 10 minutes at 10° C above the minimum performance
temperature. The 24-hour stiffness and m-value are reported for information purposes only.

If the creep stiffnessis below 300 MPa (43.5 ksi), the direct tension test is not required. If the creep stiffness
is between 300 and 600 MPa (43.5 and 87.0 ksi), the direct tension failure strain requirement can be used in
lieu of the creep stiffness requirement. The m-value requirement must be satisfied in both cases.

9 G*/sind = high temperature stiffness and G*sind = intermediate temperature stiffness.




TABLE C.7 Aggregate gradation control points

Nomina Maximum Aggregate Size - Control Point (Percent Passing)
37.5mm 25.0 mm 19.0 mm 12.5mm 9.5mm
Sieve Size Min. Max. Min. Max. Min. Max. Min. | Max. | Min. | Max.
50.0 mm 100 - - - - - - - - -
37.5mm 90 100 100 - - - - - - -
25.0mm - 90 90 100 100 - - - - -
19.0mm - - - 90 90 100 100 — — —
125 mm - - - - - 90 90 100 100 -
9.5mm - - - - - - - 90 90 100
4.75 mm - - - - - - - - - 90
2.36 mm 15 41 19 45 23 49 28 58 32 67
0.075 mm 0 6 1 7 2 8 2 10 2 10
1lin.=254mm

TABLE C.8 Boundariesof aggregate-restricted zone

Minimum and Maximum Boundaries of Sieve Size for Nominal Maximum Aggregate Size
(Minimum and Maximum Percent Passing)
Sieve Size within
Restricted Zone 37.5mm 250mm 19.0mm 125mm 9.5mm
Min. Max. Min. Max. Min. Max. Min. Max. Min. Max.
0.300 mm 10.0 10.0 11.4 114 13.7 13.7 155 155 18.7 18.7
0.600 mm 11.7 15.7 13.6 17.6 16.7 20.7 19.1 231 235 275
1.18 mm 155 215 18.1 24.1 22.3 28.3 25.6 31.6 31.6 37.6
2.36 mm 23.3 27.3 26.8 30.8 34.6 34.6 39.1 39.1 47.2 47.2
4.75 mm 34.7 34.7 39.5 39.5 - - - - - -
lin.=254mm
TABLE C.9 Superpave aggregate consensus property requirements
Coarse Aggregate Angularity Uncompacted VVoid Content of Sand Flat and
Design (Percent), minimum Fine Aggregate (Percent), Equivaent Elongated®
ESALS minimum (Percent), (Percent),
(million) minimum maximum
<100 mm > 100 mm <100 mm > 100 mm
<03 55/- -/- - - 40 -
0.3to<3 751- 50/- 40 40 40
3to<10 85/807 60/- 45 40 45
10to< 30 95/90 80/75 45 40 45 10
> 30 100/100 100/100 45 45 50

2
3

Design ESALs are the anticipated project traffic level expected on the design lane over a 20-year period. Regardless of

the actual design life of the roadway, determine the design ESALsfor 20 years, and choose the appropriate N
85/80 denotes that 85% of the coarse aggregate has one fractured face and 80% has two or more fractured faces.

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

Note: If lessthan 25% of alayer iswithin 100 mm (4 in.) of the surface, the layer may be considered to be below 100 mm
(4in.) for mixture design purposes.

level.

design
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TABLE C.10 Source aggregate property requirements

Test Method Requirement
Description Number
AASHTO ASTM
Los Angeles abrasion (500 rev.) T96 C131, C535 | 45 percent maximum
Soundness (Mg S0,) (5 cycles) T104 C88 18 percent maximum
Deleterious materials T112 C142 1 percent maximum

TABLE C.11 Asphalt binder sampling and testing for mixtur e design acceptance

Test Method Location Freguency
Description Number San?;l ing
AASHTO | ASTM
Rotational viscometer (original asphalt) D4402 1
Dynamic shear rheometer (original asphalt) TP5 1
Dynamic shear rheometer (RTFO-aged) TP5 1
Dynamic shear rheometer (PAV-aged) TP5 1
Bending beam rheometer (PAV -aged) TP1 1
Direct tension (PAV-aged) TP3 1
Flash point (original asphalt) T48 D92 1
Solubility (origina asphalt) T44 D2042 1
Specific gravity (original asphalt) T228 D70 1

TABLE C.12 Aggregate sampling and testing for mixture design acceptance

Test Method Location Frequency
Description Number Sarr?[jl ing
AASHTO | ASTM
Coarse aggregate angularity D5821 | Stockpiles 1
Fine aggregate angularity T304 Stockpiles 1
Flat and elongated particles D4791 | Stockpiles 1
Sand equivalent T176 D2419 | Stockpiles 1
Los Angeles abrasion T96 C131, Stockpiles 1
C535
Soundness T104 C88 Stockpiles 1
Deleterious materials T112 C142 Stockpiles 1




TABLE C.13 Superpave gyratory-compaction effort

Design ESALS'

Compaction Parameters

(million)

Nmmal

Ndagn

Nmax

Typical Roadway Application?

75

Applications include roadways with very light
traffic volumes such aslocal roads, county roads,
and city streets where truck traffic is prohibited or
at avery minimal level. Traffic on these roadways
would be considered local in nature, not regional,
intrastate, or interstate. Special purpose roadways
serving recreational sites or areas may aso be
applicable to thislevel.

0.3to<3

75

115

Applications include many collector roads or access
streets. Medium-trafficked city streets and the
majority of county roadways may be applicable to
thislevel.

3to<30

100

160

Applications include many two-lane, multilane,
divided, and partially or completely controlled

access roadways. Among these are medium to
highly trafficked city streets, many state routes,
U.S. highways, and some rural interstates.

=30

125

205

Applications include the vast majority of the U.S.
Interstate system, both rural and urban in nature.
Specia applications such as truck-weighing
stations or truck-climbing lanes on two-lane
roadways may also be applicable to this level.

1

Design ESALs are the anticipated project traffic level expected on the design lane over a 20-year period.

Regardless of the actual design life of the roadway, determine the design ESALs for 20 years, and choose the
appropriate Nyegq, level.
2 Typical Roadway Applications as defined by A Policy on Geometric Design of Highway and Streets, 1994,

AASHTO.

Note 1: When specified by the agency and the top of the design layer is= 100 mm (4 in.) from the pavement
surface and the estimated design traffic level = 0.3 million ESALSs, decrease the estimated design traffic
level by one, unless the mixture will be exposed to significant main line and construction traffic prior to
being overlaid. If lessthan 25 percent of the layer is within 100 mm (4 in.) of the surface, the layer may be
considered to be below 100 mm (4 in.) for mixture design purposes.

Note 2: When the design ESALSs are between 3 to < 10 million ESALs the agency may, at its discretion, specify
Niitia @& 7, Ngesgn @ 75, and N, at 115, based on local experience.

TABLE C.14 Superpave volumetric mixture design requirements

Required Density Voidsin the Mineral Aggregate
(% of Theoretical Maximum (Percent), Voids
Design ESALs! Specific Gravity) minimum Filled with Dust-to-
(million) - - - Asphalt, Binder
Nominal Maximum Aggregate Size (Mm) | (percent) Ratio
minimum Range
Ninga | Noewgn | N | 375 | 250 [ 190 | 125 | 95
<03 <915 70 - 8034
0.3to<3 <905 65- 78
3to<10 110 | 120 | 130 | 140 | 150 | o o0 | 06-12
10to < 30 96.0 <98.0
> 30 <89.0
1lin.=25.4mm

1

levels =3 million ESALSs.

traffic levels < 0.3 million ESALs.

traffic levels.

Design ESALs are the anticipated project traffic level expected on the design lane over a 20-year period. Regardless of
the actual design life of the roadway, determine the design ESAL s for 20 years and choose the appropriate Nyegq, level.

For 9.5-mm (0.375-in.) nominal maximum size mixtures, the specified VFA range shall be 73% to 76% for design traffic
For 25.0-mm (1.0-in.) nominal maximum size mixtures, the specified lower limit of the VFA shall be 67% for design

For 37.5-mm (1.5-in.) nominal maximum size mixtures, the specified lower limit of the VFA shall be 64% for all design

Note: If the aggregate gradation passes beneath the boundaries of the aggregate restricted zone specified in Table C.8,
consideration should be given to increasing the dust-to-binder ratio criteriafrom 0.6-1.2 to 0.8-1.6.
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TABLE C.15 Aggregate gradation and asphalt binder content tolerancesfor field trial
section acceptance

Sieve Size* Tolerance, Mass
Metric, mm U.S. Customary

50 2.0-in. +30
375 1.5in. +3.0

25 1-in. +30

19 3/4-in. +3.0
125 12-in. +3.0
9.5 3/8-in. +3.0
4,75 No. 4 +3.0
2.36 No. 8 +20
1.18 No. 16 +20
0.600 No. 30 +20
0.300 No. 50 +20
0.150 No. 100 +20
0.075 No. 200 +0.7
Asphalt binder content,** percent by mass +0.13

*The gradation (AASHTO T27) shall be determined after the asphalt content is determined by the
Ignition Test (AASHTO T308).
** Asphalt content determined by AASHTO T308 (Ignition Test).

Note: Tolerances based on IMF 1.

TABLE C.16 Volumetrictolerancesfor field trial section acceptance*

Test Method Tolerances
Description Number
AASHTO | ASTM
Gyratory-compacted sample properties at Neggn TP4
e Air voids (Vai) T269 D3203 +1
* Voidsin mineral aggregate (VMA) PP28 +1
* Voidsfilled with asphalt (VFA) PP28 +5
« Bulk specific gravity (Gmb) T166 D2726 +0.022
» Dust-to-binder ratio PP28 0.6t01.6
¢ Theoretical maximum specific gravity (Gmm) T209 D2041 +0.015
 In-placeair voids T269 D3203 2to7

Note: Tolerances based on IMF 1.



TABLE C.17 Aggregate gradation and asphalt binder content tolerances for
acceptance of job mix formula 3
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Sieve Size* Tolerance, Mass
Metric, mm U.S. Customary
50 2.0-in. +5
375 15in. +5
25 1-in. +5
19 3/4-in. +5
125 2-in. +5
95 3/8-in. +5
4.75 No. 4 +5
2.36 No. 8 +5
1.18 No. 16 +3
0.600 No. 30 +3
0.300 No. 50 +3
0.150 No. 100 +3
0.075 No. 200 +16
Asphalt binder content,** percent by mass +04

*The gradation (AASHTO T27) shall be determined after the asphalt content is determined by the
Ignition Test (AASHTO T308).
** Agphalt content determined by AASHTO T308 (Ignition Test).

Note: Tolerances based on IMF 1.

TABLE C.18 Asphalt binder sampling and testing

Test Method Contractor's Quality Engineer's Verification Engineer's Quality Engineer's Pay Factor
Control Testing* Testing Assurance Testing Testing
Number Location Frequency Location Frequency Location Frequency Location Frequency
Description of of of of
AASHTO | ASTM [ sampling Sampling Sampling Sampling
Rotational viscometer Feed 1 per lot***
(original asphalt) D4402 line**
Dynamic shear Feed line 1 per lot
rheometer (original TP5
asphalt)
Dynamic shear Feed line 1 per lot
rheometer (RTFO- TP5
aged) T240
Dynamic shear Feed line 1 per lot
rheometer (PAV- TP5
aged) PP1
Bending beam Feed line 1 per lot
rheometer (PAV- TP1
aged) PP1
Direct tension (PAV- TP3 Feed line 1 per lot
aged) PP1
Flash point**** T48 D92 Feed line 1 per lot
Solubility**** T44 D2042 Feed line 1 per lot
Specific gravity**** T228 D70

* Meet requirements of PP26.
** Asphalt binder feed line between contractor's storage tank and plant mixing chamber.
*** Onelot equals 2,000 tons of HMA. For quality assurance purposes, aminimum of one lot should be tested for every five lots of HMA produced.

**%% Optional tests.



414

TABLE C.19 Acceptable difference between contractor’s and engineer’stest results for

asphalt binders
Test Method
Number Acceptable
Designation Difference*
AASHTO ASTM

Dynamic shear rheometer on original asphalt, G*/sin & TP5 20 percent**

Dynamic shear rheometer on RTFOT-aged binder, TP5
G*/sind TP240 D2872 20 percent**

Dynamic shear rheometer on PAV-aged binder, TP5
G* sind PP1 20 percent**

Bending beam rheometer on PAV-aged binder, S-value TP1
PP1 10 percent**

Bending beam rheometer on PAV -aged binder, m-value TP1

PP1 0.015

Failure strain on PAV-aged binder, failure strain TP3

PP1 1.0 percent

*Based on UDOT specification.

TABLE C.20 Aggregate sampling and testing

**Percent of average value of two test results.

Test Method Contractor's Quality Engineer's Verification Engineer's Quality Engineer's Pay Factor
Control Testing Testing Assurance Testing Testing
Number Location Frequency Location Fregquency Location Frequency Location Frequency
Description of of of of
AASHTO [ ASTM [ Sampling Sampling Sampling Sampling

Coarse aggregate Combined 1 sample Combined 1sample
angularity** D5821 cold feed per lot* cold feed per lot

Fine aggregate Combined 1 sample Combined 1 sample
angularity** T304 cold feed per lot cold feed per lot

Flat and elongated Combined 1 sample Combined 1 sample
particles** D4791 cold feed per lot cold feed per lot

Sand equivalent** Combined 1 sample Combined 1sample
T176 D2419 cold feed per lot cold feed per lot

Los Angeles C131, Combined 1sample Combined 1 sample

abrasion*** T96 C535 cold feed per lot cold feed per 3lots

Soundness*** T104 88 Combined 1 sample Combined 1sample

cold feed per lot cold feed per 3lots

Deleterious T112 C142 Combined 1 sample Combined 1 sample
materialst** cold feed per lot cold feed per lot

* One lot equals 2,000 tons of HMA.
** For quality control purposes, a minimum of onelot should be tested for every five lots sampled and produced.
*** On approved sources, quality assurance testing should be performed on a quarterly basis. On new sources, quality assurance testing should be performed at the start

of aproject and quarterly thereafter.




TABLE C.21 Acceptable difference between contractor’s and engineer’stest results for

aggregates
Test Method
Number Acceptable

Designation AASHTO ASTM Difference*
Coarse aggregate angularity D5821 28
Fine aggregate angularity T304 1
Flat and elongated particles D4791 i
Sand equivalent T176 D2419 9
Los Angeles abrasion T96 C131, 13

C535

Soundness T104 C88 70 percent***
Deleterious materials T112 C142 17

*Represent multi-laboratory precision for AASHTO or ASTM test methods.

** Estimated.

***Magnesium sulfate, percent of average value of test results.

TABLE C.22 Quality control, quality assurance, and pay factor testsor HMA production and placement

415

Test Method Contractor's Quality Engineer's Verification Engineer's Quality Engineer's Pay Factor
Control Testing Testing Assurance Testing** Testing
Number Location of Frequency Location of | Freguency Location Frequency | Location of Frequency
Description Sampling Sampling of Sampling
AASHTO ASTM Sampling
A. Gradation T27 C136 Behind 1 per sublot* Behind 1 per sublot Behind 1 per sublot
paver paver paver
B. Asphalt binder D6307 Behind 1 per sublot Behind 1 per sublot Behind 1 per sublot
content paver paver paver
C. Gyratory-compacted TP4 Behind 1 per sublot Behind 1 per sublot
sample properties at paver paver
design
1. Air voids (Var) T269 D3203 1 per sublot 1 per sublot
2. Voidsin mineral PP28 1 per sublot
aggregates
(VMA)
3. Voidsfilled with PP28 1 per sublot
asphalt (VFA)
4. Bulk specific T166 D2726 1 per sublot 1 per sublot
gravity (Gmb)
5. Dust-to-binder PP28 1 per sublot
ratio
6. Theoretical T209 D2041 1 per sublot 1 per sublot 1 per sublot
maximum
specific gravity
(Gmm)
D. In-placeair voids T269 D3203 Cores 2 per sublot Cores 2 per sublot | Coresfrom | 2 per sublot
D2950 from from pavement
pavement pavement

* Four sublots per lot. Onelot equals 2,000 tons of HMA.

** Engineer’s quality assurance testing will be aminimum of one lot for every four lots of quality control testing.
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TABLE C.23 Aggregate gradation determination requirementsfor quality
control, quality assurance, and pay factor testing

Sieve Size Engineer's
Quiality
us. Contractor Qu_ality Assurgnce Engineer's Pay
Metric, mm | Customary Control Testing Testing Factor Testing
50 2.0-in.
375 1.5-in.
25 1-in. X*
19 3/4-in.
125 1/2-in.
9.5 3/8-in.
4.75 No. 4
2.36 No. 8 X X X
1.18 No. 16 X
0.600 No. 30 X
0.300 No. 50 X
0.150 No. 100
0.075 No. 200 X X X

*Use gradation control sieves for nominal maximum aggregate size specified (19-mm [3/4-in.])
nominal maximum size aggregate requirements shown.

TABLE C.24 Pay factor adjustment for asphalt binder

Property Compliance Limit for Price | Rejection Limit for Price
Adjustment of 1.00 Adjustment of 0.75

G*/sin d of the original
performance-graded asphalt binder 0.84 Min. 0.70 Min.
at high grade temperature, kPa

G*/sin & of RTFO residue at high
temperature, kPa 1.74 Min. 1.40 Min.

Stiffness of the PAV residue at low
grade temperature + 10°C, MPa 311 Max. 355 Max.

Slope (m-value) of the creep curve
at low grade temperature +10°C 0.294 Min. 0.265 Min.

Failure strain of PAV residuein
direct tension at low grade

temperature + 10° C* 1.04 Min. 0.78 Min.
'Use only for binders for which the test temperature for the low temperature propertiesis
-18°C or colder.

1psi =6.9kPa

°F=18°C+32

Source: UDOT



ATTACHMENT A
STRATIFIED RANDOM SAMPLING

1.1 SCOPE
12

This method outlines the procedures for selecting sampling
sites in accordance with appropriate random sampling tech-
niques. Random sampling is the selection of a sample in
such amanner that every portion of the material or construc-
tion to be sampled has an equal chance of being selected as
thesample. It isintended that all samples, regardless of size,
type, or purpose, shall be selected in an unbiased manner,
based entirely on chance.

2.1 SECURING SAMPLES
2.2

Samples shall be taken as directed by the contractor’s Qual-
ity Control Representative for quality control purposes and
the SHA representative for acceptance purposes.

2.3

Sample location and sampling procedure are asimportant as
testing. It isessential that the samplelocation be chosenin an
unbiased manner.

3.1 RANDOM NUMBER TABLE
3.2

For test results or measurements to be meaningful, it is neces-
sary that the material to be sampled or measured, be selected
at random, which means using a table of random numbers.
Table 1 consists of random numbersfor this purpose. To use
the table in selecting sample locations, proceed as follows.

33

A random number tableis a collection of random digits. The
random numbers that are presented in this attachment are
shown in atwo-place decimal format. Note the two columns
in Table 1 labeled X and Y. The numbers in either column
can be used to locate a random sample when only a single
dimensionisrequired to locatethe sample (e.g., time, tonnage,
and units). When two dimensions are required to locate the
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sample, the number in the X column is used to calculate the
longitudinal location, and the number inthe Y columnisused
to calculate the transverse location. In the Y column, each
number is preceded by an L or R, designating that the sam-
ple increment is to be located transversely from the left or
right edge of the pavement. Figure 1 illustratesthe procedure
for locating samples in two dimensions.

3.4

Determinethelot size (continuous production for quality con-
trol at HMA plant) and stratify thelot into anumber of sublots
per lot for the material being sampled.

3.5

For each | ot, use consecutive two-digit random numbersfrom
Table 1. For example, if the specification specifiesfive sublots
per lot and the number 15 israndomly selected asthe starting
point for thefirst lot, numbers 15 through 19 would be thefive
consecutive two-digit random numbers. For the second lot,
another random starting point, number 91, for example, is
selected and the numbers 91 through 95 are used for the five
consecutive two-digit random numbers. The same procedure
is used for additional lots.

3.6

For samples taken from the roadway, use the decimal values
in column X and column Y to determine the coordinates of
the sample locations.

3.7

In situations where coordinate locations do not apply (e.g.,
plant or stockpile samples), use those decimal values from
column X or columnY.

4.1 THE RANDOM SAMPLE
4.2

Examples demonstrating the use of the random sampling tech-
nigue under various conditions are given in Sections 4.2.1
through 4.2.3.
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4.2.1 Sampling by Time Sequence

Assume that HMA for use in paving is to be sampled to
determine the percentage of asphalt. It will be sampled at the
place of manufacture. Thetask isto select arandom sampling
plan in order to distribute the sampling over the half-day or
the full-day, whichever is more applicable. Assume that the
lot sizeisaday’ s production and that five samplesarerequired
from each lot. The plant is assumed to operate continuously
for 9 hours (beginning at 7:00 am. and continuing until 4:00
p.m., with no break for lunch).

4212

Lot Size. Thelot sizeisaday’s production. The plant begins
operation at 7:00 am. and stops at 4:00 p.m. Hence, the lot
sizeis 9 hours of production.

4213

Sublot Size. Stratify the lot into five equal sublots, because
fivesamplesarerequired. To accomplish this, select five equal
timeintervalsduring the 9 hoursthat the plant is operating as
follows:

_ _ (9h/lot)(60 min/h)
Sublot Time Interval = 5 sublots/lot

Sublot Time Interval = 108 min/subl ot

4214

Sublot Samples. Next, choose five random numbers from the
random number table. The first block randomly selected is
reproduced below.

Seguence Number X Y
12 0.57 R 0.49
13 0.35 R 0.90
14 0.69 L 0.63
15 0.59 R 0.68
16 0.06 L 0.03
4215

The selected random numbers taken from the X column are
0.57, 0.35, 0.69, 0.59, and 0.06. To randomize the sampling
timeswithin each subl ot, thetimeinterval (108 minutes) com-
puted in Section 4.2.1.3 is used. This time interval is multi-
plied by each of thefive random numbers previously selected:

Sublot 1: 0.57 x 108 = 62 min.
Sublot 2: 0.35 x 108 = 38 min.
Sublot 3: 0.69 x 108 = 75 min.
Sublot 4: 0.59 x 108 = 64 min.
Sublot 5: 0.06 x 108 = 6 min.

4.2.1.6

Thetimes calculated in Section 4.2.1.5 are added to the start-
ing times for each sublot. This results in the randomized
times at which the samples are to be obtained. The sampling
sequenceis as follows:

Sublot Number Sampling Time
1 7:00 am. + 62 min = 8:02 am.
2 8:48am. +38min=9:26 am.
3 10:36 am. + 75 min=11:51 am.
4 12:24 p.m. + 64 min = 1:28 p.m.
5 2:12 p.m. + 6 min=2:18 p.m.
4.2.1.7

The random sampling times from Section 4.2.1.6 are shown
inFigure 2. If productionisnot available at theindicated time,
asample should be obtained at the first opportunity following
theindicated time. Sampling on atime-basisis practical only
when the process is continuous. Intermittent processes obvi-
ously present many difficulties.

4.2.2 Sampling by Material Mass
4221

HMA for use in paving must be sampled to determine the
asphalt content. In this example, the specification definesthe
lot size as 4,500 Mg (5,000 tons) and states that five samples
must be obtained from the lot. The sampling is to be done
from the hauling units at the manufacturing source. Thetotal
tonnage for the project is 18,000 Mg (20,000 tons).

4222

Lot Sizeand Number of Lots. Thelot sizeis4,500 Mg (5,000
tons). Because there are 18,000 Mg (20,000 tons) of bitumi-
nous mix required for the project, the total number of lotsis
asfollows:

18,000 Mg (20,000 tons) _

Number of Lots = 2 =0 Mg (5,000 tons) / lot

4 |ots



4.2.2.3

Sublot Size. Stratify each lot into five equal sublots. The sublot
sizeisasfollows:

4,500 Mg (5,000 tons) / lot

Sublot Size = 5 sublots/ lot

=4 |ots

Sublot Size = 900 Mg (1,000 tons)/sublot

The relationship between lot and sublot size is shown in
Figure 3.

4224

Sublot Samples. The number of samples per lot is five (one
per sublot). Therefore, fiverandom numbersare selected from
the table of random numbers. Again, the first block of num-
bersfrom the random number tableis reproduced below. Note
that adifferent set of numbersthan that used in Section 4.2.1.4
is selected:

Sequence Number X Y
67 0.93 R0.17
68 0.40 R0.50
69 0.44 R0.15
70 0.03 L 0.60
71 0.19 L 0.37
4225

Select random numbers this time from the Y column, disre-
garding theL or R: 0.17, 0.50, 0.15, 0.60, and 0.37. Multiply
the numbers by the size of each of thefive sublotsasfollows:

Sublot
Sublot Random Size Mg Sample from
Number Number (tons) Mg (ton) No.
1 0.17 900 150
(1,000) (170)
2 0.50 900 450
(1,000) (500)
3 0.15 900 140
(1,000) (150)
4 0.60 900 540
(1000) (600)
5 0.37 900 330
(1,000) (370)
42251

The technician must obtain the first sample at approximately
the 150th Mg (170th ton) of the first sublot. The technician
must then wait until the first sublot is completed, 900 Mg
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(1,000 tons), before sel ecting the second sampl e at the 450th
Mg (500th ton) of the second sublot. The same sequenceis
followed for obtaining the remaining three samples.

42252

The sampling sequence for the lot of 4,500 Mg (5,000 tons)
should be as follows:

Sublot 1: 150th Mg (170th ton)

Sublot 2: 900 + 450 (1,000 + 500) = 1350th Mg (1500th ton)
Sublot 3: 1800 + 140 (2,000 + 150) = 1940th Mg (2150th ton)
Sublot 4: 2700 + 540 (3,000 + 600) = 3240th Mg (3600th ton)
Sublot 5: 3600 + 330 (4000 + 370) = 3930th Mg (4370th ton)

42253

Different random numbers are sel ected for the other four lots.

4.2.2.6

Sampling by material mass is a simple means of obtaining a
random sample. Interruptionsin the process do not affect ran-
domization, and the rel ationship between the number of sam-
plesand thelot remains unchanged. Sublot sampling based on
massisillustrated in Figure 4.

4.2.3 Sampling an Area
4231

Suppose that HMA from the roadway is to be sampled to
determine the density for quality control or acceptance pur-
poses. In this example, the specification states the lot sizeis
1,524 linear meters (5,000 ft), and five samples per lot are
required. In addition, assume that the paving width is 3.66 m
(12 ft) and that the project begins at Station 100 + 00 and
ends at Station 160 + 96 (300 + 00 ft).

4232

The specifications require a lot size of 1,524 linear meters
(5,000 ft). The distance from Station 100 + 00 to Station 160
+ 96 (300 + 00 ft) is 6,096 m (20,000 ft). The number of lots
is calculated as follows:

6096 m (20, 000 ft)

1524'm (5,000 f) /1ot ~ 108

Number of Lots=

4.2.3.3

The beginning station for thefirst lot is100 + 00. Thislot ends
at Station 115 + 24 (150 + 00) as shown in Figure 5. Thisis
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equal to 1,524 m (5,000 ft). The 1,524 m (5,000 ft) of paving
must be stratified into five equal sublots, since five samples
per lot are required. The sublot sizeis calculated as follows:

1524 m (5,000 ft)/lot
5 sublots/lot

= 304.8 m (1,000 ft)/sublot

Sublot Size =

4234

Figure 5 shows how thislot is divided.

4235

The location at which each sample will be obtained must be
randomized in the longitudinal and the transverse directions.
Thiswas previoudly illustrated in Figure 1.

4236

The random number selection procedure is the same as used
for the previous examples, except that two sets (columns and
rows) of random numbers are sel ected: onefor thetransverse
position and one for the longitudinal position.

4.2.3.7

A set of five random numbers for the longitudinal (X) and
transverse (Y) positions of the sampleis chosen by using the
first and second blocks of random numbers from the random
number table. These are reproduced as follows:

Seguence Number X Y
37 0.41 L 0.10
38 0.28 R0.23
39 0.22 L 0.18
40 0.21 L 0.94
41 0.27 L 0.52
4238

The X and Y random numbers in Section 4.2.3.7 are multi-
plied by the sublot length and paving width respectively, as
shown below:

Sublot 1 (starting Station 100 + 00)
Coordinate X = 0.41 x 304.8 m (1,000 ft) = 125 m (410 ft)
Coordinate Y = 0.10 x 3.66 m (12 ft) = 0.4 m (1.2 ft)

Sublot 2 (starting Station 103 + 04.8 [110 + 00 ft])
Coordinate X = 0.28 x 304.8 m (1,000 ft) = 85.3 m (280 ft)
Coordinate Y = 0.23 x 3.66 m (12 ft) = 0.8 m (2.8 ft)

Sublot 3 (starting Station 106 + 09.6 [120 + 00 ft])
Coordinate X = 0.22 x 304.8 (1,000 ft) = 67 m (220 ft)
Coordinate Y =0.18 x 3.66 m (12 ft) = 0.7 m (2.2 ft)

Sublot 4 (starting Station 109 + 14.4 [130 + 00 ft])
Coordinate X = 0.21 x 304.8 m (1,000 ft) = 64 m (210 ft)
Coordinate Y =0.94 x 3.66 m (12 ft) = 3.4 m (11.3 ft)

Sublot 5 (starting Station 112 + 19.2 [140 + 00 ft])
Coordinate X = 0.27 x 304.8 m (1,000 ft) =82.3 m (270 ft)
Coordinate Y =0.52 x 3.66 m (12 ft) = 1.9 m (6.2 ft)

4.2.39

The longitudinal distance (X) is added to the beginning sta-
tion of the sublot and the companion transverse distance (Y)
is measured from the selected edge of paving. The L values
of Y will be measured from the |eft edge of paving (looking
ahead) and the R values of Y will be measured from theright
edge of paving.

Sample No.

1. Station 100 + 00 + 125 m (410 ft) = 101 + 25 (104 + 10
ft); @ 0.4 m (1.2 ft) from left edge

2. Station 103 + 04.8 (110 + 00 ft) + 85.3 m (280 ft) = 103 +
90.1 (112 + 80 ft); @ 0.8 m (2.8 ft) from right edge

3. Station 106 + 09.6 (120 + 00 ft) + 67 m (220 ft) = 106 +
76.6 (122 + 20 ft); @ 0.7 m (2.2 ft) from left edge

4. Station 109 + 14.4 (130 + 00 ft) + 64 m (210 ft) = 109 +
78.4 (132 + 10 ft); @ 3.4 m (11.3 ft) from left edge

5. Station 112 + 19.2 (140 + 00 ft) + 82.3 m (270 ft) = 113 +
01.5 (142 + 70 ft); @ 1.9 m (6.2 ft) from left edge

4.2.3.10

Figure 6 illustrates the sampling locations based on these
calculations.
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sublot #1 sublot #2 sublot #3 sublot #4 sublot #5
sample#l | sample#2 | sample#3 | sample#4 | sample#5
150 Mg 1350 Mg 1940 Mg 3340 Mg 3930 Mg

sublot #1 | sublot #2 | sublot #3 | sublot #4 | sublot #5

100+00 103+04.8 106+09.6 109+14.4 112+19.2 115+24

Figure5. Relationship between ot and sublots based on

area.
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Figure6. Sublot sample location based on area.



TABLE 1 Random positionsin decimal fractions (two places)

Sequence No, X Y Sequence Now X Y

L. 0.29 R Q.66 51 0.87 L0.36

2 0.74 R (.49 52 0.34 1019

3. 0.89 L 079 33, 0.37 R$.33

4, 0.60 R 039 54, 0.97 LO.79
5. 0.88 R 031 55 013 R 0.56

6. .72 L 0.54 56. 0.85 R 0.64

7 (.12 R 0.08 57. 0.14 L 0.04

& 0.09 L 09 58. 0,99 RO74
9. 062 L 01l 59. 040 L0.76
10. 0.7 R 0.59 60. 0.37 L 009
Il 0.36 L 038 61. 0.90 R0O.74
12. 0.57 R 049 62. 0.09 L0770
13. 035 R 0.90 63, 0.66 L0097
14. 0.69 [.0.63 64, 089 L 0.55
15. 0.59 RO68 65. 067 L 044
16. 0.06 L093 66. 0.02 R .65
17. 0.08 L 070 67. 0.93 RO.17
18 0.67 . 0.68 68 0.40 R 0.50
19. 083 R097 69. 0.44 RO.15
20. 0.54 RO.58 70. 0.03 L0.60
21 082 R 0.50 i 7. 0.19 1037
22, 0.66 RO.73 72. 092 L0435
23 0.06 L 027 73. 0.20 1085
24 0.03 LO.13 74. 0.08 R 0.56
2s. 0.55 L02¢9 75, 0.46 R 058
26 0.64 L0377 76. 043 R 091
27 0.30 R (.57 7. 097 L0535
2 (.51 RO.67 78. 0.06 R 0.51
29. 029 R 0.0 79. 072 L0078
30. 063 R (.82 80. 095 L0.36
3. 0.53 1.9.36 81, 016 L 06!
32, 0.59 R022 82, 0.29 R 047
33 0.02 R0O.8% 83. 0.48 RO.15
34 0.6} 1.0.87 84, 0.73 R0.64
35 0.76 RO.16 BS. 0.05 L0.94
36. 0.87 L0.77 86. 043 L 005
37. 0.41 L0.10 87. 0387 R 0.98
38 028 R 023 88. 037 LOTI
39. 0.22 L0.18 89. 0.94 L{26
40. 0.21 L 0.94 <| 90, 0.57 L0.63
41. 027 L 0.52 91, 0.26 R0.8C

2, 0.39 RO91 9. 0.01 L0.79
43, 0.57 LO.10 93. 0.83 R 0.59
44, (.82 Lo.12 94. 0,71 L1021
45. 0.14 L0.94 95. 0.65 1.0.63
46, 0.50 R0.58 96. 0.65 L0.87
47 0.53 LO03 97. 0.72 R0.92
48 043 L0295 98, 0.85 L0.78
49. 099 L0.36 99. 0.04 L0.46
50. 0.61 R 0.25 100, .29 L095

X = Decimal fraction of total length measured along the road from starting point.

Y = Decimal fraction measured across the road from either outside edge towards center
line of the paved lane.
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ATTACHMENT B
STATISTICAL CONTROL CHARTS

1.1 PROCESSCONTROL
12

The process control procedure recommended isthe use of con-
trol charts, particularly statistical control charts. Control charts
provide a means of verifying that a processisin control. It is
important to understand that statistical control chartsdo not get
or keep aprocess under control. The process must still be con-
trolled by the plant or construction personnel. Control charts
simply provide a visual warning mechanism to identify when
the contractor or material supplier should look for possible
problems with the process.

13

Variation of construction materialsisinevitable and unavoid-
able. The purpose of control charts, then, is not to eliminate
variability, but to distinguish between the inherent or chance
causes of variability and assignable causes. Chance causes
(sometimes known as common causes) are a part of every
process and can be reduced but generally not eliminated.
Assignable causes (sometimes known as special causes) are
factorsthat can be eliminated, thereby reducing variability.
Chance causes are something that a contractor or material sup-
plier must learn to live with. They cannot be eliminated, but it
may be possible to reduce their effects. Assignable causes,
however, can beeiminatedif they can beidentified. Examples
of assignable causes include gradation for an aggregate blend
being out of specification because of aholein one of thesieves
or the cold feed conveyor setting being incorrectly adjusted.

14

The statistical control chart enables the contractor to distin-
guish between chance and assignabl e causes. Based on statis-
tical theory, construction materials under production control
exhibit a*bell-shaped” or normal distribution curve.

15

Statistical control chartsfor average or meansrely onthefact
that, for anormal distribution, essentially all of thevaluesfall
within £3 standard deviations from the mean. The normal
distribution can be used because the distribution of sample
means is normally distributed. The data, therefore, can be
assumed to be within +3c0 of the mean or target when the

processisin control and only chance causes are acting on the
system.

16

A statistical control chart can be viewed asanormal distribu-
tion curve on its side (Figure 1). For a normal curve, only
about 0.27 percent (1 out of 370) of the measurements should
fall outside £3 standard deviations from the mean. Therefore,
control limits (indicating that an investigation for an assign-
able cause should be conducted) are set at +30x and —30Xx.

1.7

A statistical control chart includes a target value, upper and
lower control limits, and a series of data points that are plot-
ted. Thetarget isbased on the population or production mean
and the control limits are established from the population or
production standard deviation as shown in Figure 2.

2.1 FORMSOF STATISTICAL
CONTROL CHARTS

2.2

Of the many forms of statistical control charts, two are most
practical and useful for construction material s and processes.
These arethe control chart for means or averages (referred to
commonly as x-bar chart or x chart) and the control chart for
ranges (referred to commonly as an R-chart). The x-bar chart
istypically used to control the production process about the
average or target value. The R-chart considersthe variability
of thematerial and preventsextremely large positive and neg-
ative results from canceling out and not being detectable on
the control chart for means or averages. The range, whichiis
the easiest measure of spread to use in the field, is usually
used in place of the standard deviation.

2.3

Population or production parameters (i.e., averagesand ranges)
are either known (or specified) or estimated from the early
stages of the production process. In most cases, they are esti-
mated. It is not a good idea for a producer to use the mean,
range, or standard deviation specified or used by the high-
way agency when it devel oped the specification limits. The
mean, range, or standard deviation of a producer’s process



isindependent of the specification limits; they are established
by the process capability.
24

When the mean and standard deviation are not known, they
are estimated by the grand average or mean (x) and the aver-
age range (R-bar). The grand average or mean is defined as
the average value of agroup of averages. The average range
isdefined asthe average of individual rangevalues. Thegrand
mean becomes the target value for the X chart and the aver-
age range becomes the target value for the R-bar chart.

25

The following formulae are used to construct the two control
charts:

X Chart
Upper Control Limit (UCL) = X + (A, xR
Lower Control Chart (LCL) = X - (Az % 5

R Chart

Upper Control Limit (UCL) =D, x R
Lower Control Limit (LCL) = D5 x R

The factors A,, D3, and D, are obtained from Table 1 for the
appropriate samplesize, n. Notethat the samplesizeisalways
greater than one. For each quality control test, the samplesare
grouped to form a subgroup two or more.

3.1 CONTROL CHARTSWHEN MEAN AND
STANDARD DEVIATION ARE UNKNOWN

3.2

The data shown in Table 2 will be used to illustrate the cal-
culation for a control chart when the population parameters
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are unknown and are estimated from the early production
process. The table contains the gradation results for percent
passing the 4.75-mm (No. 4) sieve for 40 production days (4
tests per day). The average and range of thefirst 20 subgroups
are used to estimate the mean and standard deviation of the
population. When thisis done:

_18.4+18.0+... +184 +16.4 _ 365.9

X 5 oy =183
= _21+41+..+47+39_836_

R= 5 = =42

33

Subsequent to estimating X-bar and R-bar in accordance with
Section 3.2, the upper and lower control limits can be calcu-
lated from theformulagin Section 2.5. Note that the valuesfor
A, D3, and D, arefor asample subgroup of n= 4 because four
samples are used to establish each average, X, and range, R.
X Chart

UCL =X + (A, x R) =183 + (0.73x 4.2) = 21.4

LCL =X — (A, x R) = 18.3 - (0.73x 4.2) = 15.2

Target Value= X = 18.3

R Chart

UCL=D,xR)=2.28x4.2=96

LCL =Dy xR)=0.0x 42=0.0

Target Value = R= 4.2

3.4

After establishing the target value and control limits, con-
struct the control charts using the datain Table 2. Figures 3
and 4 illustrate the x-bar and R-bar charts for the data.
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Figurel. Example of statistical control chart.

Figure2. Elements of statistical control chart.

X Chart
Percent Passing
27 UCL=214
20 +
Target = 18.3
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16
LCL=15.2
14 x x x w w x x T
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Sample Number
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Figure 3. X-bar chart for percent passing 4.75-mm (#4)
sieve.

Figure4. R-bar chart for percent passing 4.75-mm (#4)
sieve.




TABLE 1 Factorsfor statistical control charts

n A, D, D,

2 1.88 0 3.27

3 1.02 0 2.58

4 0.73 0 2.28

5 0.58 0 212

6 0.48 0 2.00

7 0.42 0.08 1.92

TABLE 2 Datafor demonstration example
Per cent Passing 4.75-mm (No. 4) Sieve

No. X, X, X, X, X R
1 18.9 18.2 19.3 17.2 18.4 2.1
2 18.2 16.3 17.2 204 18.0 41
3 185 19.5 17.8 19.1 18.7 17
4 19.7 17.6 18.3 19.2 18.7 21
5 235 225 149 23.6 211 8.7
6 16.6 16.9 17.4 18.8 17.4 2.2
7 19.0 17.9 15.8 18.4 17.8 3.2
8 14.5 17.7 18.0 20.1 17.6 5.6
9 185 16.3 17.3 17.2 17.3 22
10 15.2 20.4 20.4 16.4 18.1 5.2
11 19.5 16.4 20.7 17.7 18.6 4.3
12 17.4 17.9 17.7 22.4 18.9 5.0
13 15.6 18.1 18.7 19.8 18.1 4.2
14 222 17.1 16.7 212 19.3 55
15 20.1 12.8 185 17.0 17.1 7.3
16 19.6 18.0 17.4 14.8 17.5 4.8
17 195 19.9 20.1 15.7 18.8 4.4
18 19.9 20.7 19.8 18.3 19.7 24
19 209 199 16.5 16.3 18.4 4.7
20 14.2 18.1 17.1 16.2 16.4 3.9
21 16.7 13.6 11.4 18.4 15.0 7.0
22 18.7 17.3 16.1 15.8 17.0 29
23 2.7 18.3 23.8 15.3 20.0 85
24 17.3 18.2 16.8 17.2 17.4 14
25 20.8 16.7 16.0 221 18.9 6.1
26 175 213 19.1 20.2 19.5 38
27 13.6 16.8 19.2 12.1 154 7.1
28 19.5 18.3 16.5 18.1 18.1 3.0
29 17.7 185 174 16.9 17.6 16
30 16.4 175 15.2 17.8 16.7 2.6
31 15.3 14.5 17.3 212 17.1 6.7
32 13.7 18.4 16.1 19.1 16.8 5.4
33 13.4 20.3 18.8 19.5 18.0 6.9
34 14.6 219 185 149 175 7.3
35 16.0 20.4 14.7 20.0 17.8 5.7
36 17.2 185 15.8 20.0 17.9 4.2
37 18.8 15.0 20.2 15.2 17.3 52
38 21.4 17.7 13.1 19.6 18.0 8.3
39 16.5 18.8 20.0 19.2 18.6 35
40 194 18.6 154 22.0 18.9 6.6
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ATTACHMENT C

PERCENT WITHIN LIMITS FOR SUPERPAVE-DESIGNED HMA

1.1 SCOPE
12

This attachment provides the procedure for determining the
percentage of material or construction within the specification
limits (PWL) established for the Superpave-designed HMA.

2.1 SIGNIFICANCE AND USE
22

The PWL isthe principal calculation used in the Acceptance
Plan to determine the acceptability of material or construction
on the project.

3.1 PWL CALCULATION

3.2

Estimate the PWL in accordance with Sections 3.2.1 through
3.2.9.

321

L ocate n sampling positions in the lot by use of Table 1 or
other appropriate random number tables.

322

Make a measurement at each location or take a test portion
and make the measurement on the test portion, asappropriate.
323

Average the lot measurementsto find x.

n
X =

S| X

324

Determine the sample standard deviation, “s’, of the lot
measurements.

3.25

Find the Quality Index, Qy, by subtracting the average (x) of
the measurements from the upper specification limit (U) and
dividing theresultsby “s".

U-x
S

QJ:

3.2.6

Find the Quality Index Q. by subtracting the lower specifi-
cation limit (L) from the average (x) and dividing the results
by “s’.

3.2.7

Estimate the percentage of material or construction that will
fall within the upper tolerance limit (UTL) by locating the
entry in Table 1 nearest the cal culated Qy in the column appro-
priate to the total number (n) of measurements.

3.2.8

Estimate that percentage of material or construction that will
fall within the lower tolerance limit (LTL) by locating the
entry in Table 1 nearest the calculated Q, in the column appro-
priate to the total number (n) of measurements.

3.29

In cases where both upper (UTL) and lower (LTL) tolerance
limits are required, find the percentage of material that will
fall within tolerances by adding Py, the percent within the
upper tolerancelimit (UTL), to P_, the percent within the lower
tolerance limit (LTL), and subtract 100 from the sum.

Total PWL = (P, + P.) - 100




TABLE 1 Quality index valuesfor estimating percent within limits

PWL n=3 n=4 n=>5 n=7 n=10 n=15
99 1.16 147 1.68 1.89 2.04 214
98 1.15 1.44 161 1.77 1.86 193
97 115 141 155 1.67 174 1.80
96 1.15 1.38 149 159 164 1.69
95 114 1.35 1.45 152 156 159
94 1.13 1.32 1.40 1.46 1.49 151
93 112 129 1.36 1.40 1.43 1.44
92 111 1.26 131 1.35 1.37 1.38
91 1.10 1.23 1.27 1.30 1.32 1.32
20 1.09 1.20 123 125 1.26 127
89 1.08 117 1.20 121 121 1.22
88 1.07 114 1.16 117 1.17 117
87 1.06 111 112 112 113 113
86 1.05 1.08 1.08 1.08 1.08 1.08
85 1.03 1.05 1.05 1.05 1.04 1.04
84 1.02 1.02 1.02 1.01 1.00 1.00
83 1.00 0.99 0.98 0.97 0.96 0.96
82 0.98 0.96 0.95 0.94 0.93 0.92
81 0.96 0.93 0.92 0.90 0.89 0.89
80 0.94 0.90 0.88 0.87 0.85 0.85
79 0.92 0.87 0.85 0.83 0.82 0.82
78 0.89 0.84 0.82 0.80 0.79 0.78
77 0.87 0.81 0.79 0.77 0.76 0.75
76 0.84 0.78 0.76 0.74 0.72 0.72
75 0.82 0.75 0.73 0.71 0.69 0.69
74 0.79 0.72 0.70 0.67 0.66 0.66
73 0.77 0.69 0.67 0.64 0.63 0.62
72 0.74 0.66 0.64 0.61 0.60 0.59
71 0.71 0.63 0.60 0.58 0.57 0.56
70 0.68 0.60 0.58 0.55 0.54 0.54
69 0.65 0.57 0.55 0.53 0.51 0.51
68 0.62 0.54 0.52 0.50 0.48 0.48
67 0.59 0.51 0.49 0.47 0.46 0.45
66 0.56 0.48 0.46 0.44 0.43 0.42
65 0.53 0.45 0.43 041 0.40 0.40
64 0.49 0.42 0.40 0.38 0.37 0.37
63 0.46 0.39 0.37 0.35 0.35 0.34
62 0.43 0.36 0.34 0.33 0.32 0.31
61 0.39 0.33 0.31 0.30 0.30 0.29
60 0.36 0.30 0.28 0.25 0.25 0.25

Note 1: For negative values of Q, or Q_, P, or P, isequal to 100 minus the tabular P, or P,.
Note 2: If the value of Q or Q, does not correspond exactly to avalue in the table, use the next higher value.

429



430

ATTACHMENT D
STATISTICAL VERIFICATION TEST

1.1 SCOPE
12

The engineer will determine the acceptability of the contrac-
tor’ squality control test datafor material acceptance purposes
using the t-test for sample means.

2.1 SIGNIFICANCE AND USE

22

The contractor’s quality control test data will be considered
verified if it agreeswith the engineer’ squality assurance data
at alevel of significance, a = 0.01.

3.1 STATISTICAL VERIFICATION

32

Thet-value, t, of the group of test datato be verified is com-
puted as follows:

t = X = Xy|

1,1

=+ =

*in n,
and
@ =M= +s(n, -1
P N +n, —2
'C \"

where

n. = number of contractor’ squality control tests (minimum
of two required)

n, = number of verification tests (minimum of onerequired)

X. = mean of the contractor’s quality control tests

X, = mean of the verification tests

S, = pooled standard deviation (whenn, =1, s, = s)

s = standard deviation of the contractor’s quality control
tests

s, = standard deviation of the verification tests or, when
n=19%).

3.3

Computet using the equation above and compare it with the
critical t-value, t;;, from the following table:

Critical t-valuefor verification testing

degrees of taie
freedom for
(nc+n,—2) a=0.01
1 63.657
2 9.925
3 5.841
4 4.604
5 4.032
6 3.707
7 3.499
8 3.355
9 3.250
10 3.169
11 3.106
12 3.055
13 3.012
14 2.977
15 2.947
16 2.921
17 2.898
18 2.878
19 2.861
20 2.845
21 2.831
22 2.819
23 2.807
24 2.797
25 2.787
26 2.779
27 2.771
28 2.763
29 2.756
30 2.750
3140 2.704
41-60 2.660
61-120 2.617

greater than 120 2.576

34

When the t-values of the test data from the engineer’ s verifi-
cation testsand the contractor’ squality control testsare com-
pared witht.;; from the previoustable, if tislessthan or equal
to tei (t < tgi0), the difference between the contractor’s qual-
ity control test data and the corresponding engineer’s verifi-
cation test data is not significant, and the contractor’s test
data are verified. When t is greater than t;, (t > t.:), the dif-
ference between the contractor’ s quality control test dataand
the corresponding engineer’ s verification test datais signifi-
cant, and the contractor’ s test data are not verified.
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