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FOREWORD
By Edward T. Harrigan

Staff Officer
Transportation Research

Board

This report presents an overview of the WesTrack accelerated pavement testing
experiment; a detailed description of its principal product, a performance-related spec-
ification for hot-mix asphalt (HMA); and a summary of observations made and lessons
learned during the course of this major program. The report will be of particular inter-
est to personnel of state highway agencies, materials suppliers, and paving contractors
with responsibility for specification and production of HMA and construction of
asphalt pavements, and to others with an interest in accelerated pavement testing and
development and implementation of performance-related specifications.

WesTrack refers to an experimental test road facility constructed at the Nevada
Automotive Test Center (NATC) near Fallon, Nevada, under the Federal Highway
Administration (FHWA) project “Accelerated Field Test of Performance-Related
Specifications for Hot-Mix Asphalt Construction” (Contract No. DTFH61-94-C-
00004). The project was conducted by the WesTrack team, a consortium of seven
public- and private-sector organizations lead by the NATC and including Granite
Construction Co., Harding Lawson and Associates, Nichols Consulting Engineers,
Chtd., Oregon State University, the University of California, Berkeley, and the University
of Nevada, Reno.

The WesTrack experiment had two primary objectives. The first was to continue
development of performance-related specifications (PRS) for HMA construction by
evaluating the impact of deviations in materials and construction properties from
design values on pavement performance in a full-scale, accelerated field test. The sec-
ond was to provide some early field verification of the Superpave® mix design proce-
dures. Because the WesTrack site typically experiences less than 100 mm of precipi-
tation per year and no frost penetration, it was well suited for evaluating the direct
effects of deviations of materials and construction properties on performance.

WesTrack was constructed as a 2.9-km oval loop incorporating twenty-six 70-m-
long experimental sections on the two tangents. Construction was completed in Octo-
ber 1995; trafficking was carried out between March 1996 and February 1999. During
this period, four triple-trailer combinations, composed of a tandem axle, Class 8 trac-
tor and a lead semi-trailer followed by two single-axle trailers, operated on the track at
a speed of 64 kph, providing 10.3 equivalent single-axle load (ESAL) applications per
vehicle pass. The use of autonomous (driver-less) vehicle technology provided an
exceptional level of operational safety and permitted loading to occur up to 22 hours
per day, 7 days per week.

The experimental variables were asphalt content, in-place (i.e., field-mixed, field-
compacted) air void content, and aggregate gradation; the main response variables were
rut depth and percentage of the wheelpath area with fatigue cracking. Approximately
5 million ESALs were applied during the trafficking period. Several original sections
failed early in the experiment; they were replaced with a mix design that duplicated the



coarse-graded mix experiment in the original construction, but changed from the
crushed gravel used in the original sections to a more angular, quarried andesite aggre-
gate. The total experiment yielded clearly differentiated levels of permanent deforma-
tion and fatigue cracking among the experimental sections.

The experimental results were analyzed to develop the performance models for
permanent deformation and fatigue cracking that drive the PRS for HMA construction
implemented in the alpha version of the software program HMA Spec. This specifica-
tion statistically compares the predicted life-cycle cost of the “as-designed” HMA
pavement with that of “as-built” HMA pavement calculated from measured quality
control and acceptance data to determine pay factors and pay adjustments for the
paving project.

Construction, trafficking, and all related testing were accomplished under the
FHWA contract. Data analysis, PRS development, and reporting were completed under
NCHRP Project 9-20, “Performance-Related Specifications for Hot-Mix Asphalt Con-
struction,” as a cooperative effort with FHWA.

This final report is organized as four separate parts in one volume. Part I is a
detailed overview of the planning, construction, operation, and data collection of the
WesTrack experiment. Part II describes the development, components, and features of
the HMA PRS and the HMA Spec software. Part III is a description of the WesTrack
Database, a Microsoft® Windows-based relational database that, for easy access and
use, contains the key pavement performance results of the experiment, including pave-
ment distress data, materials properties, and weather and seasonal data. Finally, Part IV
presents key observations and lessons learned by the WesTrack team during all phases
of the WesTrack project; these will be of value to the engineering community in gen-
eral, but more specifically to those involved in future, full-scale accelerated pavement
testing operations, the development of models for pavement thickness design or HMA
design purposes, or both.

Much of this final report is derived from 44 comprehensive technical reports pre-
pared by the NATC, Nichols Consulting Engineers, Oregon State University, the Univer-
sity of California, Berkeley, and the University of Nevada, Reno. A companion CD-ROM
(FHWA-RD-02-094 / CRP-CD-9) will contain the full text of these technical reports,
the final report itself in portable document file (.pdf) format, and the WesTrack Data-
base. The HMA Spec software is not available for public distribution; further develop-
ment and validation is underway in NCHRP Project 9-22, “Beta Testing and Valida-
tion of HMA PRS.”
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CHAPTER 1

INTRODUCTION AND BACKGROUND

1.1 INTRODUCTION

WesTrack is a multimillion dollar accelerated pavement test
facility located in the State of Nevada approximately 100 km
(60 mi) southeast of Reno (Figure 1 [figures and tables are pro-
vided separately at the end of each chapter]). The pavement
test facility was designed, constructed, and operated by a team
of private companies and universities (the WesTrack team)
under contract to the U.S. Department of Transportation’s
Federal Highway Administration (FHWA) and the National
Cooperative Highway Research Program (NCHRP). The proj-
ect was awarded to the WesTrack team by the FHWA in Sep-
tember 1994. The test track, which includes 26 hot-mix asphalt
(HMA) test sections, was designed and constructed between
October 1994 and October 1995. Traffic was initiated in March
1996 and was completed in February 1999. Five million equiv-
alent single-axle loads (ESALs) were placed on the track dur-
ing the trafficking period. 

The initial sponsorship by the FHWA provided for the
design of the track, construction of the track, design of the
driverless vehicles, trafficking, performance measurements,
sampling and testing of materials, preliminary analysis of
materials data, and development of the WesTrack database.
The NCHRP provided funding for continued analysis of
materials data, development of performance models, devel-
opment of the performance-related specification (PRS),
and reporting. 

1.1.1 Background

HMA is used extensively throughout the United States and
the world as a cost-effective pavement surfacing material for
highways, streets, air fields, and parking lots. More than 500
million Mg (550 million tons) of HMA are placed annually
in the United States at a cost of nearly 18 billion dollars. Small
improvements in the life of HMA can result in large economic
savings to those public agencies and private groups that are
responsible for funding, constructing, rehabilitating, and main-
taining pavements. 

A Strategic Transportation Research Study (STRS) con-
ducted in the early and mid 1980s recognized the potential
savings associated with life extension of HMA pavements
and defined a research program to develop an asphalt mix-

ture analysis system. The resulting 5-year research effort was
conducted as part of the Strategic Highway Research Program
(SHRP) and was completed in 1992. The asphalt portion of the
SHRP provided an asphalt binder specification and an HMA
mixture design method based on the use of the gyratory com-
pactor and performance test for rutting, fatigue, low tempera-
ture or thermal cracking, aging, and water sensitivity. Because
of the relatively short duration of the SHRP research program,
only a limited amount of field performance information was
used to calibrate and correlate the newly developed tests and
acceptance criteria for the asphalt binders and the HMA mix-
ture design method. 

Prior to SHRP, the technology used to design and construct
HMA materials was based largely on research conducted in
the 1930s and 1940s associated with the Marshall and Hveem
mixture design methods. Increased truck traffic volumes and
truck tire pressures and perhaps changes in materials (aggre-
gates and asphalt binders) created an increased number of
projects with premature distress of the HMA starting in the
late 1970s and continuing into the 1980s. Many public agen-
cies changed their specifications to reduce the premature
pavement distress that was occurring during this period. Some
of the specification changes resulted in more widespread use
of modified asphalt binders, crushed aggregates, “cleaner”
aggregates, volumetric mixture design principles, in-place
air void requirements, and quality control/quality assurance
(QC/QA) types of specifications. Many of these changes have
resulted in better performing pavements. 

The combination of changes in specification and construc-
tion practices by the public agencies and the implementation
of the SHRP research findings in the 1990s have produced
higher quality HMA pavements. In the early 1990s, how-
ever, additional gaps in information resulted in several major
research projects associated with HMA. Three of the more
visible research efforts initiated in the mid 1990s include proj-
ects to (1) improve the structural design practice of HMA
pavements, (2) develop improved performance tests for HMA,
and (3) define relationships among material properties and
pavement performance with the use of accelerated pavement
testing on a full-scale test track.

This report, NCHRP Report 455, “Recommended Perfor-
mance-Related Specification for Hot-Mix Asphalt Construc-
tion: Results of the WesTrack Project,” is the final report for
the last of these three projects. 



1.1.2 Performance-Related Specifications

PRS research has been ongoing in the United States under
the primary sponsorship of the FHWA and NCHRP. Reports
on the second phase of the PRS development for HMA by
Shook et al. (1) and the second phase of PRS development for
portland cement concrete (PCC) pavements by Darter et al.
(2) provide a chronology of the research that has been accom-
plished over the years in PRS system development. 

A PRS system for pavements is a method or model that
allows pavement engineers to prepare practical specifications
for pavement construction that focus on the actual material
properties and construction practices that have the most effect
on the long-term performance of the pavement. By consider-
ing the multitude of costs associated with the design, con-
struction, and future performance of a pavement, the system
provides not only a means for identifying or specifying a cost-
effective “target” pavement to build initially, but also a means
for equitably rewarding or penalizing the contractor for the
“as-constructed” pavement delivered. Under such a system,
the contractor on a given job could be penalized for not meet-
ing the specification for subbase compaction and be rewarded
for exceeding the target specification for initial pavement
surface smoothness. Assuming that the predicted long-term
performance of the pavement is dependent more on its initial
smoothness than on the compacted density of a subbase
material, the net effect would be reward for the contractor
and some assurance for the client (road agency) that its funds
were well spent. 

This project is one of several that will be necessary to
develop a comprehensive PRS for HMA pavements. The long-
term developmental effort must involve three key points:

• The PRS developed for asphalt binder and HMA mix-
tures in the SHRP was the result of a highly focused, rel-
atively short-term research program. Because of the time
and financial limitations of the SHRP study, performance
relationships among material property measurements
and pavement performance are considered incomplete
by a segment of the pavement engineering community.
In addition, the focus of the research was not directed
toward defining the cost consequences of noncompliant
materials, but to developing test methods and acceptance
criteria that were related to pavement performance. 

• Although the properties and characteristics of the asphalt
binder, aggregate, and HMA mixture are key factors in
the PRS system, they are not the only factors. A PRS
system is designed to consider variables that affect the
performance of an asphalt pavement, including the
properties of the other layers. 

• A PRS is a true “system” as defined by “systems method-
ology.” Consequently, the various components that con-
stitute the system should be upgradeable or replaceable.
Thus, improved methods developed under ongoing or
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future research efforts can ultimately be incorporated
into the PRS. 

1.1.3 WesTrack Project

Research conducted by Shook et al. (1) under the second
phase of PRS systems development of HMA focused on
(1) identifying the most significant materials and construc-
tion factors that affect asphalt pavement performance and
(2) developing secondary prediction relationships among these
factors and other factors or variables found in the available
primary performance prediction relationship. The findings of
this Phase 2 effort were based, in large part, on the results of
a laboratory study of HMA mixtures. Although there was
some overlap with the work conducted as part of the SHRP
asphalt research program in terms of the materials being
tested, the laboratory tests used in the Phase 2 study were
state-of-the-practice tests, not the new SHRP developed tests. 

The Phase 2 PRS system development effort for HMA
provided recommendations for a full-scale accelerated field
test to investigate the actual pavement performance impacts
of contractor nonconformance to an HMA specification. In
addition, the research provided some guidance on how the
results from the SHRP asphalt program could be adapted
within the PRS system framework. 

The Phase 2 study finding, together with the long-term
research goals of the FHWA relative to PRS, formed the
basis for soliciting a research project titled “Accelerated
Field Test of Performance-Related Specifications for Hot-
Mix Asphalt Construction.” The project was awarded at the
end of September 1994 to a group of private companies, aca-
demic institutions, and a construction company that are col-
lectively referred to as the WesTrack team. The project has
commonly been called the “WesTrack” project. 

1.1.4 Objectives

The objectives of the WesTrack project are as follows:

• Continue the development of PRS for HMA pavements
by evaluating the effect of variations in materials and
construction quality (asphalt binder content, aggregate
gradation, in-place air void content, and so forth) on
pavement performance as evaluated by a full-scale accel-
erated field test track. 

• Provide early field verification of the SHRP Superpave®
volumetric mixture design procedure. 

The primary product of this research effort is a PRS for
HMA based on performance models derived from the accel-
erated pavement testing performed at the WesTrack facility.
Valuable field verification information for Superpave mix-
tures was also obtained and has resulted in changes in some



of the original Superpave specifications and methods for
HMA mixture design.

This research effort considers two primary types of HMA
pavement distress: (1) permanent deformation or rutting
and (2) fatigue cracking. Thickness design and HMA mix-
ture design considerations concentrated on developing a
facility and mixture that would rut and fatigue crack during
the experiment. 

1.2 WESTRACK TEAM

1.2.1 Organization

The WesTrack team consists of seven organizations, each
with specific roles in the project as defined in Table 1 and Fig-
ure 2. Nevada Automotive Test Center (NATC) was the prime
contractor and was responsible for project management, dri-
verless vehicle development, and trafficking, as well as the
collection of some performance information. The test track
facility is located on NATC property. 

Nichols Consulting Engineers, Chtd., (NCE) was the
prime subcontractor and was responsible for project man-
agement, construction management of the subgrade and
base course placement, sampling, performance monitoring,
WesTrack database, and PRS. 

The University of Nevada at Reno (UNR); University of
California at Berkeley (UCB); Oregon State University
(OSU); and Harding Lawson and Associates (HLA) were
subcontractors to NCE. The UNR was responsible for proj-
ect management, construction management of the HMA,
construction materials sampling, some of the QA testing and
conventional asphalt binder and HMA testing. UCB was
responsible for advanced HMA testing for rutting and fatigue
cracking as well as performance modeling. OSU was respon-
sible for advanced HMA testing for thermal cracking and
water sensitivity as well as performance modeling. 

HLA assumed responsibility for geometric design of the
track, preparation of the plans and specifications, construc-
tion inspection, and some of the QC/QA testing. 

Granite Construction Company was a subcontractor to
NATC and was responsible for construction, rehabilitation,
and maintenance of the track. Granite Construction was a
member of the WesTrack team and was involved in deci-
sionmaking throughout the project. 

The FHWA and the NCHRP were considered team mem-
bers and participated in the decisionmaking and were actively
involved in the HMA mixture design as well as QC testing
and performance testing. 

Five members of the WesTrack team are located within
100 km (60 mi) of Reno, Nevada. The UCB is 350 km (220
mi) from Reno and OSU is 650 km (400 mi) from Reno.
Figure 1 shows the location of each team member in north-
ern Nevada. 
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1.2.2 Personnel

Colin Ashmore of NATC was the project manager. Sirous
Alavi, Steve Seeds, and Jon Epps were the co-principal
investigators. Principal personnel from each of the WesTrack
team members, including the FHWA and the NCHRP are
shown in Table 1. Colin Ashmore at NATC; Sirous Alavi,
Weston Ott, Joseph Mactutis, Steve Seeds, and Todd Scholz
at NCE; Jon Epps, Adam Hand, and Peter Sebaaly at UNR;
Carl Monismith at UCB; Rita Leahy at OSU; Stuart Dykins
at HLA; Mike Robinson and Kevin Robertson at Granite Con-
struction; Terry Mitchell, Chris Williams, John D’Angelo, and
Ray Bonaquist at FHWA; and Edward Harrigan at NCHRP
were the principal personnel on the project.

During construction of the project, the WesTrack team
was significantly expanded. For example, the workforce and
the organizational structure involved in the placement of the
HMA is shown on Figure 3. Personnel from NATC, NCE,
UNR, HLA, FHWA, and Granite Construction were involved.
BRE Engineering also contributed to the effort as part of
NCHRP Project 9-7 with funding from the WesTrack proj-
ect. Several FHWA employees were temporarily assigned to
the WesTrack team during the construction of the hot-mix.
These individuals were responsible for sampling, hot-mix
plant monitoring, and laydown and compaction monitoring. 

A large group of engineers, technicians, and crafts-persons
were involved in the design, construction, sampling, testing,
performance monitoring, analysis, and report preparation
effort for each of the team members. Table 2 lists more than
75 individuals involved in the WesTrack project. 

1.2.3 Advisory Groups

Three advisory groups and an investigative team have been
active with the WesTrack project as shown in Figure 4. As
stated previously, the FHWA was the original and major finan-
cial sponsor of the project. An FHWA technical panel was
formed to provide input from industry and state highway agen-
cies as well as the federal government. This technical panel
was active primarily during the formation of the experimental
plan, construction, and early trafficking. The FHWA formed a
“forensic team” to investigate the premature distress experi-
enced on the replacement sections placed in summer 1996. 

The NCHRP provided funding to complete the project. An
NCHRP panel was formed to guide the analysis and report
preparation portion of the project. As noted in Figure 4, the
NCHRP panel and the original FHWA advisory group had
common membership to provide continuity to the project.
Table 3 lists FHWA and NCHRP advisory group meeting
dates and topics. 

The WesTrack team used a small group of consultants to
provide an external review for the project. This group con-
sisted of individuals who were part of the AASHO Road Test
research team in the 1959–1962 period as well as state highway
department personnel familiar with statistical specifications.



The members of the various advisory groups are shown in
Figure 4. 

1.3 REPORT ORGANIZATION

This report is organized into four parts:

• Part I: Project Overview.
• Part II: Performance-Related Specification.
• Part III: WesTrack Database.
• Part IV: Observations and Lessons.
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Each part of this report has been further divided into
chapters and subsections. The overall report format and the
individual chapters and subsections in Part I are shown in
Figure 5. The chapters in this part are as follows:

• Chapter 1: Introduction and Background.
• Chapter 2: Preconstruction Activities.
• Chapter 3: Construction.
• Chapter 4: Operations.
• Chapter 5: Materials Characterization and Performance

Models.
• Chapter 6: Reports and Public Information Activities.
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Figure 1. Location of team members.



10
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University of California,
Berkeley
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Oregon State University
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Figure 2. WesTrack team organizational structure.
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TABLE 1 WesTrack team
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TABLE 2 WesTrack personnel
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TABLE 3 FHWA technical panel and NCHRP panel meetings
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CHAPTER 2

PRECONSTRUCTION ACTIVITIES

2.1 INTRODUCTION

A number of activities were performed by the WesTrack
team prior to the construction of the test track. These pre-
construction activities include the following:

• Literature Review.
• Experiment Design.
• Site Evaluation.
• Geometric Design.
• Driverless Vehicle Development.
• Pavement Instrumentation.
• Geotechnical Investigation.
• Pavement Thickness Design.
• Quality Control/Quality Assurance Test Plan.
• Plans and Specifications.
• Hot-Mix Asphalt Mixture Design.

Each of these activities is briefly described and discussed
below.

2.2 LITERATURE REVIEW

A limited literature review was conducted during the first
year of the project and reported in the Task G Interim Report
(3). Six topic areas were targeted for review: HMA technol-
ogy, HMA pavement construction variability, pavement test
track/road test experiments, PRS, pavement instrumentation,
and driverless vehicle technology. 

2.2.1 Hot-Mix Asphalt Technology

The HMA technology review was directed toward identi-
fying models and techniques that could be used to predict the
performance of an asphalt pavement in terms of fatigue, per-
manent deformation, thermal cracking, roughness, friction,
and raveling. Several fatigue and permanent deformation
prediction models are available in the literature. Most of
these models are based on tensile strain in the bottom of the
HMA layer for fatigue prediction and compressive strain at
the top of the subgrade for prediction of permanent defor-
mation. Only a limited amount of information is available to

predict permanent deformation in pavements that result from
the permanent deformation of the HMA layer. 

Several thermal cracking or cold temperature cracking
models are contained in the literature review. 

Two models in the literature review predict friction values
of pavements. These models are based on data collected in
the northeast and the southeast United States. 

2.2.2 Construction Variability

The literature review conducted to define construction
variability is contained in Chapter 12 of the Task G Interim
Report (3) and in WesTrack Technical Report UNR-29 (4).
Construction variability information is provided for density
and water content of subgrade and fill materials; gradation,
density and water content of subbase and base course mate-
rials; and gradation, asphalt binder content, Marshall proper-
ties, Superpave volumetric properties, temperature, in-place
air voids, thickness, and smoothness of the HMA. Typical
construction variabilities for HMA construction taken from
field data from around the United States and expressed as
standard deviations are shown in Table 4. This variability
information was used to develop the PRS defined in Part II
of this report. 

2.2.3 Test Track and Road Test Experiments

Several facilities have been built around the world to study
the response of pavement structures under simulated or actual
traffic loading. The majority of these facilities were designed
for accelerated loading and for studying the response of the
road structure under controlled conditions (i.e., load, tire pres-
sure, vehicle type, and pavement material properties). The
various test facilities may be classified into three groups:

• Linear test tracks.
• Circular test tracks.
• Test tracks or road test experiments.  

NCHRP Synthesis of Highway Practice 235, “Application
of Full-Scale Accelerated Pavement Testing,”(5) provides
details on these three types of facilities.



The literature review for this project focused on test tracks
and road test experiments because WesTrack was to be
designed as a facility with a fixed pavement structural section,
with nearly identical subgrade and base course conditions and
with traffic of a single load, tire pressure, and vehicle config-
uration. The major experimental variable on WesTrack was
intended to be the HMA mixture. 

Information from eleven test tracks and road tests was
reviewed and summarized. The eleven are identified below:

• AASHO Road Test.
• Pennsylvania State University Test Track.
• Two Mn/Roads.
• San Diego.
• Long-Term Pavement Performance.
• WesTrack.
• Washington State.
• Three U.S. Forest Service test tracks.

Test track and road test geometrics, test section lengths,
and the vehicles types used to load the facilities are summa-
rized in Tables 5, 6, and 7, respectively. 

2.2.4 Performance-Related Specifications

NCHRP Synthesis of Highway Practice 212, “Performance-
Related Specification for Highway Construction and Reha-
bilitation,” (6) and the PRS research conducted on HMA pave-
ments (1,7) and PCC (8) form the background information for
this portion of the literature review. Terminology used for the
PRS work conducted in this project was mostly obtained from
the NCHRP Synthesis authored by Chamberlain (6). A more
detailed literature review on PRS can be found in Part II of this
report and in the Task G Interim Report for this project (3). 

2.2.5 Pavement Instrumentation

Three different categories of pavement instrumentation
were envisioned for the WesTrack project:

• Environmental.
• Subsurface permanent deformation (rutting).
• Pavement strain under axle load.

Early in the project, the SHRP Long-Term Pavement Per-
formance (LTPP) seasonal monitoring instrumentation was
selected for recording environmental information and the liq-
uid level gauge developed by the U.S. Forest Service was
selected to monitor subsurface permanent deformation. The
pavement instrumentation literature review, therefore, focused
on strain gage instrumentation for use in measuring pave-
ment surface layer response to wheel load. 

The in situ measurement of strains in the HMA layer of a
flexible pavement provides information for pavement evalu-
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ation and design. The measured strains can be used to inves-
tigate the effects of material properties, various types of tires,
and tire pressures and load levels on the performance of flex-
ible pavements. 

Considerable progress has been made in recent years toward
the development of accurate and reliable in situ pavement
instrumentation. Strain gages have been used in various pave-
ment field trials in the United States and Europe (9,10,11).
The following four methods have been used by various inves-
tigators to measure the strain in HMA layers in pavements:

• H-gages and strip gages.
• Foil strain gages cemented to or embedded in carrier

blocks prepared in the laboratory.
• Foil strain gages cemented to a core extracted from and

then returned to a pavement.
• Strain coils. 

On the basis of the literature presented in reference 3, the
H-gage was selected for use on WesTrack. It should be noted
neither the scope nor the budget for WesTrack allowed for
the inclusion of a substantial amount of instrumentation on
the test track. 

2.2.6 Driverless Vehicle Technology

The proposal for the project anticipated that the driverless
vehicle technology was to be developed by a subcontractor
to the NATC. During the first year of the project, it became
apparent the subcontractor would not be able to deliver the sys-
tem; NATC then undertook the development of the driverless
vehicle system used at WesTrack. 

The research team investigated the driverless vehicle tech-
nologies developed by Cyplex, a private company, and by
the UCB in detail. On the basis of this literature review and
the internal knowledge base at NATC, a driverless vehicle
system was developed with five major components. The lit-
erature search was focused on these five areas, as follows:

• Wire-in-road for the vehicle guidance.
• Truck-mounted antennas to guide the vehicle.
• Base station for traffic control and programmed startup

and shutdown.
• Steering actuator and control computer in vehicle.
• Data acquisition computer for safety controls and data

logging. 

The design and integration of these systems is discussed in
Section 2.6. 

2.3 EXPERIMENT DESIGN

The scope and the objectives of the WesTrack project lim-
ited the variables to be studied to those associated with the



materials selection, mixture design, and placement of the
HMA. The location of the track, the geometric design of the
track, the thickness design, and the construction operations
all attempted to produce subgrade, fill, base course, and pave-
ment layers as uniform as possible in material properties and
thickness. The objective of the project was to evaluate the
effect of variations in materials and construction quality of
HMA on pavement performance, so all other variables were
to be as uniform as possible. 

Therefore, the experimental design in this context refers to
the design of the partial factorial used for the HMA placed
during the original construction of WesTrack. The experi-
mental design for the replacement sections will be discussed
in Section 2.3.11. Seven experimental factors related to the
HMA surface layer were initially considered in the develop-
ment of the experimental design:

• Asphalt binder type.
• Aggregate type.
• Aggregate shape and surface texture.
• Aggregate gradation.
• Asphalt binder content.
• In-place air void content.
• HMA thickness.

A discussion follows that defines how these seven factors
were considered in the experiment design. 

2.3.1 Asphalt Binder Type

The AASHTO Specification MP1 titled Performance
Graded (PG) asphalt binder specification system was used
to select the asphalt binder(s) to be used on this project. The
Superpave (AASHTO MP1) specification for binders was
selected to satisfy, in part, the second objective of the project
(provide early performance information on the Superpave
volumetric design system). 

The use of several grades of asphalt binders and both neat
and modified binders was considered in the experiment
design. When considering different grades of PG binders, the
concept was to hold the low temperature designation constant
(say −22 or −28) and vary the high temperature grade from
say 70 to 64 and 58. The relative performance of neat asphalt
and modified asphalt binders of the same PG or perhaps dif-
ferent PG grades was also of interest to the WesTrack team. 

Because of the limited size of the project and consider-
ing that asphalt binder type is selected in the mixture design
process and is not a construction variable, a single asphalt
binder was selected. The asphalt binder grade selection
process is described later in this report under mixture design
and more specifically in WesTrack Technical Report UNR-1
(12). The binder selected was a PG 64-22 at the WesTrack
location. This asphalt binder meets the high temperature
requirement at the 98th percentile level for the Superpave
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specification. The asphalt binder meets the low temperature
Superpave requirement at the 50th percentile level. Since the
life of the test track was not expected to exceed 3 years, the use
of a somewhat higher than desired “low temperature grade”
for this climate was considered adequate. In addition, obtain-
ing a nonmodified PG 64-28 from domestic crude sources was
not possible at a reasonable cost for use on this project. The
use of a modified asphalt binder for the WesTrack was not
desirable because the SHRP research program focus was
nonmodified or neat asphalt binders. 

2.3.2 Aggregate Type

The original concepts developed for the HMA to be used
on WesTrack were based on developing mixture designs from
two aggregate sources that had relatively different degrees of
sensitivity (as measured by mixture mechanical properties)
to asphalt binder content, gradation, and in-place air void
content. The sensitivity of the mixtures was to be evaluated
during the mixture design process by use of the Hveem sta-
bilometer and volumetric properties. Historically, sensitive
mixtures or critical mixtures were defined as HMAs whose
stability decreased rapidly with an increase in asphalt binder
content. 

The two aggregates preliminarily selected for use were a
100 percent crushed, quarried aggregate, and a partially
crushed, water deposited aggregate. The 100 percent crushed
aggregate was to be used to produce a coarse-graded Super-
pave mixture that was relatively insensitive (noncritical) to
changes in asphalt binder content and other construction vari-
ables. The partially crushed aggregate was to be used to pro-
duce coarse- and fine-graded Superpave mixtures. The fine-
graded mixture was expected to be sensitive to changes in
asphalt binder content and other construction variables (crit-
ical mixture). 

The 100 percent crushed, quarried aggregate was from the
central California coast, had been used extensively in central
California, and had a good performance history. In addition,
this crushed granite aggregate had been used extensively for
research purposes at several universities in the United States
and on the SHRP project. Unfortunately, a suitable coarse-
or fine-graded Superpave volumetric designed mixture could
not be obtained with the production from this source. Three
laboratories attempted to develop a suitable Superpave mix-
ture design with this aggregate. 

The second aggregate selected was a partially crushed,
water-deposited gravel from near Dayton, Nevada. The aggre-
gate met the coarse aggregate and fine aggregate angularity
requirements of Superpave. This aggregate was selected to
produce a mixture that was relatively sensitive to changes in
asphalt binder content (sensitive mixture or critical mixture).
Suitable Superpave coarse- and fine-graded mixtures were
developed with this aggregate. An additional sharp, natural
sand (from Wadsworth, Nevada) was used to develop the fine-
graded mixture.



Based on the mixture design results, a single aggregate
source was used for the test sections placed during the orig-
inal construction of the test track. Even though only a single
aggregate source was used, the coarse- and fine-graded mix-
tures were respectively expected to satisfy the experiment
targets of a sensitive and nonsensitive mixture. 

2.3.3 Aggregate Shape and Surface Texture

Aggregate shape and surface texture are essentially defined
when a specific aggregate source is selected. Physical proper-
ties of the partially crushed, water deposited aggregate and the
sharp, natural sand are contained in Sections 2.12.4 and 2.12.5.

2.3.4 Aggregate Gradation

As described above, the original hot-mix design concepts
included a coarse-graded 100 percent crushed granite aggre-
gate mixture and a coarse-graded and fine-graded, partially
crushed gravel aggregate mixture. Since the 100 percent
crushed aggregate could not be used because of mixture design
considerations, a third gradation of the partially crushed,
gravel aggregate was developed. This third gradation
consisted of the same fine gradation as previously described
with the addition of 2 percent baghouse fines (minus 0.075-
mm [No. 200] material); this mixture was termed “fine plus.” 

The three gradations used on the project are shown in Fig-
ure 6. The three gradations meet the Superpave gradation
requirements and are identified as the “fine-” graded mixture,
“fine-plus-” graded mixture, and the “coarse-” graded mix-
ture. The fine-graded mixture has a gradation that plots above
the restricted zone and has a relatively large amount of minus
4.75-mm (No. 4) material. The fine plus mixture has a grada-
tion that plots above the restricted zone and has an additional
2 percent minus 0.075-mm (No. 200) material as compared
with the fine-graded mixture. The coarse-graded mixture has
a gradation that plots below the restricted zone and has a rel-
atively large amount of material retained on the 4.75-mm
(No. 4) sieve. Additional details for the mixture designs of
these mixtures are contained in Sections 2.12.6 and 2.12.7.

Selection of the fine and coarse gradations allowed for a
comparison to be made between the performance of the two
extremes of the Superpave gradation band. Selection of the
fine plus gradation allowed for the comparison of the effects
of additional minus 0.075-mm (No. 200) material (fines
control systems including baghouse return systems) on
pavement performance.

2.3.5 Asphalt Binder Content

Optimum asphalt binder contents were determined by use
of the Superpave volumetric mixture design process for the
fine- and coarse-graded mixtures. The “target” asphalt binder
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content for the fine plus gradation was set at the target value
for the fine gradation. The asphalt binder content was varied
±0.7 percent from this optimum asphalt binder content for
each of the gradations selected for evaluation. The target
asphalt binder content was designated as the “optimum” or
medium level, while the asphalt binder contents 0.7 percent
below and 0.7 percent above the target values were designated
as “low” or “high.” 

The range of ± 0.7 percent was selected based on statisti-
cal as well as practical considerations. Typical variability for
asphalt binder content expressed as standard deviation is 0.3
percent. In order to be reasonably sure that the asphalt con-
tents were statistically and practically different among the
three levels (low, medium, and high), a separation of 0.7 per-
cent was considered appropriate. In addition, the range of
asphalt binder contents was likely to ensure that differences
in rutting and fatigue performance would be obtained in the
mixtures. 

2.3.6 In-Place Air Void Content

Like asphalt binder content, in-place air void content has
a nonlinear effect on HMA performance. In addition, few
performance prediction models are available that directly
relate asphalt binder content and in-place air void content to
rutting and fatigue performance of in-service pavements.
Consequently, air void content was assigned a high priority
for this experiment. 

Three levels of in-place air voids were selected; low,
medium, and high. The medium level was selected at 8 per-
cent to represent a typical in-place air void content in pave-
ments in the United States. A low value of 4 percent and a
high value of 12 percent were selected to represent expected
extremes in in-place air voids as currently experienced in
HMA construction. The separation of 4 percent air voids from
the target value of 8 percent was considered sufficient (pro-
vided these values were obtained) to ensure that statistical
differences will exist between the low and medium value sec-
tions and the medium and high value sections. Typical stan-
dard deviations of in-place air voids are of the order of 1.5
percent. 

2.3.7 Hot-Mix Asphalt Thickness

HMA layer thickness is a controllable construction factor
that has a major impact on pavement performance. Several
prediction models exist that relate HMA thickness to fatigue
performance. Consequently, thickness was not to be included
as a factor in this experiment.

A single thickness of HMA was selected. The structural
section of the pavement was designed to provide fatigue
failure for a typical hot-mix at about 3.3 million ESALs.
This would theoretically ensure probable fatigue failures
within the application of the 10 million ESALs planned for
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the project. Structural design considerations will be addressed
in Section 2.9. 

2.3.8 Factorial Design

Based on the selection process described, a full factorial of
the combinations would suggest 27 pavement sections as fol-
lows (1 × 1 × 1 × 3 × 3 × 3 × 1):

• Asphalt binder type, one level.
• Aggregate type, one level.
• Aggregate shape and surface texture, one level.
• Aggregate gradation, three levels.
• Asphalt binder content, three levels.
• In-place air void content, three levels.
• HMA thickness, one level.

This experimental design does not include replicates. 
Cost considerations, including track geometrics and traf-

ficking costs, limited the number of available sections to 26.
To reduce the 27 sections needed for the full factorial and to
provide for replicate sections, two revisions in the experi-
mental plan were considered. Typical construction operation
would usually not result in pavements with the following:

• Low asphalt binder contents and low in-place air void
contents.

• High asphalt binder contents and high in-place air void
contents.

With these practical considerations included in the devel-
opment of the experimental plan, 6 of the 27 experimental
sections in the full factorial plan were eliminated. 

Based on input from the project statistician, a minimum of
five replicate sections should be considered for inclusion in
the experimental plan. The replicate sections were selected
such that each mixture contained a replicate section at the
optimum asphalt binder content and the medium in-place air
void content (8 percent). Two additional replicate sections
were included in the fine and fine plus sections. The selected
experimental plan is shown in Table 8. 

By definition, two test sections are replicates if both have
been constructed and tested at the same nominal levels of
all design factors. Thus, performance differences between
two replicate sections can be attributed solely to the effects
of uncontrolled variables. Therefore, replicate sections were
included in the experiment plan to provide an indication of
section variability and to provide some statistical basis for
establishing whether the difference in performance between
two experimental sections is significant. The replicate sec-
tions for this experiment are the optimum asphalt binder
content/medium air void content level cells for each of the
three gradations, the low asphalt binder content/high air void
content level cell for the fine-graded mixture and the high

asphalt binder content/low air void content level cell for the
fine plus gradation (Table 8). 

2.3.9 Randomization

Despite efforts to provide controls over all one-level fac-
tors, there are perhaps hundreds of uncontrolled variables
that operate over the time-space environment of any pave-
ment test study. Some of these variables are associated with
construction materials and procedures, while others reflect
vagaries of the test vehicles and traffic period. Some uncon-
trolled variations may occur randomly over time and space,
while others may be systematic over the course of time (e.g.,
climatic conditions), and still others may be systematic over
the test track site (e.g., subsurface moisture, support condi-
tions and traffic wander).

Randomization of test section construction and testing pro-
vides a means for separating design factor effects from the
effects of systematic uncontrolled variation. If, for example,
the mixing and paving order of hot mixes containing differ-
ent gradations correspond to a systematic increase in ambient
temperature during construction, the performance effect of
gradation could perhaps be correlated (confounded) with the
performance effects of ambient air temperature during con-
struction. A second possible example of confounded effects
could be associated with some uncontrolled variable that pro-
duces systematically better performance on one test tangent
than on another. For example, all test sections placed on one
tangent meet the target construction requirements, while the
test sections on the second section do not meet the target con-
struction requirements or, as a second example, the pavement
support conditions on one tangent are different than on the
second tangent. Thus, when comparing results of test sections
from one tangent to the other, construction variability and
pavement support conditions dominate the performance rather
than the desired material and construction variability domi-
nating it.

For this project, randomization was used to minimize the
effects of site location, material variation, and construction
variability. Ideally, this randomization would be accomplished
by developing a list of all possible combination sequences of
numbers 1 through 26 (for each test section) and randomly
selecting one combination that would represent the sequence
of mixing and placement of the test sections. Unfortunately,
there are some practical construction considerations that dic-
tate a more “controlled” randomization process. Thus, the fol-
lowing randomization restrictions were considered:

1. All mixes (for a given pavement layer) using a specific
gradation (fine, fine plus, and coarse) should be mixed
and placed prior to the use of a second specific gradation.

2. Replicate sections should have at least one intervening
section whose asphalt binder content is different from
that of the replicate section.



3. For each gradation, the first four mixes should be paved
as a block of successive sections in one tangent, while
the remaining mixes for the same gradation should be
paved as another block of successive sections on the
opposite tangent.

4. The two blocks of test sections for a given gradation
should occupy different east-west locations in the respec-
tive tangents.

5. Paving should be in the direction of traffic (counter-
clockwise).

6. The first section of a block of a specific mixture should
represent the optimum asphalt binder content and
medium in-place air voids. 

7. Replicate sections within a given gradation should be
placed in separate blocks.

The first restriction allows for construction to proceed at
a reasonable rate. Each gradation requires different cold feed
settings, aggregates, or both. Changing cold feed settings,
or aggregates, or both in the cold feed is somewhat time-
consuming and the time for the HMA plant to produce a uni-
form mixture after these types of changes is considerable and
results in the loss of substantial quantities of HMA. Based
on these considerations, the paving schedule was set to pro-
duce a given mixture gradation on a single day. For example,
the fine-graded mixture (all nine sections) was placed on day
1, the fine-plus-graded mixture (all nine sections) was placed
on day 2, and the coarse-graded mixture (all eight sections)
was placed on day 3. 

The second and third restrictions forced the HMA plant to
change asphalt binder contents between replicate sections
and to place the replicate sections in different paving blocks
and, hence different tangents. The replicate sections were
produced from HMA obtained from two distinct plant set-
tings instead of the two replicate pavement sections being
produced from a single plant production setting. All other
test sections placed at the test facility required either a
change in HMA plant setting, or changes in roller patterns (to
achieve the desired in-place air void contents), or both between
each of the sections.

The third restriction was also based on practical construc-
tion considerations and the desire to place approximately one-
half of the test sections for a given gradation on each of the
two tangents. To provide for better uniformity and to reduce
the time of construction, four or five test sections (blocks)
were placed with a given aggregate gradation successively
before changing locations from one tangent to the other.

Restriction four provided assurance that the paving blocks
for the three gradations were randomly located along the tan-
gents. The fifth restriction restricted the paving direction to the
direction of traffic. Typically, paving proceeds in the direction
of travel on conventional construction operations. Traffic was
placed on the track in a counter-clockwise direction. 
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2.3.10 Construction Sequence

Table 9 shows the placement sequence and mixture desig-
nation for the 26 test sections at WesTrack. The construction
block assignment is shown together with the aggregate gra-
dation, asphalt binder content, in-place air void content, mix-
ture placement sequence, and section number. 

2.3.11 Replacement Section Experimental
Design

The experimental design for the replacement sections was
identical to a portion of the original construction sections and
is shown in Table 10. The details of the replacement section
materials and construction are discussed in Sections 2.12 and
3.2, respectively. The replacement sections were coarse-graded
mixtures and duplicated (on a relative basis) the asphalt binder
content and in-place air void content of the coarse-graded mix-
tures placed during the original construction. The section num-
bers used to describe the coarse-graded mixtures assumed that
section 1 of the originally constructed track would become
section 31 of the replacement section track. Thus, section 5 (an
original construction coarse-graded mixture) became section
35 of the replacement sections.

2.4 SITE EVALUATION

Three issues were addressed during the site evaluation
portion of this study:

• Effects of prevailing climate on the performance of the
pavement sections.

• Impact of the test track on the environment.
• Potential for flooding.

Specific information on the evaluation of the soil support
at the site is covered in Section 2.8. 

2.4.1 Climate

The AASHO Road Test conducted between 1959 and
1962 was the most comprehensive closed-loop, traffic con-
trolled road test experiment. The AASHO Road Test was tar-
geted at evaluating the performance of pavement sections
built with different materials and at different thicknesses.
Unfortunately, one of the problems associated with analyzing
data from the AASHO Road Test was the impact that seasonal
changes in subgrade soil strength had on the deterioration of
the pavement sections. For the HMA pavement sections, most
of the pavement sections “failed” during one of the two spring-
thaw periods. This behavior made analysis of the data from
a traffic loading effects standpoint much more complicated
and the findings uncertain. 



The climate at the WesTrack test site is relatively mild and
is suitable for conducting year-round trafficking. The test site
has an annual precipitation of less than 100 mm (4 in.) per
year and no annual subgrade soil freeze-thaw conditions are
expected. The yearly average daytime temperature is 21°C
(69°F) and humidity is typically below 20 to 30 percent.
Extreme daytime high temperatures of 40°C (104°F) and low
temperatures of −20°C (−4°F) could reasonably be expected
during the conduct of the WesTrack project. 

The dry, hot summer months at the test site ensured nearly
ideal construction conditions for the test track. Moisture con-
ditions for the subgrade, engineering fill, and base course
compaction were relatively easy to control in this climate.
The most difficult problem was the relatively rapid drying
during the hot, somewhat windy afternoons during the sum-
mer. The hot daytime temperatures at the test site during the
summer provided ample time for compaction of the HMA. 

2.4.2 Environmental Impact

The NATC, the site of the test track, was established in
1957 in Carson City, Nevada. In 1969, a proving ground site
was established 45 km (28 mi) east of Carson City. NATC is
one of the largest independent proving grounds in the world.
NATC has 1,400 hectares (3,500 acres) deeded proving
ground along 12 km (7.5 mi) of the Carson River. The main
proving ground area is intersected by the Carson River and
Nevada State Route 2B (Fort Churchill Road). In addition,
NATC has 392,000 leased hectares (967,000 acres). 

The application for the construction and environmental
permits to construct the WesTrack project was largely han-
dled by NATC. The information presented to the governing
jurisdiction, Lyon County, included the following summary
of the plans for the track and environmental impact issues:

• The site has little vegetation other than varied sage-
brush. The proposed test track location qualifies as a
“categorical exclusion” as defined by 40 CFR 1508.4;
Department of Transportation guidelines as outlined 
in 23 CFR 771.117 were used for that determination.
Specifically, locating the test track on this site will not
induce an impact to planned growth or land use for the
area; require the relocation of people; have an impact
on any natural, cultural, recreational, historic or other
resource; involve significant air, noise, or water quality
impacts; have an impact on travel patterns; or otherwise
have any significant environmental impact. No “unusual
environmental circumstances,” such as a significant envi-
ronmental impact, a substantial controversy on environ-
mental grounds, significant impact on historical proper-
ties, or any inconsistency with federal, state or local law,
requirement, or administrative determination relating to
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the environmental aspects of the proposed test track
exists.

• A chain link fence installed around the test track will keep
out wildlife and trespassers. Also, the available large land
mass is an added safety factor to ensure the overall safety
of the program. NATC’s location guarantees that security
and safety will not be compromised and that vehicles
can be run 24 hours per day, 365 days per year. Because
of the Department of Defense work NATC performs,
a security procedure is already in place that further limits
access to the site 24 hours per day.

Overall, considering the existing use of the site as a prov-
ing ground, construction of the track did not pose any addi-
tional environmental impact. Furthermore, the site is located
in a remote, sparsely populated area, so the track’s operation
would not affect neighbors.

2.4.3 Flood Potential and Risk

A portion of the test track lies within zone A of the Carson
River floodplain as shown on the Federal Emergency Man-
agement Agency (FEMA) Flood Insurance Rate Map (FIRM)
Panel 320029 0155C, dated September 30, 1992. This zone
on the FIRM panel shows an approximate 100-year flood-
plain for this portion of the Carson River; however, the water
surface elevations have not been established and a regulatory
floodway has not been defined. The regulatory floodway
would define the maximum amount of encroachment that can
take place in the floodplain and define the portion of the
floodplain that must be left open for the conveyance of the
100-year flow.

The test track lies in and falls under the jurisdiction of Lyon
County, Nevada. The County Public Works Department did
not require an engineering analysis to examine the impacts
of the project on the floodplain and surrounding properties. 

The test track was sited as far to the north and west of the
river as possible. The nearest the track centerline lies to the
river is 85 m (280 ft). The track elevation is approximately
0.6 m (2 ft) above the original groundline. Review of the peak
annual discharges for the Carson River near Fort Churchill,
Nevada, (which is a short distance downstream from the proj-
ect site) indicates that a flow of 430 m3/s (15,300 ft3/s) was
recorded in 1963 and a flow of 470 m3/s (16,600 ft3/s) in 1986.
Those two discharges are the largest of record dating back to
1911. The regulatory peak 100-year discharge for the Carson
River at Dayton (approximately 26 km (16 mi) upstream from
the project site) is 1,020 m3/s (36,000 ft3/s). The 50-year and
10-year regulatory peak discharges are 665 m3/s (23,500 ft3/s)
and 215 m3/s (7,600 ft3/s), respectively. Table 11 summarizes
the peak discharges at the Fort Churchill gauge.

Detailed information was not available, and more specifics
were required regarding the extent of the floodplain, accuracy



of the floodplain currently mapped, depth of flow, velocities,
and recommendations on the type of protection needed to
protect the track from inundation. Based on current informa-
tion, some potential did exist for flooding of the track. Dis-
cussions with Mr. Henry C. Hodges, Sr., resident of the imme-
diate area since 1969, indicated that the high flow of 1986
would have inundated a portion of the track’s original ground,
but the track ground would not have been in the river’s “regu-
latory floodway” (i.e., fast moving water). The 1986 flow was
somewhat exaggerated because NATC had a suspension
bridge across the river just upstream of the test track area that
collected a large amount of debris before it failed under the
pressure of the flood waters.

Figure 7 provides a summary of historic peak discharges
with their approximate recurrence interval and a discharge
frequency curve. Based on a review of the flow records for
the Carson River near Fort Churchill, a summary was pre-
pared to compare the highest recorded peak discharges with
the discharge frequency curve published by FEMA. The his-
toric flow records were obtained from U.S. Geologic Survey
(USGS) records for the USGS gauge near Fort Churchill, just
downstream of the project site. The discharge frequency curve
was developed by FEMA for the Lyon County Flood Insur-
ance Study. FEMA discharges are the regulatory discharges
which must be used by Lyon County for floodplain manage-
ment purposes until revised by FEMA on the basis of better
technical information.

Although the circumstances surrounding each flood are dif-
ferent, the data indicated there was a 3 in 100 chance that the
peak discharge rates recorded for the 1986 flood would recur.
Given this probability of recurrence, there was a chance that
water would encroach the south side of the test track and traf-
ficking would have to be halted until the subgrade dried out.

Winter 1994–1995 and spring 1995 were wet by northern
Nevada standards and did create some construction delays at
the track during the compaction of the subgrade and place-
ment of the engineering fill. Water levels in the Carson River
did not reach flood stage at the site; however, a low level berm
was placed between the river and the test track site. Water did
not overflow the berm during that period.

A record flood occurred during winter 1995–1996 along
the Carson River. This flood was in excess of a 100-year
flood. During the flood, slow moving water encroached upon
the track site and flowed from the outside to the inside of the
track and from the inside to the outside of the track. Although
a portion of the pavement shoulder along the southeast corner
washed away during the flood, none of the HMA pavement or
supporting layers themselves were damaged. The traffic was
removed from the track during this period and for a period
after the flood. Falling weight deflections were used to deter-
mine when traffic could be resumed on the track. 

The winter 1995–1996 flood was typical of the major floods
in the Sierra Nevada mountain watershed when early winter,
heavy snows at both low and high elevations were followed
by 6 to 12 days of relatively steady warm rains; the snow
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pack melts significantly. The results have been major floods
in this watershed in the 1930s, 1950s, 1960s, 1980s, and now
the 1990s. 

2.5 GEOMETRIC DESIGN 

This section of the report relates the considerations associ-
ated with the geometric design of WesTrack. The geometric
design refers to the three-dimensional features of the track.
These features include the cross section (lanes, shoulders,
roadside slopes, and clear area) intersections (off and on ramps
for the vehicle maintenance area) and the horizontal and ver-
tical alignment of the test track. 

2.5.1 Design Assumptions

A number of basic design controls and criteria governed the
manner in which the test track was designed. Design speed
was established as 64 km/h (40 mi/h) for the test vehicles. The
selection of this speed was a compromise among the desire to
operate traffic as near as possible to highway speed, the sen-
sitivity of the vehicle control systems, construction cost, and
traffic operating costs. Operation of the trucks at higher
speeds would require larger radius turnarounds (assuming a
superelevation of 18 percent, which was considered the max-
imum for conventional construction equipment use) at the
end of the test sections tangents. The larger radius curves
would increase the overall length of the track and thereby
increase the construction and vehicle operating costs. Higher
operating speeds for the loading vehicles would require more
sensitive (quicker responding) vehicle control systems and
would likely increase the costs for the driverless vehicles.

Spiral curves were used to allow for a smooth transition
for the driverless vehicles into the curves from the tangent
sections. Spiral curves provide a less abrupt transition from
tangents to circular curves and are widely used for horizon-
tal alignment of rails. This less abrupt transition afforded by
the spiral curves also provided less stringent requirements on
the automatic vehicle control systems. 

Since the terrain at the site is very flat, the complications
that can result from the integration of vertical alignment and
horizontal alignment was not an issue. The natural ground at
the site has less than 1 m (3.0 ft) fall from south to north
(slightly greater than 0.1 percent) and less than 0.5 m (1.5 ft)
fall from west to east (slightly greater than 0.2 percent). The
design relied on the normal cross-slope for drainage. 

2.5.2 Test Section Lengths

Several factors were considered in identifying an optimum
length for each experimental test section on the WesTrack
project:



1. Vehicle dynamics.
2. Construction uniformity.
3. Performance monitoring.
4. Destructive sampling.
5. Costs.

Based on a preliminary analysis of the first four items,
the desirable length for each section should be about 100 m
(328 ft). However, the high cost associated with construction
and operation of a test track consisting of 26 100-m (328-ft)
sections was considered excessive. Thus, it was necessary for
the design team to determine the technical feasibility of the
use of shorter test sections. 

2.5.2.1 Vehicle Dynamics

As truck loading progresses and the pavement sections
begin to deteriorate, there is a strong possibility that some test
sections will deteriorate faster than others. There is also the
potential for discrete bumps developing at the cold construc-
tion joints at the beginning and end of every section. As the
test sections start to develop different levels of roughness and
as the cold joint bump amplitudes increase, it is likely that
this roughness will excite dynamics within the vehicle. If the
effects of the vehicle dynamics are not properly considered in
the track design, roughness from one section could be carried
to an adjacent section, resulting in “sympathetic failures.” This
phenomenon can be addressed by allowing a transition zone
of significant length between the test sections so that the vehi-
cle dynamics have time to dampen or stabilize before loading
the actual performance monitoring section.

To define the length of transition required to dampen vehi-
cle energetics excited by a cold joint bump or section of high
amplitude roughness, a representative “triple” vehicle combi-
nation was leased and instrumented with accelerometers. The
time (or distance based on 64 km/h (40 mi/hr)) required to
dampen unsprung and sprung mass oscillations was measured.

In summary, with the axles loaded to 89 kN (20 kips), the
suspension effects are significantly attenuated and dampen
quickly. Figure 8 shows the worst case measured event, which
was a 45-mm (13/4-in.) high bump impacted at 64 km/h (40
mi/hr). The time histories from the top of Figure 8 are vehi-
cle speed (mph), bumper or sprung mass vertical acceleration
(g’s), front axle vertical acceleration (leaf spring g’s) and
intermediate axle vertical acceleration (air ride g’s). At 64
km/h (40 mi/hr), it required approximately 0.45 seconds for
the suspension energy to dampen to 95 percent of the maxi-
mum acceleration variation. This translates to 8 m (25 ft) of
vehicle travel. Based on these results, a 25-m (82-ft) transi-
tion zone between test sections was determined to be suffi-
cient for the vehicle dynamics (arising from either a bump at
the cold joint or localized roughness in the “upstream” sec-
tion) to dampen.

In addition to localized roughness and cold joint bumps,
longer wavelength amplitudes (i.e., greater than 15-m [50-ft]
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wavelengths) were potentially present in the track at the time
of construction or as pavement loading progressed. These
longer wavelengths could also affect vehicle sprung mass
oscillations. Because these long wavelength, low frequency
vehicle oscillations could also result in sympathetic failures
in the test sections, these vehicle frequencies were moni-
tored. The vehicle instrumentation, shown in Table 12, was
installed on one tractor to allow correlation of the pavement
performance measurements with vehicle performance data.

These data were recorded initially and at 4-week inter-
vals to correspond to the pavement performance and pave-
ment strain gauge measurements. Approximately ten vehicle
passes at 64 km/h (40 mi/h) per test section were recorded
and processed (i.e., 30 min of data). 

2.5.2.2 Construction Uniformity

A transition length is not only required to address the tech-
nical issue associated with vehicle dynamics, but also neces-
sary so that the contractor can have adequate distance after
a cold start to establish mix uniformity. The Performance-
Related Specification Phase II study (1) recommended 12 m
(40 ft), which was probably based on the 12-m transition
length used at the AASHO Road Test. Unlike the AASHO
Road Test (which had only one HMA design), the WesTrack
Project studied the performance of a number of different mix
combinations, each of which required special attention to lay-
down and compaction procedures. Although a transition length
greater than 30 m (98.4 ft) was desirable to help achieve mix
uniformity, the selection of a 25-m (82-ft) length to account
for vehicle dynamics was judged to be satisfactory for devel-
oping a uniform mix. Three independent construction opera-
tions were planned to achieve better mix uniformity and to
avoid roughness that might be induced at a cold joint.

• A mat reference was used with the paver to provide the
smoothest joint possible between adjacent sections.

• The mix was laid and compacted approximately 3 m (10
ft) beyond the end of a given test section. Most of this
length was then broken and removed prior to placement
of the next test section. Removal was carried out in a
manner that least disturbed the underlying base material.

• After construction, a profilograph was used to measure
the smoothness, and diamond grinding was used to
remove any waves or bumps. 

2.5.2.3 Performance Monitoring

The Performance-Related Specification Phase II study (1)
recommended a length of 46 m (150 ft) for monitoring the
performance of the HMA in each individual section. This
length was based on the general opinion that the 30.5-m (100-
ft) length used for AASHO Road Test sections was not ade-
quate. The 152.5-m (500-ft) length used for Global Positioning



System (GPS) sections in the LTPP program was based pri-
marily on the ride quality requirement to measure roughness
for wavelengths up to 76 m (250 ft). If ride quality were not a
requirement, the LTPP sections might have been shorter to
control longitudinal variability of soil, structure and perfor-
mance within a section. Forty meters (131.2 ft) was selected
for performance monitoring in the WesTrack project because
of cost and the team’s concern over the treatment of longitu-
dinal variability. The 40-m (131.2-ft) length is longer than the
30.5-m (100-ft) length used at the AASHO Road Test; unlike
the SHRP study, accounting for long wavelength roughness
was not considered essential in this study.

2.5.2.4 Destructive Sampling

According to the plan for field sampling and laboratory
testing, numerous core and slab specimens were to be col-
lected during the loading period. These specimens were to be
obtained from both wheelpaths and between the wheelpaths,
but relatively close together. Five meters (16.4 ft) of pavement
length were judged to be satisfactory for destructive sampling.
To keep subsequent distress downstream of the sampling area
from affecting future sampling locations, all sampling com-
menced near the end of the section and progressed upstream.
Quality repairs in the sampled area were performed to reduce
the potential for sympathetic failure in a downstream section.

2.5.2.5 Summary

The test section geometrics are shown in Figure 11. The
transition is 25 m (82 ft), the test area 40 m (132 ft), the
destructive sampling 5 m (16 ft), and the total length 70 m
(230 ft).

2.5.3 Cross Section

The test track construction plan involved the use of the
existing subgrade material, a base course, and a variety of
HMA mixtures. Maximum uniformity of the subgrade soil
and base course in terms of structural load-carrying capacity
and thickness were critical to the success of the project. Con-
sequently, a cross section that provided a high-level, uniform
foundation was a key consideration in the structural and geo-
metric design.

The HMA was constructed with different aggregate, gra-
dations, asphalt binder contents and in-place air voids as part
of the experimental design; however, the thickness of the
HMA remained constant for all sections.

Three separate cross sections were considered for the test
track (Figure 9). The first section (cross section A) was the
one initially proposed and served as the basis for the original
cost estimate. It consisted of two separate travel lanes, one
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that served as the actual experimental test lane and the other
that served as both a trial construction lane and a traffic bypass
lane. These two lanes were separated by a median barrier.
One advantage of this horizontal configuration was that it
permits a “practice” placement of the mix before it is con-
structed on the actual test lane. A second was that its lane
separation permits the track to continue to be trafficked while
one side is closed for repair or testing. The disadvantage of
this section was cost.

The second section (cross section B) considered was the
simplest. It involved the elimination of the trial construction/
bypass lane. The advantage was the major reduction in cost.
The disadvantage was the fact that the contractor could no
longer have a “practice run” at achieving the desired mix
characteristics before placing the final experimental section.
Given that 21 different asphalt mixes were being evaluated,
this was considered a major disadvantage.

The third section (cross section C) also represented a step
down from the original section in that the median and median
barrier between the trial and test lanes were eliminated. The
main impact of this is that the trial lane can no longer be used
as a bypass lane while one side of the track is being sampled,
surveyed, or rehabilitated. Thus, track loading would have to
be discontinued during any of these activities. Because pro-
jected track downtimes related to these activities were mini-
mal (roughly 10 percent of the time) and because unbalanced
loading (loading one side of the track while not loading the
other) is generally undesirable from a performance evalua-
tion standpoint, sacrificing the bypass lane was not consid-
ered critical. The reduction in construction cost, however,
was significant.

After a review on February 2–3, 1995, the consensus of
both the WesTrack team and FHWA technical panel was to
pursue cross section C and realize the cost savings associated
with the overall reduced width while still retaining the trial
construction benefit of the trial lane. The final design and
selection of the various layer thicknesses are presented in
Section 2.9 of this report. 

2.5.4 Turnarounds

The final geometrics were based on analysis of the pave-
ment loading, comments from the FHWA technical panel,
driverless vehicle requirements, and suspension and tire wear
considerations. It was determined that a superelevation rate
(e) of 0.18 and side-friction factor (f) of 0.05 were optimal
for developing the final curve design. These values are based
on suspension dynamics, trailer off-tracking, and irregular
tire treadwear issues. Secondly, the lateral control system for
the driverless trucks has improved control capabilities at low
lateral acceleration.

Based on these considerations and previous limitations,
the curve design was set in accordance with the following
design parameters:



• The spiral curve design placed 50 percent of the super-
elevation runout in the curve. (This compares with 33
percent for a conventional superelevation design.)

• The superelevation rate was set at e = 0.18 because the
track is not in a location where snow and ice conditions
prevail. (Also, asphalt pavers have been used in the past
at this superelevation rate without any need for ballast
or equipment modifications.)

• The design included a vehicle transition length in the
tangent after exiting each curve of 15 m (50 ft) to allow
vehicle speed and dynamics to stabilize.

Although the spiral curve design is slightly more aggres-
sive than AASHTO highway design guidelines, the track is a
dedicated facility and has a dedicated speed; the spiral design
will provide a smooth change from the tangent section to the
circular curve, and vice versa.

2.5.5 Summary

The selected track length is summarized as follows:

tangents 2 tangents × 13 sections × 70 m
(230 ft) per section = 1,820 m
(5,980 ft).

spiral transitions 4 spirals × 46 m (150 ft) per tran-
sition = 184 m (600 ft).

alignment transitions 2 transitions ×15 m (50 ft) per tran-
sition = 30 m (100 ft).

horizontal curves 2 curves × 398.5 m (1,307 ft)
= 797 m (2,614 ft).

The total length of the track is 2,831 m or 2.8 km (9,288 ft
or 1.76 mi). 

The layout and plan view of the test track are shown in
Figure 10. The individual test section dimensions are shown
in Figure 11. 

The profile of the track was set above existing ground with
the inside edge of the shoulder measured at the top of the sub-
grade set near existing ground elevation after the stripping of
vegetation. With a 2 percent cross-slope, the track section
results in an outside edge of pavement (measured at the out-
side edge of the shoulder on top of the subgrade) that ranges
between 0.5 m (1.5 ft) and 1 m (3.0 ft) higher than adjacent
natural ground. Most of the fill for construction of the track
subgrade and engineering fill was borrowed from the inside of
the track. This borrow area provided for a vehicle safety area
(run-off) as well as for drainage collection and conveyance. 

Because of the flat profile of the natural ground, vertical
curves were not needed. The 11-m (36-ft) track cross section
consists of the following elements as described from the out-
side of the track toward the inside of the track and as shown
in Figures 9 (cross section C) and 11:
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• Outside shoulder 1.8 m (6 ft) gravel and 1.2 m (4 ft)
HMA.

• Test lane 3.7 m (12 ft).
• Trial lane 3.7 m (12 ft).
• Inside shoulder 0.6 m gravel (2 ft).

Roadside safety slopes beyond the 11-m (36-ft) cross sec-
tion were provided. Beyond the outside aggregate base shoul-
der, a 6�1 graded slope was used to original ground level. On
the inside of the track, a 6�1 to downslope hinging off the
aggregate base shoulder (for an approximate distance of 
16 m [52.5 ft]) was used to “catch” the existing ground. 
WesTrack Technical Report NCE-2 contains finalized geo-
metric design information including a plan view and pave-
ment cross sections (13).

2.6 DRIVERLESS VEHICLE DEVELOPMENT

2.6.1 Introduction

The pavement loading was accomplished using four triple-
trailer vehicle combinations (Figure 12). Four conventional
tandem axle class 8 tractors were used to pull the trailers.
This configuration provided a total of 10.48 ESALs per
truck/trailers pass (Figure 13).

NATC developed autonomous (driverless) vehicle tech-
nology to allow near-continuous vehicle operation in an
otherwise monotonous driving environment. Four triple-trailer
combinations were designed, developed, and certified to oper-
ate on the track up to 22 hours per day, 7 days per week to
meet the loading goals.

The triple-trailer vehicle combinations were operated an
average of 15 hours per day over the 21/2-year period.

2.6.2 Driverless Vehicle Features

The major features of the driverless vehicles are briefly
discussed below. The block diagram shown in Figure 14
shows the multiple computers and redundant control systems
integrated into the truck-trailer combination for fail-safe oper-
ation and continuous safety monitoring.

To aid in the electronic control of the trucks through the dri-
verless vehicle system, the trucks were equipped with a Detroit
Diesel Series 60, turbo-charged, electronically-controlled
engine. Twin Disc automatic transmissions in each truck
allowed electronic control of the transmission. The trucks
and trailers were equipped with a Haldex Brake Systems’
Anti-Lock Brake System (ABS) and electronic brake valve
for electronic control of the brake system. The trucks were
equipped with 295/75R22.5 Goodyear tires. The cold infla-
tion pressure of the tires was set at 690 kPa (100 lbf/in2).
Each axle of the vehicle train was loaded to 89 kN (20,000
lb), except for the front axle which was 53 kN (12,000 lb).
The test speed around the track was 64 km/h (40 mi/h).



2.6.2.1 Guide-by-Wire System

The driverless vehicle system used a guide-by-wire system
for the lateral and longitudinal control of the trucks. Addition-
ally, every truck control system was designed with a backup in
the event of primary system failure. All track and control room
systems were connected to uninterruptible power supplies in
the event of mainline power loss.

Primary and backup wires, buried under the asphalt, gave a
continuous feedback signal to the steering controller to guide
the trucks. Audio amplifiers powered the two continuous wire
loops installed around the track. Each vehicle was equipped
with guidance antennas mounted to the front bumper to acquire
the guide tones emitted by the redundant wires (Figure 15).
The vehicle antennas were capable of reading either primary
or alternate wire paths. A Proportional Integral Differential
(PID) control loop was used within the control system to
guide the trucks. A robust stepper motor (Figure 16) was con-
nected to the steering gear box to control steering based on
feedback from the antenna and the error signal generated when
the antenna was displaced from the center of the wire.

2.6.2.2 Traffic Control

The four trucks were controlled and monitored from a con-
trol room located beside the test track. Computers within the
control room (Figure 17) initiated the starting and stopping
of the vehicles and regulated vehicle spacing and speed for
traffic control purposes.

The traffic control and longitudinal control used radio fre-
quency (RF) serial modems to communicate with the four
trucks. Each truck had a RF serial modem for sending and 
receiving information packets to the control room. The con-
trol room had four RF serial modems for sending and receiv-
ing information packets from each truck. Each modem was
operated on a separate frequency. As a final judge of the
vehicle spacing, a Differential Global Positioning System
(DGPS) independently monitored the position of the trucks
and provided a fail-safe input to the traffic control computer.

Traffic was managed by referencing very-high-resolution
odometer positions that the trucks reported twice per second
to the control room. The trucks also reported their odometer
positions once per lap when they passed over a radio beacon
located on the track surface. Truck spacing control was main-
tained by adjusting the directed speed of the individual trucks
so that they remained equally spaced around the track. This
control system resided in the first of the two computers; it
was backed up by a second computer, which used the DGPS
data reported by the trucks once per second. The second com-
puter compared the DGPS data with the odometer-generated
positions and used both to continuously verify that the spac-
ing tolerance between trucks was not violated.

In addition to controlling the truck spacing, the traffic
management computer periodically, or on manual request,
commanded the vehicle equipped with strain gauges and
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accelerometers to take high-resolution dynamics data as they
passed strain gauges in the pavement at specific locations
along the track.

This computer also provided a graphical display of the
steering deviation of the trucks relative to the guide wire. For
each truck, the positions of the tractor and the last trailer were
displayed so that the tracking performance of each triple-
trailer combination could be examined as it circled the track.

The safety-monitoring computer verified the truck spacing
from the DGPS data and interfaced with a lock board that
contained safety keys for all of the trucks. The truck control
authority was passed to the control system only when the
safety key was inserted and locked. This provided a hardware
method of removing a truck from automatic operation. When
the truck was in maintenance, the safety key for that truck was
removed from the lock board and the commands could not be
sent to that truck.

In addition to the traffic management and safety com-
puters, vehicle-monitoring computers were located in the
control room. These computers continuously verified that
all truck and control systems were operating properly. The
screens of the vehicle-monitoring computers were displayed
in a “red-yellow-green” format. If a parameter display was
green, it indicated that the system was operating well within
the tolerances set for that system. If a parameter was yellow,
the system was getting close to the upper or lower limit. If
the parameter was red, all trucks were stopped automatically,
and the control room operator received an instant, visual read-
ing of the problem.

2.6.2.3 On-Board Control Computer

Each vehicle had two computers (Figure 18), one for vehi-
cle control and one for vehicle monitoring. The computers
were located in the sleeper of the truck in a shock-mounted
cabinet. The guidance and steering control activated the steer-
ing actuator connected to the steering system. The monitor-
ing computer checked truck health that included more than
160 parameters normally evaluated by a driver.

The control room operator had one computer for each
truck that displayed the status of the truck in an easy-to-read
format and had diagnostics to aid in monitoring and correct-
ing critical control parameters. A vehicle-monitoring com-
puter checked the critical components and provided decisions
to the control computer on the status of the vehicles. If a criti-
cal parameter was out of bounds, the vehicle-monitoring com-
puter transmitted a shutdown signal to the control computer.

2.6.2.4 Speed Control

The control of the throttle, engine, and transmission were
automated by using advanced electronics on the engine and
an automatic transmission electronic control unit (Figure 19).
The brake interface was built upon Haldex Brake Systems’



electronic brake valve and controlling circuitry. Haldex Brake
Systems’ ABS were installed on the truck and all trailers to
allow controlled stopping during normal and emergency
braking.

2.6.2.5 Brake Controls 

The final set of truck controls (for the brakes) performed
three separate functions. The first was for routine stops and
was performed by computer control of a conventional air-
brake system. A proportional valve provided an air pressure
that was proportional to an analog command from the con-
trol system. In addition to the proportional valve, a parallel
solenoid valve conveyed the full-system air pressure to the
brakes in the event of a detected failure. The secondary com-
puter in the truck controlled this solenoid valve. The solenoid
valve was normally open, and it had to be continuously ener-
gized to keep the valve closed and to prevent the brakes from
being applied. In the event of a loss of power to the control sys-
tem, the solenoid valve opened, and the brakes were applied.
This system was also used for several emergency-braking
scenarios.

The second function of the braking interface was to con-
trol the whip of the triple-trailers. Steering adjustments, if
severe and rapid, can be amplified through the length of the
trailers and potentially result in a loss of control. Such adjust-
ments might occur in the event of a steering-tire blowout. To
control whip, the brakes on the last axle of the third trailer
were applied by a solenoid valve located on the third trailer
and were controlled by one of the computers in the truck.

The final function of the brake controls was anti-lock brak-
ing. An ABS was included in the trucks to ensure their sta-
bility under emergency braking conditions. It operated on all
of the truck axles except the steering axles, where the brakes
had been disconnected. The ABS performed well throughout
the trafficking period. The system was tested in many hard-
braking modes, including application of full air pressure to
the service brakes through the backup solenoid valve. This last
test produced a very short stop, but, as in all of the other tests,
the tires did not lock.

2.6.2.6 Lateral and Longitudinal Location

WesTrack implemented a unique pavement measurement
capability not available at any other pavement research facil-
ity. Through the driverless vehicle controls, the lateral and
longitudinal location of the truck was precisely defined at all
locations around the track. This allowed the longitudinal loca-
tion of the trucks to be defined within 50 mm (2 in.) of any
measurement sensor installed in the pavement. This exact
alignment included all the phase delays associated with the
data acquisition computers on the truck and data acquisition
computers for the track.
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2.6.2.7 Vehicle Instrumentation

One of the triple-trailer vehicle combinations was instru-
mented at each axle end with accelerometers and shear strain
gages. This instrumentation allowed for investigation of vehi-
cle dynamics with respect to stationing along the track and
measurement of dynamic loading as each truck axle passed
over the pavement strain gages. The alignment and correla-
tion of pavement strains with dynamic forces on the vehicle
provide a unique investigation and model validation tool for
future research.

2.6.2.8 Truck Health Data

To be sure that the trucks operated safely and without
mechanical or electrical problems, the health of the systems
in each truck was checked and evaluated every 1/2 sec. Data
were acquired from four sources aboard the truck and then
transmitted to the control room. The Detroit Diesel electronic
control (DDEC) from the Series 60 engines provided engine
data and some vehicle data over an SAE J1708 data bus. The
system monitored this bus and extracted data of interest.
Additional pressure, temperature, and voltage sensors were
installed in the vehicle to measure truck parameters, such as
cab temperature and power steering fluid temperature, that
are not monitored by the DDEC III system. One of the trucks
was equipped with a set of accelerometers and strain gauges to
measure the forces on the axles of the truck. These acceler-
ometers and strain gauges had very stringent signal-processing
requirements to maintain precise timing alignment with other
pavement signals.

The data from the four sources were accumulated by the
two computers in each truck, combined with the vehicle con-
trol information, and sent back to the control room over the
spread spectrum RF modem links. The data rate was 9600
baud. In the control room, these data were captured by a data
acquisition computer and were downloaded once a week to
CD-ROMs for permanent storage.

The dual guidance antennas were mounted in a wooden
housing attached to the front bumper of each of the four test
vehicles.

2.7 PAVEMENT INSTRUMENTATION

As discussed previously, the WesTrack installed a limited
amount of pavement instrumentation to monitor climate con-
ditions, pavement temperatures and moisture conditions,
strains on the underside of the HMA, and subsurface perma-
nent deformation. The type of instrumentation installed at
WesTrack is summarized below. More detailed information
on pavement instrumentation is available in reference 3.
Information collected with this instrumentation is discussed in
Section 4.2. 



2.7.1 LTPP Weather Station

An LTPP-type weather station was installed at WesTrack
near the vehicle staging and maintenance area. The equipment
was used extensively in the SHRP LTPP program to monitor
climate at the specific pavement studies (SPS) test sites. The
equipment records the following information: 

• Air temperature.
• Relative humidity.
• Wind speed.
• Wind directions.
• Solar radiation.
• Precipitation (water equivalent).

The equipment was installed by WesTrack staff after
attending installation, operation, and maintenance training
sessions. 

2.7.2 LTPP Seasonal Instrumentation

Instrumentation packages developed by the SHRP LTPP
program for measurement of moisture, temperature, and frost
profiles in pavement sections were placed at two locations at
WesTrack. This equipment is used extensively by LTPP on
their Seasonal Monitoring Program sections. The equipment
was installed at the edge of the test lane for section 12 and sec-
tion 25. The following sensors were placed at each of these
two locations:

• 10 time domain reflectometer (TDR) probes.
• 18 probes to measure pavement surface temperature.
• 35 electrical resistivity probes to measure frost pene-

tration.

Data from the temperature and resistivity probes were con-
tinuously recorded using a data logger in a cabinet at the test
site. Data from the TDR probes were recorded at approxi-
mately 2-week intervals. 

A piezometer/observation well was installed near the SHRP
seasonal instrumentation package on the south tangent to mon-
itor the elevation of the groundwater table. A second HMA
temperature sensor thermocouple tree was installed in section
19. Readings were monitored continuously at 12-mm (0.5-in.)
intervals in the pavement. 

2.7.3 Strain Gages

As a loaded vehicle passed over a pavement section, strains
in the pavement were measured using strain gages. H-gages
Model No. KM-120-120-H2-11-W1M3 were used for the
strain measurements. The following modifications were made
by the UNR staff prior to the installation of the gages at
WesTrack.
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• Metal plates with 0.8-mm (0.03-in.) thickness were
attached to the top and bottom of each strain gage to pro-
tect the strain gage strips from bending stresses.

• The strain gage strips attached to the metal plates were
enclosed in watertight plastic to protect against moisture
damage.

• Anchors were attached to the ends of the strips to allow
the strain gages to be secured to the asphalt concrete
(AC) layer.

• The lead wires on each gage were extended to allow for
field installation and connection to the signal condition-
ing and data acquisition station alongside the track.

The strain gage calibration was done by UNR. The cali-
bration values were incorporated into the data acquisition
software so that the output would be in microstrains.

The field installation process involved the laying down
of the gages, their protection from construction equipment,
and connection of the gage wires to the junction box. UNR
installed 260 strain gages (10 gages per test section (Figures
20 and 21) and 26 junction boxes.

On track sections 1, 2, 3, 4, 14, 15, 16, and 17, the outer
strain gages were placed 150 mm (6 in.) to the right of the
centerline and 450 mm (18 in.) inward from the inside shoul-
der edge.

On track sections 5, 6, 7, 8, 9, 10, 11, 12, 13, 18, 19, 20,
21, 22, 23, 24, 25, and 26, the outer strain gages were placed
450 mm (18 in.) to the right of the centerline and 450 mm (18
in.) inward from the inside shoulder edge.

2.7.4 Data Structure

For each truck/trailer pass, 4,096 data points were collected
per strain gage. This information was filtered through a mov-
ing average and reduced to 251 data points per pass. The
selection of the moving average range is such that “peaks and
valleys” were captured without losing resolution in the data.

Pavement strain gage data were collected once each month
during the months of June through September 1996. Although
the strain gages responded well at the early stage of mea-
surement, all gages may not have responded at all times. This
could be due to truck wander or failure of the gages. Because
of the severe environment and rapid failure of the test track,
some of the gages failed early. The WesTrack database pro-
vides the data collected without excluding responses from
bad gages.

2.7.5 Temperature in Hot-Mix Asphalt

Thermocouple temperature gages were installed in section
19 after construction as shown in Figures 20 and 21.

Temperature data were collected at depths of 12.7 mm (0.5
in.), 38.1 mm (1.5 in.), 88.9 mm (3.5 in.), 114.3 mm (4.5 in.),
and 139.7 mm (5.5 in.) within the HMA layer. The temperature



data was recorded continuously. The WesTrack database con-
tains temperature profile information at various time intervals.

2.7.6 Subsurface Permanent Deformation

A device developed by the U.S. Forest Service was installed
to measure permanent deformation at the interface of the engi-
neered fill and base course and at the interface of the base
course and HMA. The device is referred to by several names
but is commonly called a liquid level gage. 

The liquid level gage measures elevation differences with
respect to a fixed datum, which is a temporary bench mark
located along the side of the pavement. The elevation is mea-
sured with a temperature-compensated differential pressure
transducer which moves through a 25-mm (1.0-in.) outside
diameter reinforced hydraulic hose installed in the pavement.
The pressure transducer is used to calculate vertical elevation
differences based on a column of liquid pressure head. Mea-
surements are recorded using a laptop computer. Two hoses
are installed in each section, one each at the interfaces between
the engineered fill and base course and between the base
course and HMA. Under ideal conditions, the liquid level
gage has an accuracy of 0.5 mm (0.02 in.) with a normal field
use accuracy of approximately 2.5 mm (0.1 in.). 

2.8 GEOTECHNICAL INVESTIGATION

The track site is a flat area of land adjacent to the Carson
River. Most of the area considered for the site of the test track
(approximately 1.8-km [1.1-mi] long and 0.3-km [0.2-mi]
wide) was currently or previously used for agricultural pur-
poses and was currently or previously irrigated. A geotech-
nical investigation and nondestructive test program was under-
taken to characterize the soil conditions at the site to locate
the track within the available area of the most uniform sub-
grade conditions, and to provide some basis for the structural
design of the pavement section. Test pits, borings, and falling
weight deflectometer (FWD) testing were performed at the
site as discussed below. 

2.8.1 Test Pits

In late October 1994, ten test pits were dug in locations
uniformly spaced along both sides of the proposed site of the
track. The test pits were excavated to a depth of 1.5 m (5 ft)
using a backhoe. The soil profile to this depth was logged and
bulk samples were obtained for gradation analysis, Atterberg
Limits, soil classification, in situ moisture determination, and
compaction density. The results of the testing are displayed
in Figure 22. 

Consistent with the depositional process of the Carson
River, the soils at the site consisted of varying proportions and
blends of fine-grained clays, sands, and silts. In situ moisture
contents ranged from 4 to 22 percent with the higher mois-
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ture contents found in the soils nearest the areas previously
irrigated. The optimum moisture content and maximum dry
density (based on AASHTO T 99) were in the range of 16 to
20 percent and 1,600 to 1,746 kg/m3 (100 to 109 lb/ft3),
respectively. 

2.8.2 Boring Logs

Because of concerns over the relatively shallow water
table and the presence of multiple underlying soil layers, an
additional subsurface investigation was performed on Febru-
ary 23, 1995. A drill rig was used and a boring log was pre-
pared (Figure 23). The water table was determined to be
approximately 2.5 m (8 ft) from the surface. The relatively
high water table can be attributed to the high water flow in
the Carson River which resulted from the relatively wet win-
ter of 1994–95 (200 percent of average precipitation) in the
Sierra Nevada mountains. The Sierra Nevada mountains pro-
vide the watershed for the Carson River. 

2.8.3 Falling Weight Deflectometer

FWD tests were performed at relatively close intervals
along the planned alignment of the track. The FWD tests
were conducted at the top of the bladed surface (bladed to
remove vegetation). Deflections and backcalculated modulus
values were used to evaluate uniformity of the subgrade, to
identify potential areas for overexcavation and recompaction
prior to embankment placement, and to estimate the resilient
modulus of the natural soil for pavement design purposes. 

FWD measurements were taken at three different times
prior to the initiation of track construction: October 24, 1994,
February 15, 1995, and April 24, 1995. The reason for the
second and third rounds of FWD data collection were in
response to the slight alignment shifts of the track; the con-
cerns raised by the FHWA technical panel members at their
meeting on February 2–3, 1995; and the potential effects of
any seasonal changes in soil moisture on stiffness of the sub-
grade soil. Details of the location and frequency of testing
can be found in WesTrack Work Activity Report 95-1. 

2.8.3.1 Deflection Data Analysis

Representative deflection data from the February 15, 1995,
FWD testing are shown in Figures 24 and 25. These data sug-
gest that there is a large difference between the deflection at
sensor 1 (beneath the loading plate) and sensor 2 (just out-
side of the loading plate). This relatively large difference is
likely due to the shearing of the soil along the edge of the
loading plate. 

There is a significant difference in the deflections mea-
sured during the three periods. These differences are likely
due to differences in the seasonal moisture content of the soil. 



2.8.3.2 Resilient Modulus Analysis

Various methods for backcalculating the resilient modulus
of the subgrade soil were used for the three sets of FWD data.
Difficulty was experienced with the use of these methods
because of the level of the groundwater table. 

Since the October 1994 FWD data were collected during
a dry period of the year, a backcalculation method provided
in the 1993 AASHTO Guide for Design of Pavement Struc-
tures was used (14). Examination of these results indicates
that there is a difference in deflection among some of the sec-
tions (Figures 26 and 27). This difference can be partially
explained by the fact that the area at the west end of the site
had been previously deep disced and irrigated for agricultural
purposes. This information was used to site the track as far
to the east as possible. The mean and standard deviations of
the backcalculated resilient modulus values for the north,
south, and combined tangents are shown in Table 13. The
reported values are considered to be representative of mod-
uli for the 2.5-m (8-ft) soil layer above the water table. 

The February 1995 data were obtained to define the effect of
moving the track location slightly and to investigate the effect
of soil moisture on deflection and resilient modulus. The pres-
ence of the water table at a depth of about 2.5 m (8 ft) below
the surface and the high soil shear at the edge of the load plate
negated the use of the single layer AASHTO backcalculation
equation to determine resilient modulus from the deflection
data. An interactive backcalculation program (MATCH) (15)
was used on the three deflections furthest from the FWD load
plate to determine resilient modulus. Figures 28 and 29 and
Table 14 contain a summary of these data. These data are
considered representative of backcalculated moduli for the
2.5-m (8-ft) soil layer above the water table. 

The April 1995 data were obtained to more precisely define
the subgrade support for pavement design purposes and to
further define the effects of soil moisture content. The inter-
active MATCH program was used to determine the resilient
modulus. Figures 30 and 31 and Table 15 contain a summary
of these data. These data are considered representative of
backcalculated moduli for the 2.5-m (8-ft) soil layer above
the water table. 

Based on deflection data results and backcalculated resilient
modulus values and historic information of the subgrade soil
at the test site, areas of subgrade were recommended for over-
excavation. Details of this recommendation are contained in
reference 3. In addition, a decision was made to mix the sub-
grade soils with depth and along the tangents to provide a
uniform subgrade for the test track. 

2.9 PAVEMENT THICKNESS DESIGN

2.9.1 Introduction

Pavement thickness designs were determined for three dis-
tinct areas of the WesTrack facility; test or tangent sections,
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turnarounds, and ramps. The methodology used to determine
the thicknesses for each of these parts of the test track is dis-
cussed below. The discussion focuses first on the pavement
design similarities and then defines the different require-
ments for each part of the facility. 

The design of the pavement thicknesses for the WesTrack
facility was somewhat different than the design approach used
for typical pavement projects. These differences are summa-
rized below.

• In order to develop pavement performance models from
test track performance data, it is necessary to have a
significant number of the pavement test sections “fail”
during the life of the track. Therefore, the pavement struc-
tural section was designed to provide for a high proba-
bility of failure for all pavements placed on the project
during the trafficking period of the project. 

• In order to provide structural sections with a high prob-
ability of failure within the trafficking period, mecha-
nistic pavement structural design tools were used which
are capable of considering seasonal variations in the
properties of the materials used to construct WesTrack
(subgrade, engineered fill, granular base course, and
HMA). 

• The modes of failure of interest on the WesTrack proj-
ect were fatigue or alligator cracking and permanent
deformation or rutting of the HMA. Pavement rough-
ness models were also investigated. 

• It was desirable to perform a “preliminary” and a “final”
structural design for the facility. The preliminary struc-
tural design was based on material properties of the lay-
ers obtained from material sampling prior to construction
and laboratory characterization testing. The final design
was directed toward adjusting the thickness of the HMA
depending on the in-place or constructed properties of
the pavement materials as measured from backcalcu-
lated FWD values for the various pavement layers. 

The overall approach used for developing the pavement
structural or thickness design involved the use of a micro-
computer-based design procedure for mechanistic pavement
design (McPave) (16). This approach incorporates reliability-
based pavement design/performance prediction models and
includes seasonal material properties. 

2.9.2 Design Models

Three independent performance prediction models were
used to establish the pavement thickness design: fatigue or alli-
gator cracking; permanent deformation or rutting at the surface
from overstressing the underlying subgrade soil; and service-
ability or roughness. All three models were formulated to pre-
dict the allowable 80-kN (18,000-lb) ESAL application before



a certain pavement failure level inherent in the model was
reached. 

2.9.2.1 Fatigue Cracking

The asphalt tensile strain-based relationship originally
developed under NCHRP Project 1-10B (17) and often
referred to as the Finn Equation (after one of its authors,
Fred N. Finn) was selected for use in predicting the allow-
able 80-kN (18,000-lb) ESALs to a certain level of fatigue
cracking. The model is based primarily on a comprehensive
laboratory study of asphalt mix fatigue where the results were
ultimately calibrated to the observed performance of mixes
constructed in the field.

Fatigue cracking was one of the two desired modes of fail-
ure for the target (optimum) WesTrack mixes and the Finn
Equation is the one mechanistic-based model most frequently
used in the United States. The failure criteria for this model is
an areal fatigue cracking level of 45 percent in the wheelpath
(22.5 percent of the total pavement area). This equation (orig-
inally derived in U.S. customary units) is shown below:

log Nf = 16.086 − 3.291 ∗ log(εAC/10−6) − 0.854 
∗ log(EAC/1000) (1)

where

Nf = allowable 80-kN (18,000-lb) ESALs to 45 percent
areal cracking,

εAC = maximum tensile strain in the HMA layer in mm/mm
(in./in.), and

EAC = design elastic modulus (ksi) of the HMA layer as
determined from unconfined triaxial testing.*

*1 ksi = 6.9 MPa

2.9.2.2 Permanent Deformation

The equation developed by the Asphalt Institute and incor-
porated into its pavement design procedures to account for the
potential of rutting (or permanent deformation) in the under-
lying layers was selected for use in estimating the allowable
number of 80-kN (18,000-lb) ESALs to a certain level of dis-
tortion in the pavement structure, as observed in the surface
of the HMA. The failure level inherent in the model is a rut
depth of 12.7 mm (0.5 in.). The mode of failure is associated
with overstressing the subgrade soil layer. Rutting in the
underlying pavement layers is not a desired mode of deteri-
oration for the test track and the structural design empha-
sized minimizing its likelihood. The equation for rutting is
as follows (18): 

Nr = 1.388 ∗ 10−9 ∗ (εSG)−4.484 (2)
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where

Nr = allowable 80-kN (18,000-lb) ESALs to 12.7 mm (0.5
in.) of rutting (as displayed in the HMA surface).

εSG = maximum vertical compressive strain at the top of
the subgrade soil (mm/mm or in./in.).

It should be noted that this equation was rearranged from
its original form where the maximum (limiting) vertical com-
pressive strain was the dependent variable. 

2.9.2.3 Serviceability

Although not as critical to the performance comparisons
between mixes as fatigue cracking and rutting, serviceability
was included in the design process to provide a basis for com-
paring the results with those of a typical AASHTO pavement
design guide solution (14). The serviceability loss selected for
use in the design model is 3.0. This is based on an assumed ini-
tial serviceability of 4.5 and a terminal value of 1.5. To keep
comparisons with fatigue and rutting on a similar basis, design
reliability was not applied in generating the serviceability-
based solutions. The equation for allowable 80-kN (18,000-lb)
ESAL applications is as follows (14):

(3)

where

ESALt = allowable 80-kN (18,000-lb) ESALs on a given
flexible pavement with a given (design) service-
ability loss,

SN = flexible pavement structural number,
∆PSI = design serviceability loss, and

MR = subgrade soil resilient modulus (psi).*

*1 psi = 6.9 kPa 

2.9.3 Linear Damage Model

One of the primary reasons for selecting the site of the test
track is the relatively mild, high desert climate in northern
Nevada. There is little precipitation (the average annual is
less than 100 mm/year [4 in.]) and the winters and summers
are relatively mild. Nonetheless, there are some changes that
can take place seasonally, particularly in the groundwater
level, moisture content of the natural soil, and stiffness of
the HMA that have a demonstrated impact on the measured
deflections and overall support. Because of the effect that these

log . log( ) .

log
. .

.
( )

. log .

.

ESAL SN

SN

M

t

R

= ∗ + −

+ −






+
+

+ ∗ −

9 36 1 0 20

4 2 1 5

0 40 1094
1

2 32 8 07

5 19

∆



seasonal support variations might have on pavement perfor-
mance, a method was developed to estimate the pavement
damage on a month-by-month basis. The method is based on
Miner’s linear damage hypothesis and makes it possible to
accumulate the damage from individual loads of varying
magnitude.

(4)

where

D = total damage incurred by a section as a result of the
application of multiple loads (or strains) of varying
magnitude (in this case, the applied loads are constant,
but the induced strains vary because of changes in the
seasons),

ni = number of actual load (strain) applications during the
ith season,

Ni = number of allowable load (strain) applications during
the ith season, and

m = number of seasons (in this case, the seasons will be
identified as individual months).

This linear damage method has traditionally been applied
to problems involving fatigue; however, it is also applicable
to both the rutting and the serviceability analyses.

The use of this linear damage method for fatigue damage
is illustrated in reference 3.

2.9.4 Material Properties

2.9.4.1 Natural Soil or Subgrade

Information presented in Section 2.8, Geotechnical Inves-
tigation, and more completely presented in reference 3 pro-
vided information on average backcalculated resilient mod-
ulus values of the natural soil at the site for three different
months since the project beginning. These values are sum-
marized in Table 16.

As can be seen, seasonal variations (such as moisture con-
tent and level of groundwater table), even in a desert climate,
can have a significant impact on soil properties.

Research at the UNR (19) on the effects of seasonal varia-
tions within the state has shown that, for state highways near
the WesTrack site, natural soil moduli vary from 70 to 102 per-
cent of the summer moduli. This normalized range is shown in
Table 17.

This information, along with the average backcalculated
soil modulus values for the three separate months, was used
to estimate the monthly resilient modulus values for the nat-
ural soil (Table 18). These estimates are recognized as being
approximations and are intended only for use in developing
the preliminary pavement structural design. For purposes of
developing the final pavement structural design, these values
were intended to be enhanced based on continued resilient
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modulus testing and backcalculation analysis of FWD data
collected as the structure was being built.

For this preliminary design analysis, the following obser-
vations were made:

• The October 1994 modulus values are higher than what
can be expected after paving. After the HMA surface
layer is placed, the soil will have higher moisture con-
tent and correspondingly lower resilient modulus values
particularly in the extreme dry seasons.

• By comparison, winter 1994–95 and spring 1995 were
much wetter than normal. The Sierra Nevada mountains
had 200 percent of their average snowfall while in this
period the WesTrack site experienced 50 mm (2 in.) more
precipitation than the annual average of 100 mm (4 in.).
In terms of flow, the Carson River, which influences the
groundwater level at the site, experienced its fourth
largest spring runoff in 100 years. This leads to the
conclusion that the backcalculated modulus values for
February and April are lower than normal and lower
than what would be expected after the pavement is con-
structed. As a result, engineering judgment was used to
interpret both the backcalculated modulus values and
the Nevada seasonal weighting coefficients to estimate
the design roadbed soil resilient modulus values for a
typical year at the site.

2.9.4.2 Engineered Fill

Assignment of resilient modulus values for the engineered
fill was made based upon the laboratory-based resilient mod-
ulus testing carried out on select soil samples (see Table 19)
and documented in reference 35. The resilient modulus ver-
sus deviator stress relationships for the engineered fill (Fig-
ures 32 and 33) are used in an iterative (computer-based)
process to estimate the engineered fill modulus, taking into
account the pavement structure, the design load, and the
resilient modulus of the natural soil below.

After several iterations using different pavement structures
and varying soil moduli, it was observed that the modulus of
the engineered fill was relatively insensitive to the modulus of
the underlying soil. The average value was about 64,000 kPa
(9,300 psi) for the tangent sections and the turnarounds and
about 55,000 kPa (8,000 psi) for the ramps. The state-of-stress
associated with these values was on the order of 7 kPa (1 psi)
confining pressure and 30 kPa (4 psi) deviator stress.

2.9.4.3 Base Course Material

Reference 35 and Table 20 and Figure 34 in this report
provide the results of resilient modulus testing on two poten-
tial base course materials. Other base course alternatives
were identified which had more uniformity and higher stiff-
ness than the base course material tested.



The base course material used on the track was a blend of
four different aggregate stockpiles generated by crushing rock
obtained from a quarry at the site (NATC pit). No resilient
modulus values (either from laboratory or backcalculation)
were available for thickness design prior to construction. How-
ever, the stockpiles were blended to achieve maximum uni-
formity and high stiffness. Consequently, for purposes of
the preliminary pavement structural design, a modified resil-
ient modulus versus bulk stress relationship was used. The
slope of the bulk stress relationship (306) remained the
same; however, the intercept was increased from 60,749
kPa (8,817 psi) to 220,000 kPa (32,000 psi) to reflect the
anticipated stiffness gain from the new blended base course.
This translates into a base course resilient modulus range of
210,000 to 240,000 kPa (31,000 to 35,000 psi). The state-of-
stress associated with tangent section conditions is a bulk
stress on the order of 0 to 70 kPa (0 to 10 psi).

The level of QC anticipated for the base course on the turn-
arounds and ramps is reduced as compared with the QC for the
base course used for the tangent or test sections. Thus, the
intercept for the resilient modulus-bulk stress was increased
only to 138,000 kPa (20,000 psi) for the base course on the
turnarounds and ramps as compared with 220,000 kPa (32,000
psi) for the tangent base course.

2.9.4.4 Hot-Mix Asphalt

HMA mixture designs were not completed when the pre-
liminary pavement thickness design was performed. For pur-
poses of this preliminary structural design/analysis, resilient
modulus values were assigned for each month based on engi-
neering judgment and experience in Nevada (Table 21).

2.9.5 Structural Designs

Reliability concepts developed for the AASHTO pave-
ment design guides (14) were used to introduce reliability
into the pavement design methodology. This reliability con-
cept allows the engineer to treat the uncertainty in pavement
material properties, construction, environment, and perfor-
mance model lack-of-fit. The approach used at WesTrack is
detailed in Chapter 8 of reference 35. 

Figure 35 and Table 22 describe the pavement thickness and
layer designs for the tangents, turnarounds, and ramps. The
designs were performed by an iterative process using a com-
puter program developed specifically for this project. The pro-
gram uses the elastic layer model (ELSYM5) (20) as the basis
for the layer stress and strain calculations. Design details for
the tangent, turnaround, and ramp structural designs follow.

2.9.5.1 Tangent Sections

The tangent sections were designed for 10 million 80-kN
(18,000-lb) ESALs with a 10 percent reliability. The 10 per-
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cent reliability was used to provide a high potential for dis-
tress to occur on the track. The layer thicknesses were selected
such that rutting in the pavement would likely not occur
because of subgrade and base course permanent deformation.
The anticipated fatigue life of the pavement at the 50 percent
reliability level was 3.3 million ESALs for a typical HMA. 

2.9.5.2 Turnarounds

The turnarounds were also designed for 10 million ESALs,
but with a 90 percent reliability level. Because of the 18 per-
cent superelevations on the curves, the thickness of the engi-
neered fill was substantially greater than the tangent or test
sections. In addition, the thickness of the HMA was increased
substantially over the tangent sections to ensure that prema-
ture fatigue failures would not occur on the tangent sections
during trafficking to at least 10 million ESALs. 

2.9.5.3 Ramps

The thickness design for the ramps and parking areas were
based on the following vehicle loading/traffic assumptions:

• 10.3 ESALs per truck operation.
• Eight truck operations per day.
• Truck operates 365 days per year over 2 years.
• 60,000 ESALs over the design life.

A 70 percent reliability was used for the ramps and park-
ing areas. 

2.9.6 Summary

The tangent pavement design was established during the
preliminary thickness design process as described above and
was not changed when subsequent FWD data were obtained
and analyzed during the construction of the subgrade, engi-
neered fill, and base course. The data obtained from these
FWD tests did not persuade the WesTrack team that changes
in the thickness design were justified. The final structural
section for the tangent or test sections is shown below. 

• HMA 150 mm 6 in.
• Base course 300 mm 12 in.
• Engineered fill 460 mm 18 in.
• Subgrade-compacted 150 mm 6 in.

2.10 QUALITY CONTROL/QUALITY ASSURANCE 
TEST PLAN 

A significant effort was expended on the project to estab-
lish QC/QA sampling and testing plans. Chapter 12 of refer-
ence 35 and WesTrack Technical Reports UNR-18 (21) and



UNR-19 (22) contain the background information used in the
development of the plans. A summary of this development
and the resulting QC/QA plans are contained in this section
of the report. 

For the purposes of this report, QC refers to the sampling
and testing that was performed during the construction of
the test track. QA refers to the sampling and testing that was
performed mostly after construction was completed; it sup-
plied the information that “best” described the properties of
the pavement materials placed at WesTrack. The QA test
results were used for performance modeling and develop-
ment of the PRS. 

It was the intent of the WesTrack team to use conventional
QC/QA tests at WesTrack supplemented by a few more state-
of-the-art tests. The test frequency was at a much more fre-
quent basis than normal construction because of the desire to
define the material properties associated with all of the indi-
vidual sections. Acceptance levels were fixed such that the
project would be constructed at a low level of material prop-
erty variability. 

To establish typical levels of construction variability,
QC/QA information was collected from several sources. This
information was used to establish acceptance limits for the
WesTrack project; it is summarized in Chapter 12 of refer-
ence 3 and WesTrack Technical Report UNR-29 (4). The pro-
posed WesTrack acceptance criteria were largely based on
the construction variability experienced on the AASHO Road
Test. It was the goal of the research team to place the pave-
ment materials at WesTrack at or below the variability mea-
sured at the AASHO Road Test. 

The QC/QA plans for the subgrade and engineered fill,
granular base course, and HMA are summarized in individual
sections below. Background information for the subgrade and
engineered fill and base course can be found in reference 3.
Background information for the HMA placed as part of the
original construction is contained in reference 21 and for the
HMA placed during construction of the replacement sections
in reference 22.

2.10.1 Subgrade and Engineered Fill

2.10.1.1 Frequency of Sampling and Testing

For the purposes of establishing the frequency of sampling
and testing associated with the construction of the subgrade
and engineered fill, a lot was defined as a test section on the
tangent portion of the track and as a single turnaround for the
ends of the track (Figure 36). For the purpose of sample iden-
tification, the codes shown in Figure 37 were used for the sub-
grade, engineered fill, granular base course, and HMA layers. 

Tables 23 and 24 show the sampling and testing require-
ments for the tangents and turnarounds. Five nuclear density,
2 sand cone density, and 24 FWD tests were to be conducted
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for each of the 26 sections on the tangents. Moisture density,
hydrometer, sieve analysis, Atterberg Limits, natural moisture
content, resilient modulus, CBR, R-values, and permeability
values were performed at the frequency shown in Table 23 for
each of the two tangents. A reduced frequency of sampling
and testing was performed on the turnarounds (Table 24).

Density and moisture content were used to control and
accept the subgrade and engineering fill material. The other
tests were used to characterize the subgrade and engineered
fill material as possible input for development of the pave-
ment performance models. 

2.10.1.2 Acceptance

The AASHO Road Test used a relative density control range
of 95 to 100 percent of maximum dry density and a moisture
content of ±2 percentage points of Standard AASHTO com-
paction (AASHTO T 99). The variability of the construction
at the AASHO Road Test for density and moisture content
control were 1.9 and 1.2 percentage points expressed as a
standard deviation. Information collected from several states
(3) indicate standard deviations for density in the range from
2.4 to 8.8 and moisture content from 2.9 to 3.6. The AASHO
Road Test carefully selected the embankment soil, field pul-
verized the soil, and carefully controlled the field compaction
operation. 

The AASHO Road Test acceptance was based on a percent
within limits (PWL) of 55 percent for all lifts, except the top
lift (PWL of 60). On the AASHO Road Test, 80 percent of the
test results were within limits for density and 83 percent of the
test results were within limits for moisture content. 

WesTrack established target specifications for density and
moisture content described below. The contractor was expected
to control the relative density for the entire project at a stan-
dard deviation below 1.9 percentage points and the moisture
content for the entire project at a standard deviation below
1.2 percentage points for the subgrade and engineered fill. 

The WesTrack specification identified a target density of
92 percent of modified AASHTO compaction (AASHTO T
180) within a range of ±1 percentage point. Moisture con-
tent was to be controlled at a level of −1 to +3 percentage
points of optimum. The contractor was expected to have a
PWL for the entire project of 80 percent for density and 80
percent and above for moisture content for the subgrade and
engineered fill. These are the PWLs associated with the
AASHO Road Test. 

Acceptance criteria for individual lots was set at 55 per-
cent (PWL) or above for the five density measurements per
lot for the subgrade and the first layer of the engineered fill.
The top lift of the engineered fill was expected to have a
PWL of 60 percent for relative density. Table 25 contains a
summary of the acceptance requirements for the subgrade
and engineering fill. 



2.10.2 Base Course

2.10.2.1 Frequency of Sampling and Testing

The base course was sampled during the crushing opera-
tion on a frequent basis (five sublots per lot with a sublot
equal to 227 Mg [250 tons]). Sieve analyses were performed
on every sample and moisture density relationships, Atterberg
Limits, resilient modulus, CBR, R-value, and fractured face
counts were determined less frequently. Table 26 shows the
property requirements for the base course. They were based on
Nevada DOT requirements except that the 0.075-mm (No.
200) sieve requirement was lowered and the R-value was
increased to 78. 

For the purposes of establishing the frequency of sampling
and testing associated with the construction of the base course,
a lot was defined as a test section on the tangent portion of
the track and as a single turnaround for the ends of the track
(Figure 36). For the purpose of sample identification, the
codes shown in Figure 37 were used. 

Tables 23 and 24 show the sampling and testing require-
ments for the tangents and turnarounds. Five nuclear density,
2 sand cone density, and 24 FWD tests were conducted for
each of the 26 sections on the tangents. Moisture density,
hydrometer, sieve analysis, Atterberg Limits, natural moisture
content, resilient modulus, CBR, R-values, and permeability
values were performed at the frequency shown in Table 23 for
each of the two tangents. A reduced frequency of sampling
and testing was performed on the turnarounds (Table 24).

Gradation, moisture content, and density were used to con-
trol and accept the base course material. The other tests were
used to characterize the base course material as possible
input for development of the pavement performance models. 

2.10.2.2 Acceptance

The AASHO Road Test used a relative density control
range of 100 to 105 percent of maximum dry density and a
moisture content of ±1 percentage point of Standard AASHTO
compaction (AASHTO T 99). The variability of the construc-
tion at the AASHO Road Test for density, moisture content
control, and gradation has been summarized in reference 3.
Information collected from several states (3) indicate stan-
dard deviations for density, moisture content, and gradation
greater than those reported on the AASHO Road Test. The
AASHO Road Test carefully produced and controlled the field
compaction operation. 

The AASHO Road Test acceptance was based on a PWL
of 65 percent. Depending on the subbase/base material, the
AASHO Road Test reported PWL values of from 70 to 92
percent for density. The PWL or moisture content for the
crushed stone base at the AASHO Road Test was 96 percent. 

The WesTrack specification identified a density range from
96 to 101 percent of modified AASHTO density (AASHTO
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T 180). Moisture content was to be controlled at a level of ±1
percentage point of optimum. The contractor was expected
to have a PWL for the entire project of 65 percent for density
and 65 percent and above for moisture content. These PWLs
are those associated with the AASHO Road Test. 

Tables 27 and 28 contain a summary of the requirements
for the base course at WesTrack. Acceptance criteria for
individual lot density and moisture content were set at 65
percent (PWL) or above for the five density measurements
per lot and 85 percent for the project. Requirements for gra-
dation and thickness are also shown in Tables 27 and 28. 

2.10.3 Hot-Mix Asphalt

Testing programs for the HMA mixtures used on WesTrack
are defined in WesTrack Technical Reports UNR-18 (21)
and UNR-19 (22) in considerable detail. This part of the
report will only define the QC/QA testing plans used for the
original construction and the construction of the replacement
sections at WesTrack. Asphalt binder, aggregate, and HMA
characterization not performed as part of the QC/QA pro-
gram is presented in Chapter 5. 

QC/QA test plans were developed for the asphalt binders,
aggregates, and HMAs used at WesTrack. A “lot” was defined
as the amount of HMA placed in a single lift in a test section
for the tangent construction and the amount of HMA placed
in a single lift for a single turnaround. 

2.10.3.1 Original Construction QC Plan

Table 29 shows the daily QC plan for samples taken at the
hot-mix plant. A sampling and testing program is described for
the asphalt binder, aggregate, and HMA. The number of tests
per sublot and the number of sublots per lot are described in
this table. 

During a construction day, a single lift of hot-mix was
placed on the test sections for a particular gradation (fine, fine
plus, or coarse). For QC testing, several sections could be
combined because they were produced at the same asphalt
binder content and gradation. Thus, for QC purposes and time
restrictions, lots were created from several sections with the
same target asphalt binder contents. 

Table 30 shows the actual sampling and testing that was
accomplished as part of the QC test program at WesTrack.
Adjustments in the QC plan were necessary due to personnel
availability, equipment availability, and time constraints. Both
the original and adjusted QC/QA plans are included to illus-
trate the “ideal” versus “practical” plans. The original QC plan
(if executed) would have provided more certainty to the data
sets and would have allowed for more adjustments during
construction. 

The QC plan and the QC sampling that was actually per-
formed at the laydown site are shown in Tables 31 and 32.



HMA laydown temperatures and in-place air voids were
obtained frequently. Water sensitivity tests were not performed. 

2.10.3.2 Original Construction QA Plan

The original and revised QA plans for the original con-
struction are shown in Tables 33 and 34. QA programs were
developed and executed for asphalt binders, aggregates, and
HMA. Tests per sublot and sublots per lot are defined in these
tables. In general, a lot was equal to a test section and five
sublots were tested per lot for the important QA parameters.
Daily sampling sheets were developed to coordinate the field
activities of the sampling and test crews. 

2.10.3.3 Replacement Section QC Plan

Tables 35 through 38 show the daily QC plan for sampling
and testing of the top lift of the HMA. These tables show the
sampling and testing program as well as the amount of mate-
rial to be sampled for the aggregate and the HMA. The asphalt
binder sampling and test plan, together with additional details
of the QC and QA sampling and test plans can be found in ref-
erence 24. During a construction day, a single lift of a fine-,
fine-plus- or coarse-graded hot-mix was placed on the test
sections. 

2.10.3.4 Replacement Section QA Plan

The QA testing program for the replacement sections was
largely performed after construction and hence has been iden-
tified as postconstruction testing in Tables 39 through 41.
Sampling and testing programs are described in these tables
for asphalt binders, aggregates, mix design verification, and
HMA testing. Daily sampling sheets were developed to coor-
dinate the field activities of the sampling and test crews.
Table 42 contains a typical daily sheet. 

2.11 PLANS AND SPECIFICATIONS

The plans and construction specification for the WesTrack
project were developed by Harding Lawson and Associates
(HLA) with input from the WesTrack team. The plans are
available from NCE and HLA. WesTrack Technical Report
NCE-2 (13) contains plan sheets describing the track geo-
metrics and pavement cross sections. 

Specifications for the project are contained in WesTrack
Technical Report UNR-31 (23). Specifications were devel-
oped for the following items:

• Section 201 Clearing and Grubbing.
• Section 203 Excavation and Embankment.
• Section 206 Structure Excavation.
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• Section 207 Backfill.
• Section 302 Aggregate Base.
• Section 406 Prime Coat.
• Section 410 HMA Pavement (Dense Graded).
• Section 502 Concrete Structures.
• Section 601 Pipe Culverts.
• Section 603 Reinforced Concrete Pipe.
• Section 610 Riprap.

The excavation and embankment, aggregate base, and
HMA specifications contain an extensive guideline for pro-
ducing uniform paving materials. The AASHO Road Test
QC/QA information was used to formulate these specifica-
tions. Background information used for the specification
development is contained in reference 3 and WesTrack Tech-
nical Report UNR-29 (4) and has been summarized earlier
in this report. 

During the construction of the project, some changes were
made in the specification requirements to accommodate the
materials at the site and the capability of the construction oper-
ation. For example, the in-place density of the granular base
material was difficult to obtain within the specified range
of 96 to 101 percent of modified AASHTO density (AASHTO
T 180). The density requirement was reduced to a level that
was achievable and that could be uniformly obtained. The suc-
cess of the project was more dependent on the placement of a
uniform base course than on a base course of a relatively high
density. The development of performance relationships for
HMA materials was dependent on uniform supporting layers. 

The properties of the subgrade and engineered fill, base
course, and HMA placed with these specifications are con-
tained in WesTrack Technical Reports and in this report. 

2.12 HOT-MIX ASPHALT MIXTURE DESIGN

The HMA mixture design consisted of selecting the asphalt
binder and aggregates, and establishing target gradations and
asphalt binder contents for the mixtures placed during origi-
nal construction (fine, fine plus, and coarse) and the replace-
ment mixture (coarse-graded). Detailed discussions of this
process are presented in the following WesTrack Technical
Reports:

• UNR-1 (12) Asphalt Binder Properties—Original
Construction

• UNR-2 (24) Asphalt Binder Properties—Replace-
ment Sections

• UNR-3 (25) Hydrated Lime Properties
• UNR-4 (26) Aggregate Properties—Original Con-

struction
• UNR-5 (27) Aggregate Properties—Replacement

Sections
• UNR-6 (28) HMA Mixture Design—Original Con-

struction



• UNR-7 (29) HMA Mixture Design—Replacement
Sections

A summary of the mixture design process and properties
of the asphalt binders, aggregates, and HMA mixtures is pre-
sented below.

2.12.1 Asphalt Binder Properties—
Original Construction

2.12.1.1 Binder Grade Selection

The WesTrack team held several discussions relative to the
selection of the asphalt binder for the project. Because of the
limited number of test sections (26) available at WesTrack, a
decision was made to use a single asphalt binder that would
meet the AASHTO specification requirements for the track
location. Since the Superpave binder specification was devel-
oped primarily on research conducted on “neat” or nonmod-
ified asphalt binders and since some issues were being raised
relative to the suitability of the SHRP-developed asphalt
binder test methods for use with modified asphalt binders, the
team elected to use a nonmodified asphalt binder.

The SHRP-developed “SHRPBIND” software was used to
select the asphalt binder grade for WesTrack (30). Nine
weather stations in the northwest portion of Nevada, with
similar elevations, were selected and SHRPBIND was used
to determine the performance-graded binder (PG grade) for
use at each location. Table 43 contains a summary of the out-
put from SHRPBIND. Reliability for selected grades are
shown for each weather station and the PG grades for 50 and
98 percent reliability are given. 

The weather stations at Fernley, Lahontan Dam, Welling-
ton, and Yerington are in the same general area (within 50 km
[30 mi]) and at approximately the same elevation (1,300 m
[4,100 ft]). The Lahontan Dam weather station site is approx-
imately 12 km (7 mi) from the site and about the same eleva-
tion as the test track. The 50 percent reliable asphalt binder
grade for Lahontan Dam is a PG 58-16, while the 98 percent
reliable asphalt binder grade is a PG 64-28. 

For the Lahontan Dam weather station, Table 43 indicates
that a high temperature grade designation of 58 will provide
a 68 percent reliability while a grade designation of 64 will
provide a 98 percent reliability. Table 43 also indicates that
the low temperature grade designation of −16 will provide a
58 percent reliability, the −22 grade designation a 94 percent
reliability, and the −28 grade designation a 98 percent relia-
bility at the Lahontan Dam weather station site. Based on the
information presented above, a high temperature grade of 64
should provide a 98 percent reliability throughout the general
geographic area of the test track. A low temperature grade
designation of −22 should provide for 60 to 90 percent relia-
bility in the general geographic area. 

Superpave binder selection criteria available in late 1994
(31) indicated that selection of the asphalt binder grade by
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climate assumes that a binder will be used in an HMA mix-
ture subjected to traffic moving at speeds of approximately
90 km/hr (55 mph). For traffic moving at slower speeds, an
increase in the high temperature designation of the binder
should be considered. An increase of one or two grades depend-
ing on traffic speed was also suggested. The geometrics of the
track and the driverless vehicle control systems were designed
for a 65 km/hr (40 mph) truck traffic speed. An increase in
Superpave asphalt binder grade based on speed could not be
justified with available information contained in the SHRP
literature. 

Superpave binder selection criteria available in late 1994
(32) also indicated that selection of the asphalt binder grade
by climate assumes that the design traffic level is less than 10
million ESALs. When the design traffic level exceeds 10 mil-
lion ESALs, the designer is encouraged to “consider” increas-
ing the high temperature grade designation by one grade.
When the design traffic level exceeds 30 million ESALs, the
designer is required to increase the high temperature by one
grade. These guidelines were considered by the WesTrack
team. The WesTrack team elected not to increase the asphalt
binder high temperature grade since the expected total traffic
on the facility was to be 10 million ESALs (over its design
life of 2 to 3 years); the structural thickness design was estab-
lished to produce fatigue failures at 3.3 million ESALs; the
basis for this high temperature grade increase was based on
little published engineering information; and the guidelines
were not specific relative to the design life (20 years). It
should be recognized that WesTrack was an accelerated test
track experiment and hence the traffic level (average daily
truck traffic levels) is relatively high. 

Based on the above-described binder selection process, a
PG 64-28 neat asphalt binder was the desired binder grade
because both high and low temperature reliability were above
98 percent. Through a series of phone calls, data were col-
lected from some western states’ refineries and state depart-
ments of transportation in an attempt to locate a PG 64-28
neat asphalt binder. However, no source of this grade was
located within a reasonable geographic area. Two sources
of PG 64-22 were located. A PG 64-22 could reliably be
produced from western Canadian crude and was available
from either U.S. or Canadian refineries. A second source of
PG 64-22 was available from a San Francisco Bay Area refin-
ery and was a blend of a domestic and foreign crude. A deci-
sion was made to work with the San Francisco Bay Area refin-
ery because of its proximity and its willingness to produce a
refinery “tank” of the asphalt binder and hold it until con-
struction. The price of the asphalt binder from the San Fran-
cisco Bay Area was approximately $50 per ton less than
alternate sources. 

The selection of the PG 64-22 grade, rather than a PG 64-28
grade of asphalt binder, was based on both the Superpave
designated grade and the availability of the PG 64-22. Only
modified PG 64-28 grades of asphalt binders were reliably
available in the western states in late 1994 and early 1995. As



indicated above, the high temperature grade designation of
64 provided for 98 percent reliability and the −22 low tem-
perature grade designation provided for an approximately 60
to 94 percent reliability depending on the weather station as
shown in Table 43. The Lahontan Dam weather station is only
about 12 km (7 mi) from the test track site and indicates a 94
percentile low temperature reliability as shown in Table 43. 

The final selection of the −22 low temperature grade was,
therefore, based on the following criteria:

• Availability of −22 low temperature neat asphalt binder
at reasonable cost.

• Relatively high reliability of 90 percent for the −22 grade.
• Low probability of thermal cracking in 3 years of oper-

ation of the test track.
• Low probability of thermal cracking due to the short

length of the test sections.

2.12.1.2 Asphalt Binder Properties

The properties of the asphalt binder used during construc-
tion of the original 26 test sections are contained in detail in
WesTrack Technical Report UNR-1 (12) and reference 33.
The sampling and testing plans used to define the asphalt
binder properties are presented in these reports. Testing was
performed to determine the viscosity grade as well as the
Superpave grade of the asphalt binder. Superpave properties
were determined over a temperature range and at different
frequencies. 

Preconstruction, construction (QC), and postconstruction
(QA) testing was performed on the binder. Multiple samples
were, therefore, obtained and tested with a variety of tests.
Results of this extensive testing program are contained in
references 12 and 33. Representative properties of the
asphalt binder used during original construction are shown
in Tables 44 and 45 for Superpave properties and conven-
tional viscosity specification properties. These reported val-
ues are from a single sample considered representative of
the asphalt binder used during original construction. The
asphalt binder is graded as a PG 64-22 and AC-20. 

2.12.2 Asphalt Binder Properties—
Replacement Sections

The properties of the asphalt binder (supplied by Idaho
Asphalt) used during construction of the eight replacement
sections are shown in detail in WesTrack Technical Report
UNR-2 (24). The sampling and testing plan used to define the
asphalt binder properties are presented in this report. Testing
was performed to determine the viscosity grade as well as the
Superpave grade of the asphalt binder. Superpave properties
were determined over a temperature range.

Preconstruction, construction (QC), and postconstruction
(QA) testing was performed on the binder. Multiple samples
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were, therefore, obtained and tested with a variety of tests.
Results of this testing program are contained in reference 24. 

Tables 46 and 47 contain Superpave and viscosity graded
physical properties representative of the asphalt binder used to
construct the replacement sections. These reported values are
from a single sample considered representative of the asphalt
binder used for construction of the replacement sections. 

Tables 48 and 49 compare the properties of the asphalt
binders used for construction of the original and replacement
sections at WesTrack. These data represent the average val-
ues from the QA test samples as tested by UNR. In compar-
ison to the asphalt binder used for the original sections, the
asphalt binder used for the replacement sections has higher
stiffness at the design rutting temperature (64°C [147°F]),
lower stiffness at the intermediate fatigue temperature (25°C
[77°F]), and lower stiffness at the thermal cracking temper-
ature (−12°C [10°F]). 

Tables 50 and 51 compare properties of the asphalt
binders used on original and replacement sections at various
temperatures and aging conditions. The data used to develop
Tables 50 and 51 are from two representative samples of the
asphalt binders used on the original and replacement sec-
tions. The original and replacement binders are the same PG
grade but they are from different refineries. 

2.12.3 Hydrated Lime Properties

Hydrated lime was used on both the original and replace-
ment sections constructed at WesTrack. The hydrated lime
was added dry at a rate of 1.5 percent (by weight of dry aggre-
gate) to a damp aggregate (approximately 2 percent moisture
content above the saturated, surface dried condition of the
aggregate), mixed in a continuous pugmill and conveyed
directly to the heating and mixing chamber of the hot-mix
plant. The hydrated lime was supplied by the same company
for both the original and the replacement section construction. 

The physico-chemical properties of the lime used during
construction of the original test sections at WesTrack are sum-
marized in Table 52 for the seven lime samples analyzed.
Additional details of the sampling and testing of the hydrated
lime can be found in WesTrack Technical Report UNR-3 (25).
The tests for the physico-chemical properties of the hydrated
lime were measured by Chemical Lime Company (34). The
hydrated lime used on the original construction of WesTrack
met the ASTM C 1097 specification for hydrated lime. The
hydrated lime used on the replacement sections met the spec-
ification and was accepted based on the test results supplied
by the hydrated lime manufacturer to Granite Construction. 

Samples of baghouse fines obtained during original con-
struction were supplied to the company for the determination
of the presence of lime in the baghouse fines. About 25 per-
cent of the lime placed on the damp aggregate was diverted
to the baghouse during production of the HMA. Thus, the
hydrated lime in the mixtures placed at WesTrack during
original construction ranged from 1.3 to 1.5 percent by dry



weight of total aggregate (depending on the quantity of bag-
house fines being returned).

2.12.4 Aggregate Properties—
Original Construction

Aggregates used to construct the original test sections at
WesTrack were obtained from Granite Construction’s Day-
ton, Nevada, pit. A local field sand from Wadsworth, Nevada,
was also used in the fine- and fine-plus-graded mixtures as
described in Section 2.3. The geologic description of these
aggregates is contained in Table 53. WesTrack Technical
Report UNR-4 (26) contains details associated with sampling
and physical properties of the aggregates used during con-
struction of the original sections at WesTrack. 

2.12.4.1 Sampling and Testing

Detailed sampling and testing plans for the aggregates
used during original construction are available in WesTrack
Technical Report UNR-18 (21). The aggregates were sup-
plied and tested prior to construction as part of the mixture
design effort and during and after construction. Stockpiles of
the aggregates used for original construction were formed in
early 1995 and reserved for exclusive use at WesTrack. These
aggregates were produced in 1994. 

Dedicated aggregate stockpiles were created to supply a
constant source of aggregate for both mixture design and
construction. The use of dedicated stockpiles for WesTrack
was necessary not only for uniformity of the HMA mixtures
placed on the track, but also because the crushing operation
for the Dayton pit was changed during winter 1994–1995 and
samples of the new production would not be available until
late spring 1995. Samples of the stockpiled aggregates were
obtained and used for mixture design purposes. These stock-
pile samples were designated as preconstruction samples. 

During construction both “cold feed” and aggregate stock-
pile samples were obtained. A chute sampling device was
used to sample the cold feed. All aggregate stockpile samples
were obtained with the aid of a front-end loader. Samples of
aggregate obtained during construction were used for both QC
testing and QA testing. A large amount of stockpile sampled
aggregate was obtained and stored at the FHWA’s Materials
Reference Library (MRL) located in Sparks, Nevada. 

2.12.4.2 Stockpile Gradations

Tables 54 and 55 contain stockpile gradation information
obtained prior to construction. The stockpile percentages
used for the mixture design and for actual production are
shown in Tables 56 and 57. The actual construction per-
centages differ from the mixture design percentages due to
the need to adjust to meet the design gradation in the field
and to meet the field volumetric requirements. Note that the
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“Dayton 3/4-in. material” was decreased and the “Dayton 1/2-in.
material” was increased.

The last lift to be placed during original construction was
the top lift of the coarse-graded aggregate. The supply of
Dayton 1/2-in. aggregate was exhausted by this time. Dayton
3/8-in. from the 1994 production year and 1/2-in. from the 1995
production year was substituted for the 1/2-in. 1994 produc-
tion year material (Table 57). 

2.12.4.3 Physical Properties

Tables 58 through 60 contain physical property data
obtained on preconstruction and construction samples of the
aggregate. Superpave consensus aggregate properties (coarse
aggregate angularity, fine aggregate angularity, flat and elon-
gated particles, and sand equivalent); and Superpave source
properties (L.A. Abrasion, soundness, and deleterious mate-
rial) were determined. Data are reported for the 1994 and
1995 production year aggregates. 

Numerous aggregate specific gravity measurements were
made during mixture design, during construction, and after
construction. Results from these tests can be found in refer-
ence 28. The aggregate specific gravities used for volumetric
mixture design calculations associated with mixture design
and QC and QA testing are provided in Table 61. 

2.12.5 Aggregate Properties—
Replacement Sections

Aggregates used to construct the replacement test sec-
tions at WesTrack were obtained from Granite Construc-
tion’s Lockwood, Nevada, pit. The geologic description of
these aggregates is contained in Table 62. WesTrack Tech-
nical Report UNR-5 (27) contains details associated with
sampling and physical properties of the aggregates used dur-
ing construction of the replacement sections at WesTrack. 

2.12.5.1 Sampling and Testing

Detailed sampling and testing plans for the aggregates
used during construction of the replacement sections are
available in WesTrack Technical Report UNR-19 (22). The
aggregates were sampled and tested prior to construction as
part of the mixture design effort and after construction. Stock-
piles of the aggregates used for construction of the replace-
ment sections were not stockpiled at the HMA plant site prior
to the start of construction of the trial sections. This created
the need for numerous mixture designs and the re-mixing of
the stockpiles to achieve the desired uniformity. Changes in
the crushing operation during the mixture design process also
created the need for performing additional mixture designs.
The aggregates used for the replacement sections were pro-
duced in 1997 at the Lockwood, Nevada, pit.



Samples of the stockpiled aggregates were obtained and
used for mixture design purposes and property determina-
tion. These stockpile samples were designated as precon-
struction samples. 

During construction both cold feed and aggregate stock-
pile samples were obtained. A chute sampling device was
used to sample the cold feed. All aggregate stockpile samples
were obtained with the aid of a front-end loader. Samples of
aggregate obtained during construction were used for QA
testing. A large amount of stockpile sampled aggregate was
obtained and stored at the FHWA’s MRL located in Sparks,
Nevada. 

2.12.5.2 Stockpile Gradations

Table 63 contains a summary of stockpile gradation infor-
mation used to establish the final mixture design for the
replacement sections. Extensive stockpile sampling informa-
tion is available in Appendix A of WesTrack Technical Report
UNR-5 (27). Stockpile percentages used for the mixture
design and for actual production are shown in Table 64. The
actual construction percentages did not differ from the mix-
ture design percentages.

2.12.5.3 Physical Properties

Table 65 contains physical property data obtained on pre-
construction samples of the aggregate. Superpave consensus
aggregate properties (coarse aggregate angularity, fine aggre-
gate angularity, flat and elongated particles, and sand equiv-
alent) were determined.

Several aggregate specific gravity measurements were
made during mixture design, during construction, and after
construction. Results from these tests can be found in refer-
ence 27. The aggregate specific gravities used for volumetric
mixture design calculations associated with mixture design
and QC and QA testing are provided in Table 66.

2.12.6 Hot-Mix Asphalt Mixture Design—
Original Construction

More than 60 partial or complete Superpave mixture
designs were performed by the FHWA and the UNR to estab-
lish HMA target values for the original WesTrack sections.
WesTrack Technical Report UNR-6 (28) contains details rel-
ative to the mixture design effort. 

The original planning document for WesTrack anticipated
the development of a coarse-graded Superpave mixture from
a 100 percent crushed, granite aggregate from the central Cal-
ifornia coast and the development of coarse-graded and fine-
graded Superpave mixtures from a local, partially crushed
gravel. The coarse-graded, granite aggregate was expected to
produce HMA mixtures whose mechanical properties were
relatively insensitive (noncritical) to variation in asphalt binder
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content and percent passing the 0.075-mm (No. 200) sieve.
The fine-graded, partially crushed river gravel was expected
to produce HMA mixtures whose mechanical properties were
relatively sensitive (critical) with respect to variation in asphalt
binder content and percent passing 0.075-mm (No. 200) sieve. 

Unfortunately, a coarse-graded Superpave could not be
developed from the existing production of 100 percent crushed
granite. Coarse- and fine-graded Superpave mixtures were
developed from the partially crushed river gravel aggregate.
A third mixture was developed with the use of the river gravel
aggregate by increasing the minus 0.075-mm (No. 200) con-
tent of the fine-graded mixture by 2 to 3 percentage points. This
third mixture was designed to study the effects of increased
minus 0.075 mm (No. 200) on performance. 

The gradations of the three mixtures used for original con-
struction on WesTrack are designated as fine, fine plus, and
coarse. All three mixtures were prepared with the partially
crushed gravel from Granite Construction’s Dayton pit. The
gradations of the three mixtures that represent the final mix-
ture designs are shown in Table 67 and Figure 6.

The stockpile blends used for the selected mixture designs
are shown in Table 68. Adjustments in the stockpile blends
were needed during construction to meet the desired grada-
tions and the mixture volumetrics as determined after Super-
pave gyratory compaction. Construction stockpile blends are
shown in Table 69. 

Mixture design weights and volumes are shown in Table 70
for the selected mixture designs compacted with the Super-
pave gyratory compactor. Superpave volumetric mixture
design acceptance criteria for 3 to 10 million ESALs are
shown in Table 71 and are those associated with 3 to 10 mil-
lion ESALs. Complete Superpave volumetric mixture designs
were performed for the fine- and coarse-graded mixtures
(Figures 38 and 39). 

The optimum asphalt binder contents were selected at 5.4
percent and 5.7 percent by total weight of the mixture for the
fine- and coarse-graded mixtures, respectively (Table 70).
These two mixtures met the requirements of the Superpave
method for traffic volumes of the 3 to 10 million ESAL cat-
egory over the design life of pavement. A partial Superpave
volumetric mixture design was performed on the fine plus
mixture and results are shown in Table 70 and contained in
reference 28. The mixture design information shown in Tables
67, 68, and 70 became the target values for the field produc-
tion on sections placed during the original construction of
WesTrack. 

Hveem mixture design information was also obtained on the
target mixtures. Hveem stability and volumetric data obtained
from samples compacted with the Hveem kneading com-
pactor are shown in Table 72. The stabilities for the fine and
fine plus mixtures at the design asphalt binder contents were
43 and 41, respectively. The Hveem stability for the coarse-
graded mixture at the design asphalt binder content was 38.
The Hveem stability values meet commonly used acceptance
criteria. 



2.12.7 Hot-Mix Asphalt Mixture Design—
Replacement Sections 

Nine Superpave mixture designs were performed by the
FHWA and the UNR to establish HMA target values for the
replacement sections placed at WesTrack. WesTrack Tech-
nical Report UNR-7 (29) contains details relative to the mix-
ture design effort. 

The primary purpose for placing the replacement sections
at WesTrack was to better define the effect of aggregate char-
acteristics in coarse-graded Superpave mixtures on pavement
performance (primarily permanent deformation or rutting).
A 100 percent crushed aggregate was selected for the replace-
ment mixture. The properties of this aggregate are described
in WesTrack Technical Reports UNR-5 (27) and UNR-7 (29).
The relatively large number of mixture designs were required
because (1) the crushing operation and the raw material source
at the quarry were changed during sampling and anticipated
placement of the sections at WesTrack and (2) the stockpiles
varied considerably over time due to the production of aggre-
gates for different end uses. 

The gradation of the aggregate used for the selected mix-
ture design is shown in Table 67. The stockpile blends used
for these selected mixtures are shown in Table 68. As shown
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in Table 69, the stockpile blends were not changed during
construction. 

Mixture design weights and volumes for the selected mix-
ture are shown in Table 70 for samples compacted with the
Superpave gyratory compactor. Superpave volumetric mix-
ture design acceptance criteria for 3 to 10 million ESALs
over the design life of the pavement are shown in Table 71.
Complete Superpave volumetric mixture designs were per-
formed on a number of the mixtures investigated for use as
replacement sections. Detailed Superpave mixture design
information for the selected mixture is shown in Table 73. 

The optimum asphalt binder content was selected at 5.65
percent by total weight of the mixture for this coarse-graded
mixture (Table 70). This mixture meets the requirements of
Superpave for traffic volumes in the 3 to 10 million ESAL
category. The mixture design information shown in Tables
67, 68, and 70 became the target values for the field produc-
tion of the replacement sections at WesTrack. 

Hveem mixture design information was also obtained on
one of the mixtures evaluated for use on the replacement
sections. The Hveem stability for this mixture is shown in
Table 74. The Hveem stability value at the design asphalt
binder content for the mixture selected for use is probably
about 30 based on this information.
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Figure 6. Mixture gradations.

Figure 7. Discharge frequency curve (1 ft3/s = 0.028 m3/s).
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Figure 8. Vehicle dampening associated with 45 mm (1.8 in.) bump
in road.
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Figure 9. Three alternative pavement cross sections considered.
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Figure 10. Layout of test track (not to scale).
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Figure 11. Test section dimensions.
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Figure 14. System block diagram.

Figure 13. Tractor/trailer configuration.

Figure 12. Driverless triple-trailer test trucks.
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Figure 17. WesTrack control room computers.

Figure 16. Stepper motor controls steering gear box.

Figure 15. Antenna on truck senses lateral position.

Figure 18. Two on-board computers used for vehicle
control and real-time truck health monitoring.
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Figure 19. Electronically-controlled automated
transmission.
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Figure 21. Thermocouple and strain gage location—plan
view (1 in. = 25.4 mm).
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Figure 22. Test pit logs on existing subgrade material (1 in. = 25.4 mm).



51

Figure 23. Results of subgrade soil boring logs (1 ft = 0.305 m).
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Figure 24. Deflection plots, south tangent—sensors 1, 2, and 3, February 1995 (1 mil = 25.4 microns, 1 ft = 0.305 m).

Figure 25. Deflection plots, north tangent—sensors 1, 2, and 3 February 1995 (1 mil = 25.4 microns, 1 ft = 0.305 m).
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Figure 26. Subgrade soil resilient modulus, north tangent, October 1994 (1 pis = 6.9 kPa, 1 ft = 0.305 m).

Figure 27. Subgrade soil resilient modulus, south tangent, October 1994 (1 psi = 6.9 kPa, 1 ft = 0.305 m).
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Figure 29. Subgrade soil resilient modulus, south tangent, February 1995 (1 psi = 6.9 kPa, 1 ft = 0.305 m).

Figure 28. Subgrade soil resilient modulus, north tangent, February 1995 (1 psi = 6.9 kPa, 1 ft = 0.305 m).
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Figure 31. Subgrade soil resilient modulus, south tangent, April 1995 (1 psi = 6.9 kPa, 1 ft = 0.305 m).

Figure 30. Subgrade soil resilient modulus, north tangent, April 1995 (1 psi = 6.9 kPa, 1 ft = 0.305 m).
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Figure 33. Graph of resilient modulus test results for recompacted soil
(engineered fill) along south tangent (May 1995) (1 psi = 6.9 kPa).

Figure 32. Graph of resilient modulus test results for recompacted soil
(engineered fill) along north tangent (May 1995) (1 psi = 6.9 kPa).
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Figure 35. Cross sections for three WesTrack pavement structures.

Figure 34. Resilient modulus versus bulk stress
relationships for the two alternate base course materials
(April 1995) (1 psi = 6.9 kPa).
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Figure 38. Fine-graded mixture used on original construction (1 lb/ft3 = 16.1 kg/m3).
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Figure 39. Coarse-graded mixture used on original construction (1 lb/ft3 = 16.1 kg/m3).
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TABLE 4 Typical construction variability—standard deviation

TABLE 5 Review of test track geometrics
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TABLE 6 Review of test section lengths

TABLE 7 Review of test vehicles

TABLE 8 Experiment design for original 26 WesTrack sections
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TABLE 9 Plan view of test section layout according to randomization plan

TABLE 10 Experiment design for original 26 WesTrack sections and replacement sections
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TABLE 11 Summary of historic peak discharges, Carson River near Fort Churchill
USGS gauge 10312000

TABLE 12 Instrumentation for vehicle dynamics

TABLE 13 Backcalculated resilient modulus—October 1994

TABLE 14 Backcalculated resilient modulus—February 1995
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TABLE 17 Normalized range of roadbed soil resilient modulus near the WesTrack site

TABLE 16 Summary of backcalculated resilient moduli for roadbed soil

TABLE 15 Backcalculated resilient modulus—April 1995

TABLE 18 Estimated monthly roadbed soil modulus values for WesTrack project



TABLE 19 Summary of resilient modulus test results on recompacted soil (engineered fill) samples from WesTrack site (May 1995)



TABLE 20 Summary of resilient modulus test results on alternate base course samples from WesTrack site (April 1995)
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TABLE 21 Preliminary HMA resilient moduli (by month)

TABLE 22 Summary of designs for WesTrack pavement structural sections (6/30/95)



TABLE 23 Subgrade and aggregate base testing, tests per tangent
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TABLE 24 Subgrade and aggregate base testing, tests per turnaround

TABLE 25 Summary of acceptance requirements for subgrade and engineered fill

TABLE 26 Summary of aggregate base requirements



TABLE 27 Summary of gradation acceptance requirements for base course

TABLE 28 Summary of acceptance requirements for base course, density,
moisture content and thickness

TABLE 29 Daily quality control test plan at the hot plant
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TABLE 30 Daily quality control testing which was performed at the hot plant

TABLE 31 Example daily quality control test plan at laydown
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TABLE 32 Example daily quality control testing which was performed at laydown

TABLE 33 Quality assurance test plan



TABLE 34 Revised quality assurance test plan

TABLE 35 Test section top lift construction aggregate sampling requirements
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TABLE 36 Construction aggregate test requirements

TABLE 37 Test section top lift construction loose HMA and core sampling
requirements

TABLE 38 Construction HMA test requirements



TABLE 39 Postconstruction aggregate test requirements (mix design
verification and QA)

TABLE 40 Postconstruction mix design verification testing requirements
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TABLE 41 Postconstruction HMA QA test requirements
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TABLE 42 Section 35, bottom lift test lane sampling plan
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TABLE 43 Asphalt binder grade selection reliability

TABLE 44 WesTrack asphalt binder properties as determined by Superpave
binder tests (original construction)*
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TABLE 46 WesTrack asphalt binder properties as determined by Superpave
binder tests (replacement construction)*

TABLE 45 WesTrack asphalt binder properties as determined by
viscosity and penetration tests (original construction)*
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TABLE 47 WesTrack asphalt binder properties as determined by viscosity
and penetration tests (replacement sections)*

TABLE 48 Comparison of asphalt binders used for original and replacement sections at WesTrack
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TABLE 49 Comparison of asphalt binders used for original and replacement sections at WesTrack

TABLE 50 Comparison of original and replacement sections at WesTrack DSR rheologies properties over a range in
temperatures

TABLE 51 Comparison of original and replacement sections at WesTrack—BBR
rheologic low temperature properties
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TABLE 52 Physico-chemical properties of hydrated lime used during construction of original sections

TABLE 53 Geologic description of aggregate—original construction
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TABLE 54 Stockpile gradations 1994 production (original construction)*

TABLE 55 Comparison of 1994 and 1995 Dayton aggregate stockpile gradations (original construction)
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TABLE 57 Aggregate stockpile percentages during original construction

TABLE 56 Aggregate stockpile percentages for mixture design (original construction)*
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TABLE 58 Preconstruction aggregate properties—1994 production (original construction)

TABLE 59 Preconstruction aggregate properties—1995 production (original construction)
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TABLE 62 Geologic description of aggregate—replacement sections

TABLE 60 Properties of aggregate samples from cold feeds (original construction)

TABLE 61 Dry bulk specific gravity used for volumetric calculations (original
construction)
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TABLE 63 Stockpile gradations—Lockwood aggregate (replacement sections)

TABLE 64 Stockpile blends for mixture design and plant
production—replacement sections—Lockwood aggregate
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TABLE 66 Combined specific gravities of Lockwood aggregate (replacement sections)

TABLE 65 Chronological summary of HMA blend coarse and fine aggregate angularity, flat and elongated particles, and sand
equivalent determinations (replacement sections)

TABLE 67 Gradations for mixture design
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TABLE 68 Stockpile blends for mixture design
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TABLE 69 Stockpile blends during construction
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TABLE 70 Mixture design weight—volumes at design asphalt binder content

TABLE 72 Hveem mixture design properties for original construction*

TABLE 71 Superpave mix specifications*
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TABLE 74 Hveem stability test results—TBE
mixture—Idaho asphalt binder (replacement
sections)*

TABLE 73 Gyratory volumetrics summary for mixture “F” (replacement sections)
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