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Internationally, full-scale accelerated pavement testing, either on test roads or linear/
circular test tracks, has proven to be a valuable tool that fills the gap between models 
and laboratory tests and long-term experiments on in-service pavements. Accelerated 
pavement testing is used to improve understanding of pavement behavior, and 
evaluation of innovative materials and additives, alternative materials processing, new 
construction techniques, and new types of structures. It provides quick comparisons 
between current and new practice and the ability to rapidly validate and calibrate 
models with quality data, with minimal risk at relatively low cost.

Advances in Pavement Design through Full-scale Accelerated Pavement Testing is 
a collection of papers from the 4th International Conference on Accelerated Pavement 
Testing (Davis, CA, USA, 19-21 September 2012), and includes contributions on a 
variety of topics including:
• Overview of accelerated pavement testing
• Establishment of new accelerated pavement testing facilities
• Review of the impact of accelerated pavement testing programs on practice
• Instrumentation for accelerated pavement testing
• Accelerated pavement testing on asphalt concrete pavements
• Accelerated pavement testing on portland cement concrete pavements
• Accelerated pavement testing to evaluate functional performance
• Relating laboratory tests to performance using accelerated pavement testing
• Development and calibration of empirical and mechanistic-empirical pavement 
   Design procedures and models
• Benefit-cost analysis of accelerated pavement testing

Advances in Pavement Design through Full-scale Accelerated Pavement Testing 
will be useful to academics and professionals involved in pavement engineering.
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Preface

Every country in the world has aging road and airport infrastructure, and in many instances, it has not been
maintained at optimum levels because of funding constraints. As a consequence, pavement engineers are facing
an ever-increasing challenge to provide cost-effective approaches to rehabilitate this infrastructure, within con-
straints of limited financial resources, geometric limitations, traffic control windows, and the need to increase
the use of recycled materials. To meet this challenge in this constrained environment, pavement engineers are
looking to use better understanding of pavement mechanics, new types of structures, innovative materials and
additives, improved materials processing, and new construction techniques. However, the gap remains between
mechanistic modeling based on laboratory test characterization and full-scale long-term performance monitoring
that lead to the establishment of accelerated pavement testing (APT) facilities. No engineer wants to take the risk
of trying something new without a good understanding of how it is going to behave in the long-term and if, when,
and how it will fail. In addition, mechanistic models developed based on hypotheses and assumptions and fed
by actual materials, traffic and climate data, need validation and calibration with full-scale testing that provides
“total system” results in a relatively short period of time compared with the many years required for long-term
monitoring. Laboratory testing and scaled down physical simulation can answer some of these questions, but
the only true test is to subject the “new” pavement concept to realistic traffic and reasonable environmental
conditions. Full-scale accelerated pavement testing, either on test roads or linear/circular test tracks, has proven
to be an appropriate alternative to long-term experiments on in-service pavements; it provides quick comparisons
between current and new practice and the ability to observe and measure behavior, with minimal risk at relatively
low cost.

International conferences dedicated to APT have been held since 1999 to share learning and findings. This
fourth conference, APT2012, held in Davis, California in 2012, follows successful conferences in Reno, Nevada
in 1999, which focused on the establishment of APT facilities and early findings; Minneapolis, Minnesota in
2004, which focused on operations, results and their implementation; and Madrid, Spain in 2008, which looked
at results and implementation from a greater number and variety of APT programs, and explored the benefits
versus the costs of APT. Themes of papers for APT2012, which are organized as chapters in this proceedings,
cover a range of topics, including the establishment of new facilities arising from the growing interest in and
proven benefits of APT, reviews of facilities that have been in operation for a number of years and the impacts
that they have had on pavement engineering, findings from studies undertaken since the last conference with a
focus on new material developments, and the role of APT in developing and calibrating mechanistic-empirical
design procedures and performance models.

Pavement technology has been continually evolving for many decades, much of it supported by APT. Since
the AASHO Road Test, which represents one of the first, and probably the most documented, modern APT
experiment, to the present, APT facilities have been used to develop solutions for a range of pavement design
issues. This has required a continuous adaptation of testing facilities and analysis techniques, needed to better
understand and solve future challenges. The Fourth International Conference on APT provides a unique oppor-
tunity to explore recent advances as well as to assess future needs and trends, on the basis of the experience from
more than 25 APT programs around the world.

After rigorous review by a scientific committee of experts experienced in APT operations, data analysis,
and/or implementation of findings from APT experiments, 55 papers from 16 countries were finally accepted
for presentation and discussion at the conference and publication in these proceedings.

We would personally like to thank each of the authors for sharing theirAPT experiences. We would also like to
thank theAPT2012 Conference Scientific and Organizing Committees, especially the members and friends of the
Transportation Research Board’s Standing Committee on Full-scale Accelerated Pavement Testing (Committee
AFD40), for reviewing the papers and helping to maintain the conference series’ high standard.

David Jones, Editor
John Harvey, Angel Mateos, Imad Al-Qadi, Co-editors

Davis, California, 2012
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A history of modern accelerated performance testing of pavement structures

R.B. Powell
National Center for Asphalt Technology, Auburn University, Alabama, US

ABSTRACT: The type of research conducted at the National Center for Asphalt Technology’s (NCAT) Pave-
ment Test Track is known as full-scaleAccelerated Performance Testing (APT).APT is the controlled application
of a prototype wheel loading, at or above the appropriate legal load limit, to a layered pavement system to deter-
mine pavement response and document performance as damage accumulates in a compressed time period.
A great variety of APT experiments have been executed over the last hundred years. This document is the result
of a literature review on the history and evolution ofAPT that was foundational to the success of the first research
cycle at the NCAT Pavement Test Track.

1 INTRODUCTION

It is difficult to conduct reliable field performance
comparisons on open roadways for several reasons.
Since user costs and reconstruction expenditures are
usually very high when test pavements fail, there
can actually be a disincentive to experiment with
new methods and materials. When field comparisons
are attempted, the quality of construction sometimes
varies greatly from region to region.As a consequence
of the longer testing period, it is not uncommon for
post-construction personnel reassignments to make it
difficult to maintain continuity of effort. After con-
struction, there is typically much uncertainty in the
number and weight of axle loadings. Lastly, environ-
mental effects can vary significantly from region to
region within a single state’s jurisdiction.

The type of research conducted at the National
Center for Asphalt Technology’s (NCAT) Pavement
Test Track is known as full-scale accelerated per-
formance testing (APT). It is classified as full-scale
because actual vehicles are used to apply the traffic
loadings, and it is referred to as accelerated perfor-
mance because the design traffic that would normally
be applied over many years on an open roadway is
compressed and applied in only two years. In order
to assess the ability of the NCAT study to effectively
overcome the difficulties described in the preceding
paragraph, the literature relating to the history of APT
was reviewed and summarized.

2 BACKGROUND

APT is a type of research that has been utilized in
numerous programs around the world to generate com-
parative results intended to reveal differences in long-
term performance potential within a relatively short

period of time. The term has been comprehensively
defined in the following way:

“… APT is defined as the controlled application of
a prototype wheel loading, at or above the appropri-
ate legal load limit to a prototype or actual, layered,
structural pavement system to determine pavement
response and performance under a controlled, accel-
erated accumulation of damage in a compressed time
period. The acceleration of damage is achieved by
means of increased repetitions, modified loading con-
ditions, imposed climatic conditions, the use of thinner
pavements with a decreased structural capacity and
thus shorter design lives, or a combination of these
factors. Full-scale construction by conventional plant
and processes is necessary so that real world
conditions are modeled” (Metcalf, 1996).

Because of the broad spectrum of research con-
ducted globally on pavement performance that will
be described in detail in the following paragraphs,
a more liberal definition of APT is more applicable.
The following verbiage has recently been provided to
comprehensively describe APT:

“… the controlled application of wheel loading to
pavement structures for the purpose of simulating the
effects of long-term in-service loading conditions in a
compressed time period” (Hugo and Martin, 2004).

Accelerated testing is useful for many reasons. If
all performance testing was conducted on open road-
ways, it would be impossible to fully consider the effect
of increasing traffic demands on future performance.
For example, the total tonnage that will be shipped by
trucks in the United States is projected to increase 49
percent by 2020 (TRIP, 2004). This is a tremendous
increase, and would mean that current open roadway
performance testing at today’s traffic level would only
reveal how pavements performed in the past rather than
in the future. Additionally, the impact of illegal axle
loadings would be beyond the scope of available data.
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Lastly, safety considerations would make it impossible
to obtain continuous performance data over time.

For this reason, there has been much national and
international interest in supporting APT efforts in
recent decades. In 1986, the planning document for
the Strategic Highway Research Program (SHRP)
listed APT as a potential study type in Long-Term
Pavement Performance (LTPP) research (TRB-SHRP,
1986); however, no mention is made in subsequent
LTPP documents. When asked to reconsider supple-
menting the LTPP database with APT data in 2002,
the SHRP planning committee responded positively
but cited concerns of limited resources. Current efforts
focus on using APT to generate accelerated data
for select Specific Pavement Studies (SPS) sections,
which would enhance LTPP while at the same time pro-
vide data to relate APT to actual field performance.
If these efforts are successful, APT would be used
only on off-site locations due to safety concerns to
the motoring public (Jones, 2003).

3 FULL-SCALE TEST TRACKS

Full-scale testing has made straightforward contri-
butions to the paving industry over the last century
because it does not require significant scale, time, or
environmental extrapolation. Of course, the utiliza-
tion of test tracks has been hindered by cost, which
can be prohibitive depending on research funding
mechanisms. Throughout the history of the industry,
pavement professionals have invested in test tracks
when significant changes in either vehicle or pavement
technology has rendered the current state of practice
inadequate or lacking.

The first asphalt pavement in the US was placed
in Newark, NJ in 1870 using asphalt binder and rock
asphalt imported from Europe. In 1871, a pavement
was placed in Washington, DC using crushed stone
and domestic coal tar (Harman et al., 2002). The first
significant asphalt project in the US was placed in
1876 on Pennsylvania Avenue in Washington, DC. It
covered 45,000 square m and was produced with what
was considered at the time the ideal material –Trinidad
asphalt (Gillespie, 1992).

A 30,000 square meter project on the same street
that was produced with North American rock asphalt
provided an opportunity for the first domestic per-
formance comparison test. A finding of equal per-
formance set the stage for greater utilization of
non-Trinidad material in the future. More projects
followed, and builders’ understanding of the engineer-
ing principles of asphalt construction deepened. By
1910, refined or petroleum asphalt had permanently
overtaken both imported Trinidad and domestic rock
asphalt (Gillespie, 1992). Hot-mix asphalt pavements
became more prevalent in the United States when the
developing refinery and terminal infrastructure made
the distribution of liquid asphalt cost effective.

In the early 1900s, highway projects were boosted
by the hope of automobile-centered prosperity through

a state and national road building movement that pro-
moted the ideal of transcontinental highways (Schauer,
2003). Traffic volumes increased and governments
rushed to provide roads that were reliably passable
by both automobiles and trucks. Asphalt construc-
tion that was used to pave the growing infrastructure
with available materials was largely in the hands of
private companies, who produced mixes in secrecy
under the protection of patents. Fortunately, many of
the patents that prevented growth and understanding
in the industry began to expire around 1920 (Gillespie,
1992).

The first documented road test in the United States
was initiated in 1918 at the Bureau of Public Road’s
Experimental Farm in Arlington, Virginia. The pur-
pose of this experiment, which was built on the site
that would ultimately become Reagan National Air-
port, was to measure impact forces of different types
of wheel loads (Weingroff, 1996).

One of the earliest efforts in the United States to
conduct accelerated performance testing to enhance
the general understanding of the road building process
was the Bates Experimental Road. In 1917, voters in
Illinois overwhelmingly approved a $60 million bond
issue to finance new highway construction. In order to
utilize the most effective designs, the State’s Bureau
of Public Roads commissioned what would become
known as the Bates Experimental Road. Sixty-eight
test sections were built near Springfield, Illinois and
trafficked in 1922 and 1923 with axle loads that var-
ied between 11 and 58 kN. Trucks equipped with solid
rubber tires ran on pavements with brick, asphalt con-
crete, and Portland cement concrete wearing surfaces
to determine which designs lasted the longest under
different loading conditions (Mahoney, 2000).

During the 1920s, the automobile and truck man-
ufacturing industries switched from solid rubber to
pneumatic tires and from single tires to dual assem-
blies. These advances led to greater loads and much
larger vehicles. By 1932, the American Association
of State Highway Officials (AASHO) recommended
a legal load of 71 kN for single axles. This limit
was raised in 1942 to 80 kN to accommodate larger
wartime shipments. In 1946, AASHO recommended
a 142 kN tandem axle limit. Between the 1920s and
the 1950s, the consistent trend was for more trucks
with larger loads (Mahoney, 2000).

Many road tests were conducted in the years before
loads changed dramatically as a result of World War
II. The Hybla Valley Test was conducted in Virginia
by the Bureau of Public Roads, the Highway Research
Board (HRB), and theAsphalt Institute. The Pittsburg,
California Road Test was conducted using surplus
army trucks with solid tires (Pasko, 1998). In a test
conducted by the US Army Corps of Engineers on a
track in Stockton, California it was first observed that
necessary pavement thickness increased directly with
the logarithm of axle load repetitions (Hveem, 1948).

The Corps of Engineers has conducted acceler-
ated performance testing (such as the Lockbourne
Air Force Base test) of various types for over fifty
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years (Mahoney, 2000). Their primary focus has been
consistent with the mission of the Department of
Defense, which is force projection and sustainment;
however, their work also at times addressed the needs
of the Federal Aviation Administration and the Federal
Highway Administration (Lynch et al., 1999). Numer-
ous mission-oriented Flexible Pavement Laboratory
tests were conducted by the Corps at their Vicksburg,
Mississippi Waterways Experiment Station (WES)
in order to evaluate hot weather performance, and
complementary tests were conducted at their
Hanover, New Hampshire Cold Regions Research and
Engineering Laboratory (CRREL) in order to consider
the effect of cold weather (Mahoney, 2000).

Among other advances, these programs produced
California Bearing Ratio (CBR) design procedures.
Both accelerated and full-scale tests were used to
extend California Highway Department design curves
to aircraft loads and environmental extremes. Accel-
erated full-scale pavement testing was later used to
incorporate the Marshall stability method for expe-
dient airfields. In the late 1940s, WES experiments
concluded that lower loads with higher pressures were
more detrimental than higher loads at lower pressures.
All research conducted by the Corps prior to the 1970s
was conducted in the field (Lynch et al., 1999).

As a consequence of new postwar load limits, a
flurry of activity occurred after the end of World War
II. The Maryland Road Test was conducted just south
of Washington, DC near La Plata, Maryland in 1950
and 1951 by the Bureau of Public Roads (now the
Federal Highway Administration, or FHWA) in con-
junction with the Highway Research Board (now the
Transportation Research Board), several states, truck
manufacturers, and other highway-related industries.
In this rigid pavement experiment, an existing 1.8 km
two-lane highway was carefully inventoried, instru-
mented, and traversed by 1,000 trucks per day (Pasko,
1998). The test sections for this study are reported
to have been built in 1941, likely interrupted by US
participation in World War II (Berthelot, 2004).

The WASHO Road Test was conducted in Malad,
Idaho from 1952 to 1954 with HRB again directing the
project. The focus of the work was flexible pavements
with thicknesses of either 50 or 100 mm as part of from
150 to 550 mm of total structural depth. The total cost
of this effort was reported to be $650,000, with two
thirds of the cost provided by state DOTs. This 1950s
figure equates to $84,000 per section in 1999 dollars,
encompassing forty-six sections (without replicates)
on two loops with four lanes. One unique load was
applied per test lane (80 or 100 kN on single axles, 142
or 178 kN on tandem axles), with no traffic allowed
in the winter season and limited traffic in the spring.
All totaled, 240,000 load applications were applied via
120,000 passes (Mahoney, 2000).

The WASHO Road Test was a collaboration by
twelve state DOTs, vehicle manufacturers, petroleum
companies, three Universities, the US Army, and the
trucking industry (Mahoney, 2000). The study pro-
vided valuable experience upon which subsequent

testing would be based, but the results could not be
used to describe pavement performance in quantifiable
terms (Berthelot, 2004).

The AASHO Road Test has had the greatest impact
on the practice of pavement engineering through the
landmark finding of the well-known “4th power rule”
that described the relative damaging effect of axle
loads (National Research Council, 1962). It was con-
ducted between 1956 and 1961 on both rigid and
flexible pavements off I-80 in Ottawa, Illinois at a total
cost of $27 million. Of this total, $12 million was pro-
vided by state DOTs and $7 million was provided by
the BPR (the balance came from many other smaller
sources). In 1999 dollars, the cost per section has been
reported to be $172 thousand (Mahoney, 2000).

A total of 468 flexible sections with three surface
thicknesses, three base thicknesses, and three subbase
thicknesses were installed and tested at the facility,
compared with 368 rigid sections, on six test loops
that comprised a full factorial experiment. The length
of each flexible test section was 30 m, while the length
of each rigid test section was 73 m. The project was
delayed for five years so it could be modified in con-
sideration of the WASHO test (Mahoney, 2000), and
each sponsoring state DOT sent materials for inclusion
in the testing program (Berthelot, 2004).

The general practice of pavement engineering in
the United States would for decades be determined by
results from the full factorial regression analysis con-
ducted on performance data from the AASHO Road
Test; however, regional interest in the value of acceler-
ated performance testing persisted. For example, the
Penn State Test Track was built at the Pennsylvania
Transportation Institute and began testing pavements
in 1971 for the purpose of refining pavement design
methodology in Pennsylvania and surrounding states
(Hugo and Martin, 2004). This project is reported to
have contributed significantly to pavement design in
the northeastern United States (Mitchell, 1996); how-
ever, the facility has not been active in pavements
research since 1983 (Hugo and Martin, 2004). Since
that time, innovative vehicle research (e.g., the study
of hybrid vehicle electrical components) has become
a more prominent area of study at that institution
(Pennsylvania Transportation Institute, 2005).

With the rise in popularity of APT load simulators
(explained in subsequent paragraphs), interest in full-
scale test tracks subsided over the next two decades.
As experience with load simulation devices revealed
their limitations, researchers gradually realized that
test tracks and simulators each provided distinct com-
plementary information to engineers on the long-term
performance potential of pavements. This movement
was encouraged by the notable changes that were
occurring in the industry as a result of the Strategic
Highway Research Program (SHRP) and Superpave
implementation.

Although not an accelerated loading operation, the
first facility to emerge from this renewed interest in
full-scale test tracks was the Minnesota Road Research
Project (MnRoad). Constructed adjacent to I-94
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northwest of Minneapolis, MnRoad was opened to
traffic in 1994. Twenty-three mainline test sections
(nine concrete and fourteen asphalt) were placed into
service, along with seventeen with lower traffic vol-
umes.The total cost of construction is reported to have
been $25 million. The facility is supported by natu-
ral silty clay subgrades that are susceptible to frost
action, so four sections were underlain with imported
sand in order to vary performance. The two primary
objectives of the ten-year project were to facilitate
the development, validation and implementation of
mechanistic-empirical design procedures, as well as
to determine when truck load restrictions should be
in place in order to prevent excessive damage during
spring thaws (Newcomb et al., 1999).

Also of significant recent interest is the now com-
pleted Westrack project. Located about 100 km south-
east of Reno at the Nevada Automotive Test Center,
Westrack was a $14.5 million project in which robotic
tractors were utilized to pull triple trailer trains around
a 3 km test oval in the process of applying 4.8 mil-
lion ESALs. The facility was comprised of twenty-six
individual test sections (each with a length of 61 m),
eight of which had to be replaced after 2.8 mil-
lion ESALs (thus, performance data was available for
thirty-four total sections). The primary objectives of
the experiment were to develop performance related
specifications and validate Superpave, which meant
that both structure and materials were variables in the
experiment (Epps et al., 1999). Traffic began on the
desert site in 1997, which was selected from various
proposals based on the anticipated mild winters and
100 mm of annual rainfall (Mitchell, 1996).

The federally controlled WesTrack project gener-
ated an increased interest within state departments of
transportation in accelerated performance pavement
testing.WhereWesTrack was intended to answer broad
questions of national significance, many states wanted
the opportunity to direct research that would answer
local questions important to their individual jurisdic-
tions. In response to this increased interest, in the mid-
1990s NCAT began the planning process to develop a
cooperatively funded accelerated loading test facility
in eastern Alabama. After several years of planning
with representatives from regional departments of
transportation, the concept of the cooperatively funded
NCAT Pavement Test Track would become a reality.

4 LOAD SIMULATION DEVICES

The development and proliferation of a great variety
of load simulation devices after the completion of the
AASHO road test would lead many to believe that such
technologies are a recent phenomenon, but this is not
the case. At the same time that engineers in the United
States were focusing on vehicle-pavement interaction
through various full-scale tests (e.g., Arlington, Bates,
etc.), engineers in the United Kingdom (UK) were
working to develop and refine clever and cost-effective
load simulation technologies.

APT research was first conducted in the UK at
the Transport Research Laboratory in 1912 with the
introduction of the National Physical Laboratory’s
“Road Machine.” The device was later transferred to
the Road Research Laboratory (RRL). It ran like a
carousel, spinning a 13 kN load at a speed of 14 km/h
around a 10 m diameter test bed. The device simulated
vehicle wander and operated inside a housing with
environmental control. Initial work with the “Road
Machine” examined the use of asphalt mixes over
concrete (Brown and Brodrick, 1999).

In 1933, the original device was replaced by the
“Road Machine 2,” which propelled a 22.5 kN load at
a speed of 48 km/h around a 34 m diameter test bed.
The next generation “Road Machine 3” was imple-
mented in 1963, which increased the capability of
the simulations to 68.5 kN at a maximum speed of
25 km/h. Work with the #3 unit focused primarily on
investigating elastic responses in layered asphalt sys-
tems, concluding that elastic theory worked well for
cool, stiff pavements but that the viscous effect at
higher temperatures introduced important uncertain-
ties. “Road Machine 3” was effectively replaced by
the Pilot Scale Facility, when the laboratory moved in
the late 1960s, in which a manually driven truck traf-
ficked 28 m by 7 m by 2 m deep test pits (Brown and
Brodrick, 1999).

At about this same time, another APT device was
constructed at Washington State University in the
United States. This facility was a full-scale circular
test track that became operational in 1967. It is
reported that the Washington circular track was the
first US facility designed for modern accelerated
performance testing (Hugo and Martin, 2004).

Other APT technologies were evolving simultane-
ously in the late 1960s. The first prototype unit that
would eventually become known as the Heavy Vehi-
cle Simulator (HVS) was under development in South
Africa by the Council for Scientific and Industrial
Research (CSIR) at this time. Although a production
unit would not be completely refined until the late
1970s, HVS research provided the dominant influ-
ence in the development of South African pavement
engineering capability. It is considered a fundamen-
tal tool in developing appropriate pavement structural
design and analysis methods, and has been a cata-
lyst for the close cooperation between South African
road authorities and researchers ever since. Modern
versions of the machine have been built to provide
dynamic load simulation as well as an option for super
heavy aircraft-type loadings (Kekwick et al., 1999).

Meanwhile, APT technology was progressively
evolving in Europe. The Nottingham Pavement Test
Facility was commissioned in 1973 in the UK as a
half-scale laboratory-housed machine to serve as a
theoretical test bed. It was a separate and distinct oper-
ation from the Pavement Test Facility at the Road
Research Laboratory (RRL), which would not be built
until 1985. The Nottingham device loads isolated test
pits that are 4.8 m by 2.4 m by 1.4 m deep; however,
there was no capability to vary water content in the
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sealed pits during a test. It is reported that the device
is still used constantly for comparative testing. Load-
ing can be varied from zero to 15 kN via a 150 mm
wide tire that travels at a speed of up to 16 km/h. Test
temperature can be controlled between 15 and 30◦C
and up to 600 mm of wander can be imposed (Brown
et al., 1999).

The Danish Road Testing Machine (RTM) became
operational at about this same time (1973) under the
ownership of the Danish Road Institute and the Danish
Technical University in Lyngby. It is an indoor, full-
scale facility that is 27 m long and 2.5 m wide. The
actual test section is 9 m long and 2 m deep. The
RTM operates within a 4 m wide by 3.8 m high cli-
mate chamber that uses heating and cooling equipment
to maintain test temperatures between –20 and 40◦C.
Groundwater can be automatically raised or lowered as
desired. Loads can be applied by either single or dual
wheels at loads of up to 65 kN. The maximum velocity
of the load assembly is 30 km/h, which accommodates
up to 10,000 load repetitions in a workday. The lateral
position of the wheel can be automatically changed
during testing to simulate wander (Larsen and Ullidtz,
1998).

Although it is reported that one linear APT and
two circular APTs were placed into service in Europe
between 1975 and 1980 (Mateos, 2002), global imple-
mentation of the technology was not embraced until
several years later, at a time when many countries faced
growing transportation challenges. For example, only
one third of Australia’s 800,000 km network of roads
has paved surfaces. The loading limits of unbound
granular pavements were not well defined by this time,
but the continent was in the midst of a twenty-year,
fourfold increase in overland freight shipments. For
this reason, the Accelerated Loading Facility (ALF)
was developed and implemented at an initial cost
of $1 million as a successor to their Economics of
Road Vehicle Limits study (a quarter-scale linear test
track). Between the year the program was implemented
(1983) and 1999, over 120 different pavement types
had been studied. As continued evidence of the prac-
tical nature of their work, recent studies with the
AustralianALF have investigated alternative materials
and maintenance intervention options (Sharp, 1999).

The French Nantes facility was also commissioned
in the following year (1984). Reported to have been
inspired by the AASHO Road Test, this unique design
utilizes a carousel that travels at a maximum speed of
100 km/h via a robust central power source.Adjustable
load axle assemblies are mounted at the ends of 20 m
long adjustable travel arms, on which between 90
to 150 kN single or multiple axles may be mounted.
Although originally built with only one unit, the
facility now utilizes three carousels designed for unat-
tended night and weekend operation. In the first 15
years of operation, 50 million loadings were applied
in 180 experiments at a reported total cost of between
$500,000 and $700,000 per test. Experiments have
ranged from product evaluations and model devel-
opment to load configuration experimentation and

examination of equivalency laws (Gramsammer et al.,
1999). Each of the three annular test tracks have an
outside diameter of 40 m and an inside diameter of
28 m. The research pavements slope two percent to
the interior with a circumference of 110 m. The mean
radius of each track, which may have up to four dif-
ferent pavement structures, is 17.5 m. Only one of the
three existing tracks is built inside an isolating con-
crete pit with moisture control capabilities (the other
two are built on natural soils) (Turtschy and Sweere,
1999).

Another Pavement Test Facility was constructed in
1985 at the UK’s Road Research Laboratory to allow
the existing Nottingham PavementTest Facility to con-
tinue to serve as a theoretical test bed.The RRL device,
which supported more practicalAPT research, applied
wheel loads of up to 98 kN at speeds of up to 20 km/h
on pavements built in 28 m by 10 m by 3 m deep test
pits. The length of each test section is 7 m, and differ-
ent wheel configurations can be studied in either bi-
or unidirectional loading with or without wander
(Brown and Brodrick, 1999).

Australian ALF technology was first imported to
the United States in 1986 and placed into service
at FHWA’s Pavement Test Facility (PTF), which is
located just outside of Washington, DC at the Turner-
Fairbank Highway Research Center in McLean,
Virginia. The primary objective of the PTF is to
develop and verify new specifications, designs, and
test procedures using two separate ALF machines that
run tests on alternative pavement designs (structures
or materials) or on identical pavement designs but in
alternative loading configurations (e.g., by varying tire
pressure or axle loading). Each device is capable of
applying 35,000 axle passes per week at a load ranging
from 44 to 100 kN traveling at a speed of 17.5 km/h on
a test bed that accommodates twenty-four full-scale
test sections, each 14 m by 4 m, with environmental
control (Mitchell, 2005). As an example of the type
of research conducted at the PTF, a Superpave valida-
tion experiment was initiated in 1994 in which rutting
and fatigue were measured in forty-eight test sites
over twelve lanes in a effort to study binder properties
and performance prediction testing (Sherwood et al.,
1999).

Another unique European design has been utilized
for Spain’s APT, operational in Madrid since 1988.
The CEDEX test oval has two 75 m straight sections
connected by curves, which produces a total length
of 304 m. Each tangent can support up to three 20 m
test sections (since only 67 m of the tangents lie within
curve transitions). Concrete pits that are 2.6 m deep by
8 m wide (with the capability of being flooded) com-
pletely isolate test sections, with sprinklers and covers
provided to simulate different performance environ-
ments. The CEDEX load bogie runs around a concrete
rail on the interior of the oval. Electric power for the
guidance apparatus and load assembly is provided via
guide rail. A typical dual tire load is 63.5 kN, and at
least two bogies can run simultaneously. The device
has the capability of simulating wander, with 400 mm
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of transverse movement control across a 1.3 m wide
wheelpath (Turtschy and Sweere, 1999). The initial
cost for the CEDEX track is reported to have been
$2 million. So far, curve research has been limited
to surface courses and roadway paints because of the
higher shearing forces (Ruiz, 1999).

An example of a highly functional completely
indoor design was built in Christchurch, New Zealand
in 1989. The Canterbury Accelerated Pavement Test-
ing Indoor Facility (CAPTIF) is housed in a hexagon
shaped building 26 m wide and 6 m high. An annu-
lar tank that is 4 m wide and 1.5 m deep confines the
bottom and sides of test pavements that are built in
the tank using small dozers, pavers, etc. The resulting
track has a median diameter of 18.5 m and a circum-
ference of 58 m. Loading is applied by either spring-
or airbag-suspended Simulated Loading and Vehicle
Emulators (SLAVEs) with loading arm radii that can
be set differently allowing for the testing of multiple
wheelpaths on a single track. The CAPTIF facility
was used in the DIVINE program (Dynamic Inter-
action Vehicle Infrastructure Experiment), which was
intended to quantify performance differences related
to initial material and construction variability and
performance differences due to variability in wheel
loadings induced by varying tire-suspension dynamics
(Kenis and Wang, 1999).

In recent decades, APT technology has also been
deployed in Asia. Stabilized bases under asphalt pave-
ments are widely used in China, but most of the early
research was with light vehicles at low traffic lev-
els. China’s Research Institute of Highways (RIOH)
bought an ALF unit from Australia in 1989 to facil-
itate work on stabilized bases under heavy loads and
high traffic levels. Their initial testing program was
completed in 1991, but work continues with stabi-
lized bases due to the economy of this method of
construction and its continued use in their developing
infrastructure. In its current configuration, their ALF
can apply loads varying from 50 to 80 kN at speeds of
up to 20 km/h over 12 m long test lengths. The device
can apply 400 load cycles per hour in a unidirectional
manner, typically with a dual wheel across a normally
distributed wheelpath. Environmental factors are not
controlled at this facility (Shutao et al., 1999).

Although the growth of APT facilities in Europe
stalled in the early 1990s, work continued on develop-
ing programs. Construction of the LINTRACK facility
located in Delft, Netherlands began in 1987, with proof
testing completed in 1991.This device can apply loads
between 15 and 100 kN via single or dual tires with up
to 2 m of wander.At a speed of 20 km/h, approximately
1,000 bi-directional wheel passes can be applied in a
testing hour. The device has provisions for environ-
mental control of experimental pavements that can
be built with normal paving equipment. The propul-
sion system for the load application mechanism is a
steel cable wrapped around a powered drum, and the
entire assembly operates in a 23 m by 6 m by 5 m shed.
Testing is conducted on the middle 3.5 m of test pave-
ments, with 4 m on either end for acceleration and

deceleration of the load wheel (thus, 11.5 m total
trafficked length) (Houben and Dommelen, 2005).
It is reported that LINTRACK is mobile and can be
used to test in-service pavements (Mateos, 2002).

At the same time that European efforts were leveling
off, the continued utilization of ALF technology at the
PTF site in Virginia was encouraging more American
interest in APT. An original linear device was subse-
quently built in 1991 at Indiana’s Purdue University.
The Purdue APT is an indoor facility consisting of an
environmental building over an isolated concrete test
pit. Heating is applied via plumbing in the pit through
which hot water is cycled. A load carriage rolls back
and forth down a movable reaction beam at an aver-
age speed of 8.3 km/h (with or without up to 250 mm
of wander) to apply traffic to dual test pavements.
Testing can either be conducted unidirectionally (in
which the wheel is lifted for the return trip down the
beam) or in a bi-directional manner (without lifting).
Loads of up to 89 kN can be applied via single or dual
wheels, although 40 kN is the typical load. Each paving
lane is placed at a width of 3 m, where two tests are
conducted on each lane (thus, each test lane is 1.5 m
wide). Separate 1.5 m wide concrete slabs lie at the
bottom of the test pit in order to simulate the asphalt
over concrete roadways common in Indiana (Galal and
White, 1999).

Australian ALF technology was next utilized in the
United States at the LouisianaTransportation Research
Center (LTRC) Pavement Research Facility (PRF)
located in PortAllen, Louisiana (across the Mississippi
River from Baton Rouge). The first PRF-ALF experi-
ment in 1992 compared historically prevalent flexible
crushed stone and in-place soil cement stabilized base
construction to alternative base construction methods
suitable for semi-tropical climates. In this study, 6
million ESALs were applied to nine test lanes via
the second ALF of its type in the United States (the
first was at the Virginia PTF). The Louisiana PRF
device is equipped such that 43 to 85 kN loads can be
applied unidirectionally at 17 km/h, which produces
up to 8,100 passes daily (Metcalf et al., 1999).

There was also interest in the development of
APT technology in South America at this time. For
example, a traffic simulator was designed and built
between 1992 and 1994 at the Rio Grande do Sul
Federal University in Brazil. The resulting structure
is 15 m long by 4.3 m high and 2.5 m wide and holds a
half axle with dual wheels. The running speed for the
Brazilian device is 6 km/h over a 7 m travel path, and
testing can be conducted with up to 400 mm of
imposed wander (Merighi et al., 2001).

The age and condition of the US transporta-
tion infrastructure has influenced the proliferation
of domestic APT programs. In 1993, CSIR worked
with Dynatest and the California Department of
Transportation (Caltrans) to validate the use of HVS
technology in providing reconstruction guidance for
California’s aging system. As a result of this success-
ful effort, two SouthAfrican HVS systems were placed
in service at Berkeley in 1994 (Pavement Research
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Center, 2005). The objective of their ongoing research
is to design rehabilitated pavements for a thirty-year
service life with minimum thickness, maximum con-
structability, and minimum maintenance. The use of
in-place reclamation and recycled materials has also
featured in their studies.Their strategy consists of HVS
testing, laboratory tests, and mechanistic-empirical
design. At the time when their program was initiated,
approximately one third of California’s total 24,000
centerline km pavement infrastructure required cor-
rective maintenance or rehabilitation (Harvey et al.,
1999).

In 1995, a completely different approach to APT
was introduced via the first operational tests of the
Mobile Load Simulator (MLS) in Victoria, Texas.
In the MLS design, six full standard tandem axles
travel around an elliptical path as they traffic a sec-
tion of pavement, lift off, pass back over (inverted)
to the starting position, and traffic the section again
(thus, traffic is applied in a unidirectional manner).
This action occurred inside a 31 m by 4.5 m by 6 m
tall environmental enclosure that is transportable. The
cost to develop the original prototype over a period
of five years is reported to have been $3.4 million,
although it is estimated that any future units would
only cost $2 million to produce. The six tandem axle
assemblies are loaded with up to 150 kN each and
travel at a speed of 18 km/h, which produces 6,000
axle repetitions per hour. Research efforts thus far
have been intended to investigate new materials, deter-
mine load damage equivalency, and investigate truck
component-pavement interaction (Hugo et al., 1999).

A new type of linear tester was constructed in
Lancaster, Ohio in 1997 as a joint venture between
Ohio State University and Ohio University.TheAccel-
erated Pavement Loading Facility is used to evaluate
both asphalt and concrete test pavement installed in a
test pit that is 13.7 m by 11.6 m by 2.4 m deep. The
device applies up to a 133 kN load via either single or
dual tire assemblies. The entire assembly is enclosed
in a room in which the environment can be con-
trolled between –10 and 55◦C, but large doors on both
ends of the building are provided to facilitate conven-
tional construction. Recent testing on the performance
of asphalt pavements was followed with testing on
ultra-thin whitetopping placed on rutted asphalt from
a prior study (Edwards and Sargand, 1999).

Another new linear tester was installed at Kansas
State University in 1997 (Hugo and Martin, 2004).
The “K-APT” was installed inside a 651 square meter
building, and consists of two 1.8 m deep pits of varying
width at a length of 6.1 m. Loading can be applied in
either a uni- or bi-directional manner with a movable
load frame. In the K-APT design, an air suspension
tandem axle with pneumatic loading moves back and
forth via a drive belt assisted by spring reversal on
either end of the travel path. It is reported to take
15 seconds for a complete down and back loading
cycle, which produces a wheel speed of 8 km/h over a
4.3 m research length. The typical load configuration
in Kansas testing is 150 kN on dual wheels (Vijayanath

et al., 1999). Temperature can be controlled (from
above via infrared heaters and from below via a sub-
surface heating system) between –23◦C and 66◦C
(K-State Engineering, 2002). It is also possible to
control the water table during testing. Research is
funded through a group known as the Midwest
States Accelerated Testing Pooled Funds Program,
which includes DOTs in Iowa, Kansas, Missouri and
Nebraska (Hugo and Martin, 2004).

Even though many European programs were fully
developed by this time, several new facilities were
placed into service in the late 1990s. The Danish
Asphalt RutTester (DART) was designed and installed
at the Danish Road Institute in 1997 for the purpose
of testing wearing courses. Denmark has 870 km of
motorways, with about 300 km overlaid with hot-mix
asphalt. DART was developed to test slabs since small
laboratory rut testing devices only evaluate single
mixes and Denmark was interested in overlay per-
formance (i.e., composite structures). The device is
capable of applying up to a 65 kN load at a travel
speed of up to 5 km/h using normally distributed wan-
der. Composite test slabs of all the bound layers are
typically removed from a roadway that is in need of an
overlay and transported to the laboratory. The size of
the resulting test pavement typically runs about 120 cm
by 150 cm by 5 to 25 cm (depending on the thickness
of bound layers in the existing structure). Slabs are
cut such that the DART will traffic the overlaid pave-
ment in the same direction that traffic will be applied
in the field. Tests are run at temperatures that simu-
late the anticipated performance environment between
25 and 60◦C. DART is equipped with a built in laser
profilometer. The performance of the overlaid pave-
ment in the field is predicted based on results from
laboratory-overlaid slabs (Nielsen, 1999).

It has become more common for agencies to avoid
the necessity of inventing complex machinery by
investing in production testing equipment when ini-
tiating an APT program. The HVS and the ALF
are examples of commercially available technologies;
however, the development of HVS user groups in
recent years has arguably made it a more popular
choice. For example, Finland and Sweden have oper-
ated a joint HVS-Nordic research program since 1997
that is shared and transported between countries. It is
reported that $17 million was spent on this program
between 1994 and 2001.The device utilizes either dual
or single wheels to apply loads that vary between 20
and 110 kN at a speed of up to 15 km/h. It is fully
mobile with environmental control (Hugo and Martin,
2004).

Likewise, the Corps of Engineers turned to the HVS
when they decided to standardize their accelerated
performance testing in the late 1990s. Until the 1970s,
all of their APT testing had been conducted in the
field. In the 1980s, these tests were moved indoors
to accommodate greater environmental control and to
facilitate mechanistic measurements. As part of this
overall strategy, the US Army Engineer Research and
Development Center (ERDC) chose two HVS units for
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deployment at their CRREL facility in New Hampshire
in 1997 as well as at their WES facility in Mississippi
in 1998 (Lynch et al., 1999). Although the Corps had
HVS units produced to suit their specific needs, it
is not possible to build a simple linear beam load-
ing unit that will simulate extreme loading scenarios.
Because of new, heavy-duty aircraft, the FAA custom
built a 270 m by 18 m enclosed facility at the William
J. Hughes Technical Center that began testing in 1998.
It is a rail-based vehicle that drives two landing gear
trucks, each containing as many as six wheels that
can be loaded up to 340 kN. Operating speed can be
varied between 8 and 24 km/h (Merighi et al., 2001).

Many countries continue to develop proprietary
technology to address their own specific loading situa-
tions. The CEFET research center of Sao Paulo, Brazil
has developed one such APT device. The CEFET-SP
system uses a dual wheel truck axle in a simulator that
can either be used in the laboratory or taken to remote
field projects. Their unit applies a load of 120 kN at
a speed of 2.5 km/h over a travel path that is only 1 m
long. The simplicity of the device means that size has
been minimized, where the entire length of the cur-
rent machine is only 4 m. It is reported that 50,000
loadings can be applied in a 24-hour operating cycle,
and because it is relatively simple it can be assembled
at remote field locations in about two hours (Merighi
et al., 2001).

Another newly developed proprietary technology
is located at the University of Minnesota and is
known as the Minnesota Accelerated Loading Facility
(Minne-ALF). Proof testing for the Minne-ALF was
completed in 1999 on concrete pavement. The unit has
a peak speed of 65 km/h, which produces an average
speed of 44 km/h over the 2.75 m travel path. In the
current design, a 40 kN load is applied to a 3.7 m by
4.6 m test slab; however, it is possible to increase the
load up to 100 kN if a slower speed is utilized. The
rocker beam design applies the full load in one direc-
tion and a partial load in the other direction in order
to produce the benefit of unidirectional loading while
avoiding the dynamics of lost contact. This option is
said to be important when testing load transfer in con-
crete pavement, which was the subject of initial proof
testing. It is reported that 172,000 load cycles are cur-
rently possible in the laboratory-based device in a test
day (Snyder and Embacher, 1999).

Even more recently, the Florida Department of
Transportation initiated an APT program in October
of 2000. Their HVS Mark IV model is capable of
applying loads of between 31 and 200 kN at a speed
of 13 km/h, and is equipped with an automated laser
profiler for measuring rut depths while the system is
operating. Wander is adjustable from zero to 750 mm,
and the system can apply up to 14,000 unidirectional
loadings in a day. Florida took advantage of the pre-
viously stated benefits of purchasing a commercially
availableAPT, and the time between their initial invest-
ment and the production of useful data was very short.
In order to have greater confidence in their HVS
results, Florida sponsored research on the 2003 NCAT

Pavement Test Track to validate past HVS research
(FDOT, 2005).

Also in 2000, the Accelerated Transportation
Loading System (ATLaS) was developed by the
Advanced Transportation Research and Engineering
Laboratory with funding from the state of Illinois.
ATLaS’ wheel carriage can be outfitted with single or
dual wheels from either trucks or aircraft. The device
is positioned by gantry crane, and test loads (which
can be either bi- or unidirectional) are transmitted
to the wheels via hydraulic ram. Initial testing has
focused on continuously reinforced concrete pave-
ments (Hugo and Martin, 2004).

A completely different type of APT was placed
in service at the German Federal Highway Research
Institute in 2001. Testing is based on the concept that
the passage of a single tire can be approximated by
progressive load applications that are induced by a
hydraulic actuator-based pulse mechanism. A load of
up to 56 kN is applied for 0.025 seconds via a 300 mm
diameter load plate. This is intended to represent a
maximum legal load traveling at 60 km/h. A 2.1 m
by 1.8 m section of test pavement is automatically
loaded in a progressive distribution that is similar to an
in-service pavement subjected to moving traffic. Six
million impulses can be applied to a test pavement in
30 days via a frequency of 145 impulses per minute
(Golkowski, 2002).

There are reported to be several otherAPT facilities
that have been active in Europe for an unknown period
of time. For example, the Zurich IVT-ETH test track
consists of an annular concrete pit that is 2 m wide
by 2 m deep (thus, ground water can be controlled)
with a median diameter of 32 m. The loading system
consists of three arms, each with dual wheels that are
individually driven by electric motors. Speed in the
ZurichAPT can be varied up to a maximum of 80 km/h
(Turtschy and Sweere, 1999).

The Shell Laboratory Test Track (LTT) is located
at the Shell Research and Technology Centre in
Amsterdam. It is a circular track with an outside diam-
eter of 3.3 m and a width of 0.7 m. Wheel loadings are
20 kN at a velocity of 16 km/h. Temperature of testing
can be controlled up to a maximum of 60◦C (Lijzenga,
1999).

In Asia, there is another unique and noteworthy
APT. The Chinese linear track is loaded with an auto-
mated vehicle that travels back and forth via electrical
power. Test sections are 60 m in total length, but 7.5 m
on either end is neglected due to acceleration and
deceleration (leaving 45 m in the middle for pavement
research). Ramp areas on either end are sloped at 5 per-
cent in order to utilize gravity to slow the vehicle down
and limit wear and tear on braking and acceleration
components. The load vehicle runs on ten tires placed
on three axles at a maximum speed of 30 km/h. The
average travel cycle takes one minute to move down
to the opposite end and return. The facility is capable
of running continuously for seven days without ser-
vice, and the load vehicle is built primarily with parts
provided by Nissan to avoid proprietary engineering
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and maximize reliability. It is reported to have been
used in the study of recycled pavements (Mitsui, 2002).

Although it is unclear how to best categorize the
project (test track or load simulator), the Public Works
Research Institute of China operates a small test track
(630 m by 7 m) that is tied into a larger test track (870 m
by 7 m) through turnouts. Buried cables run along the
sides of each facility for guidance purposes. Three
automated vehicles simulate wander as they use the
magnetic signal from the cables to navigate either or
both track(s). Test vehicles are loaded to 44.1 kN on
steer axles and 58.8 kN on drive axles, where the load
on drive axles can be incremented using 19.6 kN metal
weights up to a maximum capacity of 156.8 kN. The
design speed of the facility is 40 km/h, which made it
possible to apply 750,000 loadings between 1997 and
2000 (Sakamoto, 2001).

It is reported that twenty-eight APT facilities are
currently operational, with fifteen located in the
United States. These figures are almost certainly an
underestimate, as they are based on the results of a
survey completed by known facilities. Most are tests
at fixed sites; however, there are some that focus
on field studies in the belief that there is improved
vehicle-pavement-environment interaction. Benefit-
cost ratios varying from 1:1 to greater than 20:1 have
been reported (Hugo and Martin, 2004).

The majority of European APT facilities (known
in Europe as ALT) were commissioned in the period
between 1975 and 1985. As of 2002 (at the time the
referenced article was written), Europe was reported
to have ten full-scale facilities (where full-scale
pavement sections were tested by full-scale rolling
wheels), two hydraulic actuator-based pulse load facil-
ities (in Bergisch Gladbach, Germany and Dresden,
Germany), and several small-scale facilities. Several
countries host circular track facilities not well-reported
in English literature, including Romania and Slovakia.
The reported timeline lists one in 1965, two in 1970,
three in 1975, six in 1980, eight in 1985, ten in 1990,
ten in 1995, and eleven in 2000 (Mateos, 2002).

5 COLLABORATION

In order to advance the science of APT, both inter-
national and domestic collaborative efforts have been
undertaken. The European Cooperation in the field of
Scientific and Technical Research (COST) effort was
founded in 1971 to encourage coordinated cooperation
between members of the European Union in research
and development. The Brussels-based organization
provides a framework in which research facilities, uni-
versities and companies cooperate in a broad range of
activities primarily in areas of basic research and pre-
competitive research. COST is officially composed
of fifteen members from the European Union; how-
ever, since 1989 non-COST countries have been able
to participate in individual programs (COST, 2004).
The COST 347 Group is responsible for coordinating
APT efforts throughout Europe.

The coordinating organization in the United States
is TRB Committee AFD40: Full-Scale and Acceler-
ated Pavement Testing (formerly A2B09), which was
transitionally formed in 2000 from Task ForceA2B52.
The scope of AFD40 states that the committee is
concerned with APT via conventional or accelerated
traffic conducted in either the laboratory or the field
with mobile or fixed equipment. The objectives of the
group are to assimilate significant worldwide accom-
plishments from the past and the present, recommend
approaches for future practice, use the Internet as a
clearinghouse for timely issues, and support the formal
transfer of information through reports and presen-
tations. There are approximately twenty-two official
members of AFD40, including representatives from
government, industry and academia. (TRB A2B09,
2003).

6 SUMMARY

As discussed in this paper, a tremendous variety of
APT experimentation has been attempted over the
last hundred years. Communication and collaboration
between groups like COST 347 and AFD40 is essen-
tial in avoiding duplication of effort and developing
future experiments that optimize the investment of
scarce research funding. It is expected that strategi-
cally planned APT research will continue to play an
important role in society’s efforts to minimize the life
cycle cost of the roadway transportation infrastructure.
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ABSTRACT: Full-scale Accelerated Pavement Testing (f-sAPT) has been conducted for almost 50 years in
various forms. The NCHRP requested an evaluation of the last decade of f-sAPT to assess the status quo, identify
major developments and trends, as well as the general perception of US Departments of Transport and f-sAPT
operators regarding the role and impact of f-sAPT.This paper summarizes the results of the synthesis and captures
developments and trends in f-sAPT since 2000, with a focus on the specific areas of major developments, changes
in operating procedures, and the effect that f-sAPT in general is perceived to have had on the development of
pavement engineering. It is concluded that the judicious use of f-sAPT contributes to and supports the body of
knowledge regarding the way that pavement materials and structures react to controlled traffic and environmental
loads.

1 INTRODUCTION

Full-scale accelerated pavement testing (f-sAPT)
forms a vital link between the laboratory evaluation of
materials used in pavement layers and the field behav-
ior of these materials when combined into pavement
structures. For many years f-sAPT provided pavement
engineers with knowledge that improved their under-
standing of pavement materials and structures, as well
as their behavior under typical traffic and environmen-
tal loading. It formed the basis for developing various
theories about pavement behavior and supports most
of the current pavement design methods.

The f-sAPT narrative over the last decade is well
defined through a focus on the keynote addresses and
syntheses of the three International Accelerated Pave-
ment Testing (APT) Conferences (IAPTC) held since
1999 (Mahoney 1999, Hugo 1999, Hugo 2004, Prozzi
2008, Dawson 2008).

Mahoney (1999) identified the expectations for the
future of APT at the 1st IAPTC as:

– Improved analytical data analysis techniques;
– More APT devices in service;
– New and improved non-destructive testing (NDT)

equipment complementing APT;
– Improved practices resulting from APT;
– More services and options from the private sector;
– Increased use of the Internet for a variety of

pavements and APT activities, and
– Formation of APT consortia.

Hugo (1999) (1st IAPTC) stated that a successful
long-term APT program requires an extensive lab-
oratory program and a cooperative approach with
industry, followed by rapid and extensive implemen-
tation of the findings. Partnering and cooperation

between different programs to ensure economic use of
APT was deemed important, while supplemental tools
for APT have become useful and indeed valuable as
diagnostic tools in their own right. The incorporation
of an improved understanding of loading conditions
should be supported to enable improved modeling
of pavement response modes through improved links
between APT, long term pavement performance and
real life. APT is seen as the proving ground for newly
developed models over the full spectrum of pavement
engineering, including new environmental condition
models.

Hugo (2004) (2nd IAPTC) opened the 2nd IAPTC
indicating that the overall goal of APT programs
is to improve performance and economics of pave-
ments through using APT to simulate the behavior
of an equivalent in-service pavement under conven-
tional traffic and prevailing environmental condi-
tions. Closer linkages between pavement manage-
ment systems (PMS), in-service highways, and long
term monitoring (LTM) programs were again high-
lighted, while the need for cooperation was addressed
through identifying the need to carefully formulate
new APT studies with due regard to the incorporation
of the extensive volume of significant findings from
completed APT studies.

Prozzi (2008) (3rd IAPTC) focused on the long
standing link between APT and the history of pave-
ment design and highlighted the close relationship
between the Transportation Research Board (TRB)
and APT and the importance of international col-
laboration in transportation research. The differences
betweenAPT and LTM, long-term effects, the need for
improved modeling and showing tax-payers the bene-
fits of what is done were highlighted. Major needs for
APT were identified as improved pavement structural
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information required to support upgrading of the trans-
portation system, accurate performance prediction,
focus on marginal materials, and improvements in the
performance of rehabilitated pavements. A summary
synthesis indicated that APT covers all major pave-
ment response modes, material, and pavement types;
it needs advance modeling and quantitative methods
to be beneficial to practitioners; it pays off through
producing significant savings in pavement life cycle
costs; and opportunities exist for private funding and
international collaboration.

Based on the keynotes and syntheses, the impor-
tance of technical research excellence to enable the
most economical use of scarce natural resources
to enable a sustainable transportation network, sup-
ported by international cooperation, is visible through
developments reported at the series of IAPTCs.

The objective of the latest NCHRP synthesis on
f-sAPT (Steyn, 2012) was to collate and analyze the
research conducted in the area of f-sAPT over the
period 2000 to 2011. NCHRP Syntheses 235 (Metcalf,
1996) and 325 (Hugo and Epps-Martin, 2004) reported
on information pertaining to APT projects until early
2000. The following topics were specifically included
in the synthesis scope:

– Evaluation of the operational f-sAPT programs;
– Discussion of material related issues as researched

through f-sAPT;
– Discussion on pavement structure related research

using f-sAPT;
– Application of f-sAPT in the evaluation and

validation of new mechanistic-empirical (M-E)
pavement design methods, and

– Identification of the future needs and focus of
f-sAPT.

The overall finding from this synthesis is that
the judicious use of f-sAPT contributes to and sup-
ports the body of knowledge regarding the way that
pavement materials and structures react to controlled
traffic and environmental loads.

Over the last decade, f-sAPT programs have
expanded and research findings have been published
on a wide range of topics. More than 30 f-sAPT
programs are currently active in the United States
and internationally. Presentations and publications
stemming from the TRB annual meetings, other con-
ferences and journals added to the increase in APT
research findings. The synthesis (Steyn, 2012) makes
it clear that f-sAPT research has generated signifi-
cant findings, and that the application of these find-
ings has expanded into the broad field of pavement
engineering.

Metcalf (1996) defined f-sAPT as “the controlled
application of a prototype wheel loading, at or above
the appropriate legal load limit to a prototype or
actual, layered, structural pavement system to deter-
mine pavement response and performance under a
controlled, accelerated, accumulation of damage in a
compressed time period.The acceleration of damage is
achieved by means of increased repetitions, modified

loading conditions, controlled climatic conditions
(e.g., temperature and/or moisture), the use of thinner
pavements with a decreased structural capacity and
thus shorter design lives, or a combination of these
factors. Full-scale construction by conventional plant
and processes is necessary so that real world condi-
tions are modeled.” This definition has also been used
in the latest synthesis.

Research and developments conducted outside the
focus period of the latest synthesis (Steyn, 2012) (thus
pre-2000) were excluded as these have been covered
extensively in the previous syntheses. The absence of
information on some topics, as well as the absence of
discussion on early developments by various f-sAPT
programs is thus the result of this limited period focus.
It is strongly suggested that the various syntheses on
f-sAPT and relevant NCHRP reports be read as a series
of documents to obtain an extensive understanding of
developments in f-sAPT.

This paper summarizes the major issues emanat-
ing from the latest synthesis (Steyn, 2012). It begins
with the study background, followed by a broad eval-
uation of operational f-sAPT programs. Information
focusing on materials, pavement structures, vehicle-
pavement-environment interaction, pavement model-
ing and analysis, and f-sAPT impacts and economic
analyses is covered. Finally, expected future develop-
ments in f-sAPT are discussed followed by the major
conclusions from the synthesis.

2 BACKGROUND TO SYNTHESIS

The information available for the synthesis con-
sisted of the responses to an extensive on-line web-
questionnaire; information obtained from published
journal and conference papers from 2000 to 2011 (pub-
lished until May 2011 – more than 500 references
cited); discussions with interested and affected parties
regarding f-sAPT, and meeting minutes and presen-
tations of the TRB Full-Scale Accelerated Pavement
Testing (AFD40) committee. The TRB AFD40 com-
mittee functions as a full TRB committee and tracks
presentations and papers linked to its activities through
an active website and communication with members
(TRB 2011).

2.1 General f-sAPT perceptions

Three groups of respondents were targeted through the
questionnaire. These included a group of specialists
who have worked in the field of f-sAPT, but are no
longer currently actively involved (five respondents),
representatives of all 50 US States Departments of
Transport (DOT), and known US and international
f-sAPT program representatives.

All 50 US State DOTs were invited to partici-
pate through invitations sent to the staff responsible
for pavements in accordance with the AASHTO Sub-
committee on Design membership list. The responses
received from 38 US State DOTs indicated that 32
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Figure 1. Anticipated roles of f-sAPT according to
respondents.

states are interested in APT while six states are nei-
ther involved nor planning to become involved in
APT work.

Forty-three known US and international opera-
tors and owners of f-sAPT devices were invited to
respond to the questionnaire. This is an increase of
15 over the number identified in the previous synthe-
sis Hugo and Epps-Martin, 2004), although only 29
of these programs responded and completed the ques-
tionnaire. Most active f-sAPT devices were included
in the respondents. Where details were not supplied
by programs through the questionnaire, details of the
programs were identified through papers and websites.

A total of 72 unique responses were obtained from
the combination of US State DOTs, specialists, and
APT programs. Fifty-six (77 percent) of the respon-
dents viewed the importance of f-sAPT as high with
only three holding the view that the importance is
low. The major roles seen for f-sAPT are pavement
structure and basic materials research, while com-
mercial evaluation of products is deemed as playing
a smaller role (Figure 1). Thirty-nine respondents
viewed the future of f-sAPT as a normal part of oper-
ations and growing. The major benefits of f-sAPT
are viewed as improved structural and material design
methods, performance modeling, and evaluation of
novel materials and structures.

3 CURRENT F-SAPT PROGRAMS AND
EQUIPMENT

APT systems can be divided into full-scale systems
(f-sAPT) and small-scale systems. F-sAPT systems
are those where a standard truck tire (or combination
of tires) is used for applying the loads to the pavement
while small-scale systems are those where a scaled-
down version of a truck tire and tire load is applied to
the pavement (the synthesis (Steyn, 2012) focused only
on f-sAPT). F-sAPT can be divided into tests tracks,
circular, and linear tracking devices. The synthesis

provides a summary of the current US and interna-
tional f-sAPT programs and organizations. It covers
traffic loading equipment, environmental control sys-
tems, instrumentation, and analysis equipment, and is
based on the questionnaire survey results, literature
review and selected discussions. Only a summary of
the data are provided in this paper.

3.1 F-sAPT programs

Implementation of an f-sAPT facility and associated
test program is a long-term action that requires con-
siderable investments (Balay and Mateos, 2008). The
program cost typically exceeds the initial price of the
facility and the construction cost of the experimental
pavements, as laboratory testing, pavement surveys,
pavement and facility maintenance, data analysis, and
reporting have to be included to develop a good f-
sAPT program. Road authorities have to be involved
from the start to assist in defining the broad scope of
the project, support during the research and implemen-
tation of the outputs to common pavement practice. In
recent years, increased emphasis has been placed on
f-sAPT with various f-sAPT facilities utilized through-
out the US and internationally. Brown et al (2004)
views the primary reason for this increase in the use
of f-sAPT facilities as the need to quickly and safely
develop answers to emerging pavement issues within
a reasonable period of time.

In 1996 there were 35 f-sAPT facilities around the
world, of which 19 had active research programs in
place (Metcalf, 1996). Since then there has been an
increase in interest in f-sAPT and a move to enhance
national and international interaction. This has led
to two broad cooperative activities: in the US, the
creation of the TRB technical committee on Full-
scale and Accelerated Pavement Testing (AFD40) and
in Europe, the establishment of the Cooperation for
Science and Technology (COST) Pavement Research
with Accelerated Loading Testing Facilities Program
(COST 347).

Thirty-two of the respondents to the questionnaire
own an f-sAPT device, while 38 of the respondents
have some form of access to an f-sAPT device. Of
those respondents who have access to an f-sAPT
device, 23 own the device, two rent the device and the
remainder access the device through other means (i.e.
sharing, part of a consortium, etc.). Selected details
regarding the actual f-sAPT device characteristics are
summarized in Table 1.

Much of the benefit from f-sAPT has derived
from comparison studies of known materials and con-
figurations against novel and innovative materials
and configurations where some equivalency between
the two has provided sufficient confidence to apply
the novel solution. This short-term pay-off has been
complemented by progress in the understanding of
material behavior and pavement performance.

A substantial improvement in the combination of
laboratory materials characterization, f-sAPT and full
scale pavement performance observations occurred
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Table 1. Selected details of f-sAPT devices types.

Description Number of respondents

Type of f-sAPT 22 Mobile 10 Fixed
device

Linear or non-linear 29 Linear 3 Non-linear
trafficking

Uni or bi-directional 29 Uni-directional 3 Bi-directional
loading also

Field site or 28 Field site 4 Fixed site
fixed site

Roads or airfields 31 Roads 1 Airfield
Fixed device or 30 Fixed device 2 Trucks
trucks

Table 2. Typical f-sAPT test types conducted.

Often Infrequently Never

Dedicated constructed test 16 5 4
sections (normal
construction)

Dedicated constructed test 9 9 5
sections (test pit)

In-service field 6 9 9
test sections

Rehabilitation option 10 9 5
comparison

Other 4 4 2

during the last decade. Uncertainties related to f-sAPT
traffic versus real traffic and the effects of real time
environmental cycles still require improved under-
standing and modeling.

Feedback on the current research programs of
the various facilities focused on a wide scope of
all the major possible topics also reported in lit-
erature. The majority of the focus is on hot-mix
asphalt (HMA), as well as studies with environmen-
tally focused topics such as warm-mix asphalt (WMA)
and recycling. Considerable evaluation of materi-
als models for the Mechanistic Empirical Pavement
Design Guide (MEPDG) has also been undertaken.
Future planned research programs focus on similar
topics, although some programs mentioned a decline
in funding and a lack of future planning after current
work is completed. Table 2 summarizes the types of
f-sAPT experiments typically conducted by the pro-
grams. The main focus is on dedicated constructed
test sections. It is reported that 44 percent of the fund-
ing is short-term with 33 percent long-term and the
remainder (23 percent) intermittent funding. Respon-
dents mainly select projects based on official research
programs (19 programs); however, there are still seven
programs indicating that projects are selected on an ad
hoc basis.

Most f-sAPT programs make use of the stan-
dard types of measurements (i.e. permanent deforma-
tion/strain, elastic deflection/strain) in some form, as

well as basic environmental data (moisture and temper-
ature, depending on the material and test conditions).
F-sAPT programs consistently upgrade and improve
their f-sAPT devices and instrumentation. Exam-
ples of currently planned new developments include
implementation of new f-sAPT devices (at least
three programs), improvements in control and load
monitoring systems and software, upgrades of data
acquisition systems, and instrumentation packages
(in-depth deflection, dynamic rutting, wireless tech-
nology, moisture and pressure sensors, fiber optic
sensors etc.), installation of camera systems for
identifying and measuring cracks, commissioning of
dedicated materials testing laboratories, and f-sAPT
device automatic fault finding systems.

Twenty programs use a combination of f-sAPT
and laboratory testing to augment their data genera-
tion for analysis process, while selected use of LTM
data (referring to both Strategic Highway Research
Program (SHRP) Long Term Pavement Performance
(LTPP) sections, as well as local field section mon-
itored over a number of years that are not part of
the SHRP LTPP sections) and field studies also occur
(12 programs).

F-sAPT programs use various methods to dissemi-
nate the outputs from their programs to industry. The
most popular mechanism is conferences, meetings,
and journals (21 programs), with the least popular
websites and news releases (8 programs). Programs
view the main opportunities to disseminate f-sAPT
research information as focused pavement engineer-
ing conferences and journals, with 28 respondents
indicating that they have been actively involved in
the various international APT conferences since 1999.

Spreadsheet based systems are used to store data at
some stage of the research. Approximately 50 percent
of respondents have dedicated databases where all data
are ultimately stored and from where further analyses
are conducted.

Sixteen of the f-sAPT device owners make data
available to non-APT users for analyses, while 12 pro-
grams share their data with other f-sAPT programs.
Consequently, 52 of the respondents use data from
their own f-sAPT programs or databases for research,
while 19 of the respondents use data originating from
other organizations. The majority of respondents (50)
combine data from more than one test section in their
research.

Most f-sAPT programs (18) indicated that a need
still exists to generate knowledge and expand the
understanding of materials and pavements in an envi-
ronment where traffic demands evolve and constant
improvements in performance models potentially lead
to more cost effective application of limited road
infrastructure budgets.

3.2 Associations and committees

Formation of associations of f-sAPT programs
occurred actively during the last decade. These asso-
ciations are formed around specific loading devices
or funding programs with the general objective of
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Table 3. List of active f-sAPT associations and committees.

Association/Committee Website

Consortium of Accelerated
Pavement Testing (CAPT)

http://rip.trb.org/browse/
dproject.asp?n=27614

Cooperation for Science and
Technology (COST)

http://www.cost.eu/
domains_actions

Forum of European National
Highway Research
Laboratories (FEHRL)

www.fehrl.org

Heavy Vehicle
Simulator International
Alliance (HVSIA)

http://www.hvsia.co.za

Mobile Load Simulator
(MLS) User Group

No active website

Transportation Engineering
and Road Research
Alliance (TERRA)

http://www.terraroadalliance.
org/about/index.html

Midwest States Accelerated
Pavement Testing Pooled
Funds Program

No active website

Transportation Research
Board Committee on Full
Scale/Accelerated
Pavement Testing (AFD40)

http://wweb.uta.edu/faculty/
sroman/AFD40/

improving the cost effectiveness of the overall pro-
grams through cooperative efforts of program plan-
ning, data analysis, and device improvements. A list
of the identified associations is shown in Table 3 with
their associated contact details.

4 PAVEMENT MATERIALS AND STRUCTURE
EVALUATION

The synthesis (Steyn, 2012) evaluated f-sAPT work
conducted on specific pavement materials, as well as
the response obtained from different pavement struc-
tures and the effect of loading and environmental
conditions on the test results. It covered the full range
of typical pavement materials and combinations of
materials.

The most popular surfacing material evaluated by
respondents is HMA, followed by traditional concrete,
with most of the other surfacing types only being
evaluated by less than 30 percent of the respondents
(Figure 2). WMA was interestingly (as a relatively
novel material) the third-most evaluated surfacing. For
pavement base layers, granular materials have been
evaluated the most often, followed by a group of base
materials including asphaltic, cemented, and recycled,
while the various unstabilized materials were most
often used for subbase and subgrade materials.

Traditional cracking (incorporating all types of
structural fatigue) and rutting structural distress types
for HMA surfacings and concrete pavements were
most often evaluated, while permanent deformation
was most often evaluated as the structural distress
type for base and subbase layers. Fewer respondents

Figure 2. Surfacing materials evaluated with f-sAPT.

Figure 3. Load characteristics related to observed f-sAPT
performance.

include functional distress in their evaluations, with
the second-most selected option in the questionnaire
indicating that functional distress is not deemed appli-
cable for evaluation using f-sAPT. This is probably
influenced by the large number of f-sAPT devices that
use short pavement sections for testing (as opposed to
test tracks).

Most programs used wheel load as the load char-
acteristic to which they related f-sAPT data, with the
tire-related properties (inflation pressure, type, con-
tact stress) starting to play a more prominent role
(Figure 3). The material properties used to explain
performance (Figure 4) are mostly typical properties
that are known to affect structural performance of
materials. Respondents mostly rated unconventional
materials and compaction as the aspects of pavement
engineering that may enhance construction and reha-
bilitation of pavements that were evaluated in their
f-sAPT programs.

Apart from the major emphasis on HMA rutting,
a developing trend is the evaluation of environmen-
tally sensitive materials such as WMA and recycled
asphalt (RA), as well as the focus on pavement life
extension through application of HMA overlays and
various types of thin concrete overlays. Aging effects
of HMA is addressed to a degree, although accelerated
artificial aging of HMA is not necessarily providing
similar results to real time-aged HMA.Although some
f-sAPT on granular materials is still being conducted,
the applications are limited. A number of miscella-
neous unique applications of f-sAPT were identified,
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Figure 4. Material properties related to observed f-sAPT
performance.

including the testing of pipes in trenches, snow melt-
ing systems, and the use of f-sAPT data to assist in
calculating road user charges and pay factors.

5 VEHICLE-PAVEMENT-ENVIRONMENT
INTERACTION

The specific interaction between the loading device
and the pavement structure with a focus on the link-
ages to real traffic loading and the environment were
evaluated and typically incorporated the effects of load
equivalence, tire types, real-life environmental effects,
etc. F-sAPT aims to evaluate pavement sections under
a range of loading and environmental conditions in
order to improve the knowledge of the potential per-
formance of the pavement layers and structure under a
full range of operational conditions. Using this philos-
ophy, it is standard f-sAPT practice to select a range of
vehicular loading conditions, as well as environmental
conditions for different tests and obtain the response of
the pavement under the specific selected conditions.
The outputs of these tests are combined to develop
a model of pavement response under expected field
conditions.

The majority of respondents relate their f-sAPT data
to pavement temperature and ambient air tempera-
ture (between 18 and 24 respondents), with a limited
number of respondents evaluating the effects of rain-
fall, drainage, ageing, and humidity. Most respondents
(between 11 and 17) control the pavement and ambient
temperature during tests, with moisture control being
a secondary parameter that is controlled or monitored
(between 7 and 9 respondents). The improved charac-
terization of loading conditions is mirrored by the use
of more complicated materials models that can react to
these input conditions and provide improved models
of the materials’ load responses.

The focus on temperature monitoring and control is
probably related to the high percentage of HMA type
f-sAPT evaluations conducted. The major effects of
tire contact stresses and loading conditions on pave-
ment response were highlighted by many researchers
and are shown to be incorporated as a factor in many

of the test programs evaluated. Improved measure-
ment systems, as well as novel analysis techniques
for incorporating actual tire-pavement contact stresses
into analyses, allows for an improved understand-
ing and appreciation of this parameter. The loading
effects caused by wide-based and also aircraft tires are
being evaluated at various f-sAPT facilities. A lim-
ited number of facilities incorporate LTM of existing
pavements into their research, although it is appreci-
ated that it is an important link between f-sAPT and
real life data.

The combination of f-sAPT data with laboratory,
LTM and field data differs between projects and
depends mainly on the requirements of the specific
project. F-sAPT is almost always combined with and
supported by laboratory data, with field data used for
calibration with real environment and traffic. Some
respondents make use of replicate sections on public
roads that become the field sections and almost serve
the role of LTM sections, although they are not mon-
itored in the same way as the SHRP LTPP sections.
F-sAPT is clearly viewed as one of the available tools
and not as the ultimate answer to all questions.

6 MODELING AND ANALYSIS

F-sAPT programs employ a range of modeling and
analysis methods in analyzing data from their pro-
grams. The application of f-sAPT in the Mechanistic
Empirical Pavement Design Guide (MEPDG) and
other mechanistic-empirical (M-E) pavement design
methods specifically received attention during the last
decade. Most of the modeling and analysis work eval-
uated, focused on improving the materials models for
the various M-E design models, thereby reducing the
risk of design as more appropriate parameters are
incorporated into the design, and the effect of each
of the parameters are better understood.

The increased use of finite element methods (FEM)
in cases of analyzing moving loads (as opposed to
static load analysis) where factors such as mass iner-
tia and stress rotation are incorporated into the model;
the increased use of materials models that are not sim-
ply linear elastic, but which incorporate the effects on
non-linearity, viscosity, and environmental sensitivity
(i.e., moisture and temperature); the increased use of
detailed definition of the applied loads in terms of
both load history and contact stress patterns, and the
increased cognizance given to the effects of the envi-
ronment on pavement response are highlights in the
latest f-sAPT modeling efforts.

It appears as if a process is driven on several fronts
where improved computer capacity allows the com-
plexity of calculations to increase without becoming
too time and resource consuming, the understanding
of materials properties are improving with the paral-
lel development of appropriate laboratory and field
instruments, and tests to obtain these parameters for
different materials and the subsequent modeling is
improved through the combination of these factors.
Most of the M-E methods operate on a multi-level
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basis, where pavements of lesser importance where
higher risk can be tolerated are designed using a sim-
plified version of the system, and pavements where
very little risk can be tolerated are designed using the
most complex version of the M-E method.

It does, unfortunately, appear that a lot of the mod-
eling is still focused on the surfacing layers and that
the effect and contribution of lower layers are gener-
alized and simplified, even though these effects may
sometimes affect the surfacing and other upper layers
significantly. It is specifically the strength-balance of
the pavement (providing a pavement structure where
layers are not over-strained or over-stressed due to a
lack of support or protection) that often appears to be
ignored in test planning and modeling.

The majority of respondents use elastic layer theory
for most backcalculation, deflection, and stress/strain
analyses. Iterative methods are mainly used for back-
calculation, while elasto-plastic and visco-elastic layer
theory are applied in limited instances.This is probably
because these model properties are typically mate-
rial related (i.e., visco-elastic methods for asphalt
materials).

Although attempts are being made to incorporate
more advanced model formulations to closer predict
material behavior, the use of linear-elastic layered the-
ory still provides reasonable results in some cases.The
development of advanced pavement design methods
and the use of f-sAPT data for the calibration of these
methods, analysis of advanced pavement response
models, and improved pavement design methods is
becoming a more common activity. Several major ini-
tiatives in the development of prominent pavement
design methods that incorporated f-sAPT (such as
the Australian, South African, Minnesota, and other
approaches) have been covered in previous syntheses
(Metcalf 1996, Hugo and Epps-Martin, 2004).

7 IMPACTS AND ECONOMIC ANALYSIS

7.1 Impacts

Respondents viewed improved structural and mate-
rial design methods, evaluation of novel materials,
improved performance modeling, and the develop-
ment of performance related specifications as the
major benefits of f-sAPT (Figure 5). The most sig-
nificant findings from f-sAPT in the last decade
contain a vast collection of specific topics focus-
ing on all aspects of pavement engineering. Issues
around materials characterization, pavement model-
ing, pavement behavior and performance, pavement
design method development and calibration, benefits
of specific materials and technologies, and economic
impacts of f-sAPT programs provide a small sample of
these highlights.Aspects that do stand out are the num-
ber of respondents indicating that technologies that
are viewed as environmentally friendly such as WMA
and the use of RA are significant in their programs.

The most significant international findings of
f-sAPT in the last decade can be summarized on a

Figure 5. Major benefits of f-sAPT.

strategic level as the calibration of pavement design
methods (specifically the MEPDG and California
Mechanistic Empirical design methods [CalME]),
development of databases of information on pavement
performance that are shared between different pave-
ment research programs, cost savings through imple-
menting f-sAPT, and the development of improved
instrumentation and analysis methods. In terms of
more practical examples, issues such as an improved
understanding of failure mechanisms of top-down
cracking, critical strain limits in HMA, the effect of
adequate layer compaction, variability of materials
and layer properties, improved understanding of the
links between various materials’ laboratory and field
behavior and the effect of various real environmen-
tal conditions and traffic on pavement behavior and
performance are seen as major international findings.

Feedback indicates that the various f-sAPT facilities
are conducting focused research that addresses ques-
tions that affect the quality and performance of their
sponsor’s pavement infrastructure positively through
an improved quantification of risks associated with
the use of various technologies, as well as improving
the general understanding of material and pavement
behavior and performance.

The educational benefits of f-sAPT were also
evaluated in the questionnaire, and were identified as
being mainly visible in the opportunity of providing
students and young engineers with the funding, topics,
and technical support to pursue studies in pavement
engineering through detailed analyses of full-scale
pavement behavior. At least 55 specific students could
be identified as having been involved with graduate
studies linked to f-sAPT in the past decade.

7.2 Economic analysis

Benefit-cost ratio (BCR) is mostly used to evalu-
ate the economic benefit of f-sAPT programs. Nine
programs conduct economic evaluations, with most
evaluations conducted after the research has been
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Figure 6. Estimates of BCR for f-sAPT facilities.

Table 4. Summary of Benefit Cost Ratios (BCRs) from
questionnaire and literature.

Origin BCR

UCPRC 1 3.2 to 9.5
Australia 1.4 to 11.6
South Africa 2.2 to 10.2
Caltrans I710 5.3 and 32.4
Louisiana 5.3
MnROAD 8.9

completed (8 respondents). Four programs use BCR
information as input in their research planning. Feed-
back from clients and sponsors is in some cases used to
evaluate the benefit, albeit not in economic or objec-
tively measured terms. The benefit of cost avoidance
or avoidance of implementation of a costly action that
is proven to be ineffective during f-sAPT is also seen as
a strong indicator of the success of some f-sAPT pro-
grams. Estimates of BCR from respondents (Figure 6)
indicate that the majority (6 respondents) estimate
their BCR at between one and five. The number of
respondents drops for the next two categories (6 to 10
and 11 to 20) and increases again for the over 31 BCR
group.

Based on published literature, the ranges of BCR
are shown in Table 4. It was important to ensure that
the same factors were included in the comparative
analyses and that similar analysis procedures were fol-
lowed. The data in Table 4 indicates that the ranges are
broadly between 1.4 and 11.6 (excluding the high Cal-
trans example where user costs were included in the
analysis). This relates well with the 10 respondents
who indicated a BCR of between one and ten for their
facilities (Figure 6). The main difference between the
data in Figure 6 andTable 4 is that those in Figure 6 are
mostly estimated while those in Table 4 are calculated.

The credibility of this type of analysis lies in the
acceptance of the results by road authorities and prac-
titioners. One of the criticisms of BCR is the effect
of inputs, assumptions and subjectivity on results as
reflected in the sensitivity analysis. Sensitivity analy-
sis is recommended as it enables examination of these
effects for interpretation and use of BCR values.

8 FUTURE DEVELOPMENTS

8.1 Continued trends

Hugo and Epps-Martin (2004) identified the following
four items for future research:

– In situ field performance of pavements tested in
f-sAPT;

– Closer association between f-sAPT and in-service
pavement evaluations, LTPP studies, and PMS to
validate f-sAPT results;

– Exploration of vehicle-pavement-environment
interaction to enhance the ability to do quantita-
tive performance prediction of different pavement
structures under specific conditions, and

– Prudent use of available information and collabo-
rative research efforts to improve the reliability of
findings and establish confidence limits.

Evaluating these four items in the light of the infor-
mation covering the period 2000 to 2011, it is evident
that the f-sAPT community is probably moving in
the right direction, although it may be slow and with
deviations in some areas.

The importance of having in-service sections for
performance evaluation and validation of f-sAPT data
(LTM section) is appreciated by most, and there are
a number of cases where such validations have been
attempted.The problem currently is in the linkage with
good information regarding the performance trend of
the field sections. Mostly, these sections are not as
well monitored as the original f-sAPT sections, and it
often becomes difficult to obtain reliable traffic and
environmental data for a field section. The costs of
a long-term field evaluation are often a hindrance to
ensuring that long-term data are collected regularly.

Vehicle-pavement-environment interaction is
receiving ample attention in current programs, and
the majority of reports at least indicate the condi-
tions under which specific tests were conducted. This
includes tire type and conditions, temperature and
moisture content at which a test was conducted, and
the speed at which the test was run. Although all
these parameters are not necessarily controlled dur-
ing the test, the fact that researchers appreciate their
importance is already a step forward. The importance
of incorporating these aspects into modern pavement
design methods also forces improved evaluation of the
methods to control and measure these parameters dur-
ing f-sAPT, as well as during normal trafficking of
pavements.

Collaborative research has increased significantly
during the last decade. The development of associ-
ations has led to improved communications around
common interests and facilities. Different facilities
and programs are also using data collectively to
evaluate models developed at specific facilities and
to validate the applicability of specific models and
design methods. This allows for data originating from
other programs and countries to be analyzed using a
model developed under different conditions, and the
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robustness of models is thus evaluated. The regular
internationalAPT conferences and the work conducted
at TRB’s AFD40 committee also ensure constant
communication between role-players. Prudent use of
technology such as videoconferencing allows meet-
ings to be organized with international colleagues,
fostering the relationships and the multiple uses of
data.

The most significant strategic level findings from
f-sAPT in the last decade focus on issues around
materials characterization, pavement modeling, pave-
ment behavior and performance, pavement design
method development and calibration, benefits of spe-
cific materials and technologies, economic impacts
of f-sAPT programs, calibration of pavement design
methods, development of databases of information
on pavement performance that are shared between
different pavement research programs, cost savings
through implementing f-sAPT findings, and the devel-
opment of improved instrumentation and analysis
methods.

8.2 New trends

Many of the trends identified in the synthesis are
known issues, but which did not receive the required
attention in the research and testing environment as
would be expected. Issues such as the stress rotation
within pavement layers that affects the performance as
indicated in the synthesis, non-linear, elasto-plastic,
elasto-visco-plastic and other complex models are
being incorporated into research and analysis proce-
dures more often. The active use of these models and
techniques should be pursued to gain further improve-
ments in the area of pavement behavior based on
f-sAPT.

Economic evaluation of f-sAPT programs is receiv-
ing more attention. It appears as if the majority of
f-sAPT programs are satisfied that they get good data
from the programs, and that more detailed BCR-type
analyses are not required. More attention and time are
rather focused on the technical analyses and issues
around pavement provision and maintenance.

Continuous improvements in computer technology
allow the use of more complex models that pro-
vide data much closer to real pavement response to
loads. These more complex models also incorporate
the details of tire-pavement contact stress area and
magnitudes.

Respondents to the questionnaire indicated that
research into the following broad topics should lead
to future significant findings from f-sAPT:

– More detailed focus on vehicle-pavement interac-
tion (including improved load and contact stress
models);

– Improved environment-pavement interaction (includ-
ing climate change issues);

– Development of, and improvements in, perfor-
mance related specifications;

– Improved MEPDG validation;

– Evaluation of sustainable pavement solutions
(energy efficient technologies and re-use of avail-
able infrastructure), and

– Improved reliability in pavement design.

The increased use of dedicated airfield facilities
is visible in the academic literature. The special load
magnitudes and wheel configurations used on aircraft
require more specific instrumentation and monitor-
ing equipment than that on more traditional f-sAPT
programs.

9 CONCLUSIONS

These conclusions are based on the information
gained from the questionnaire, as well as the published
literature. The synthesis on f-sAPT contributes to the
body of knowledge by evaluating developments and
advances around f-sAPT between 2000 and 2011.
The overall conclusion is that the judicious use of
f-sAPT contributes to, and supports the body of knowl-
edge regarding the way that pavement materials and
structures react to controlled traffic and environmen-
tal loads. Through well-planned studies, the f-sAPT
work conducted over the last decade highlighted the
following strategic findings that provide important
information to the pavement engineering community
to ensure the sustainable and efficient supply of cost
effective pavement-related infrastructure.

– General perceptions regarding f-sAPT indicate that
it is important, with a major role to be played in
pavement structure and basic materials research.
The future of f-sAPT is perceived as growing and
being a normal part of pavement research oper-
ations, benefiting improved structural and mate-
rial design methods, performance modeling and
evaluation of novel materials and structures.

– Many programs share their facilities and data in
order to expand their database. The formation of
associations of f-sAPT users with the general objec-
tive of improving the cost effectiveness of overall
programs through cooperative efforts of program
planning, data analysis, and device improvements,
is evident.

– A wide scope of topics is addressed in the research
conducted by the various programs, with the major
focus on HMA materials. A developing trend is the
evaluation of sustainable materials such as WMA
and RA, as well as the focus on pavement life
extension through application of HMA overlays and
ultra-thin whitetoppings (UTW).

– Respondents view temperature as the most impor-
tant environmental parameter to relate f-sAPT data
with, and to control during tests – probably related
to the high percentage of HMA type f-sAPT evalu-
ations conducted. The major effects of tire contact
stress and loading conditions on pavement response
were highlighted by many researchers and are
shown to be incorporated as a factor in many of
the test programs evaluated for this synthesis.

21



– Improved characterization of loading conditions is
mirrored by the use of more complicated materials
models that can react to these input conditions and
model the response of the various materials more
realistically. Many programs actively focus on the
validation of models incorporated in the MEPDG
and CalME pavement design procedures, thereby
reducing the risk involved in pavement design as
more appropriate parameters are incorporated, and
the effect of each are better understood.

– Improved computing technology allows the com-
plexity of calculations to increase without becom-
ing too time- and resource-consuming, while the
understanding of materials properties is improving
with the parallel development of appropriate lab-
oratory and field instruments and tests to obtain
these parameters for different materials.

– Improved structural and material design methods,
evaluation of novel materials, improved perfor-
mance modeling, and the development of perfor-
mance related specifications are perceived as the
major benefits of f-sAPT.

– Perceptions regarding the way that f-sAPT has
changed the pavement engineering world focused
on proving new techniques and materials and
development of a fundamental understanding of
pavement structures.

– Evaluation of economic benefits of f-sAPT has
come to the forefront during the past decade
with more programs reporting attempts at per-
forming BCR type evaluations of their research
programs. It appears that general international eco-
nomic conditions forces researchers to prove the
benefit of their research much more and identify,
analyze, and quantify the direct and indirect bene-
fits obtained from f-sAPT. Estimates of BCR from
respondents ranged broadly between 1.4 and 11.6.

– It is evident that the f-sAPT community is mov-
ing towards the future with a focus on calibration
of f-sAPT outputs with in-service pavement data,
specifically with a view to incorporating envi-
ronmental and real traffic issues that cannot be
modeled using f-sAPT.

– Questionnaire respondents indicated that issues
such as a more detailed focus on vehicle-pavement
interaction (including improved load and contact
stress models), environment-pavement interaction
(including climate change issues), development of,
and improvements in, performance related specifi-
cations, improved MEPDG validation, evaluation
of sustainable pavement solutions (energy efficient
technologies and re-use of available infrastructure),
and improved reliability in pavement design are
important future focus areas.
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PaveLab and heavy vehicle simulator implementation at the National
Laboratory of Materials and Testing Models of the University of Costa Rica

J.P. Aguiar-Moya, J.P. Corrales, F. Elizondo & L. Loría-Salazar
PITRA-LanammeUCR, University of Costa Rica, Costa Rica

ABSTRACT: The LanammeUCR is an academic entity attached to the Civil Engineering Faculty of the Univer-
sity of Costa Rica. The Transportation Infrastructure Program (PITRA) of LanammeUCR, works directly with
the Costa Rican government performing applied research, auditing and technology transfer. It is funded from a
law that assigns 1% of the fuel tax collected in Costa Rica to LanammeUCR with the main objective of ensuring
the efficiency of road investments in the country. To meet this objective, PITRA has allocated a considerable
component of its funds towards the acquisition of high technology/state-of-the-art equipment such as an falling
weight deflectometer, road surface profiler, Geo3D, and dynamic testing equipment for material characteriza-
tion, among others. With the goal of improving the design and construction of pavements structures, as well as
better understanding the different materials used, LanammeUCR decided to acquire a Heavy Vehicle Simulator
(HVS) with instrumentation. With this Accelerated Pavement Testing (APT) equipment, LanammeUCR will be
fully equipped to monitor the performance of different pavement structures and materials, and new and improved
pavement technologies, and to develop and calibrate a mechanistic-empirical design guide for local weather,
materials, and traffic conditions. This paper summarizes the draft plan for the design of the APT facility that
will be constructed at LanammeUCR. The facility includes a saturation system to simulate pavement conditions
during Costa Rica’s intense rainy season.

1 INTRODUCTION

Since the early 1990’s it was evident that the state
of the Costa Rican transportation infrastructure was
rapidly deteriorating. This condition worsened due
to the lack of supervising and planning from the
Administration (Ministry of Transportation and Pub-
lic Works). To make matters even worse during this
decade, the component of the national budget that
was destined towards road investment was drastically
reduced (MOPT, 2011). This was a consequence of
policies at the macroeconomic level regarding pub-
lic spending, resulting from investment adjustment
programs established under the guidance from the
International Monetary Fund (IMF).

The reduction in road spending resulted in an
accelerated deterioration of the country’s transporta-
tion infrastructure. Additionally, establishing contacts
with the private sector to perform new construction
or maintenance activities was a difficult process due
to the complexities of the adjudication procedure and
the lack of budget. In order to address these issues,
the National Transportation Council (CONAVI) was
created in 1998 as established by Law 7798 with the
objective of planning, programming, administrating,
financing, performing, and supervising the mainte-
nance and expansion of the national road network.

However, mostly due to lack of funding, the empha-
sis of road investment quickly shifted from new

construction to maintenance of the existing infras-
tructure. This changed the role of the DOT to that
of comptroller and supervisor. This change in prior-
ities still remains, but is currently complemented by
construction of new projects by means of concessions
awarded to the private sector.

In 2002, Law 8114 destined economic resources for
the maintenance and rehabilitation on the national road
network. Additionally, the law assigned responsible
supervising entities to ensure the quality of the national
and municipal road networks. Part of the responsibil-
ities assigned by law to LanammeUCR are those of
performing applied research in topics related to road
infrastructure that should result in the improvement of
materials and pavement structures in use, and updating
the national specifications at least every ten years.

Consequently, LanammeUCR has been working on
characterization of local materials, improvement of
asphalt mixtures to be used locally, and evaluation of
the national road network since 2002. However, devel-
opment of a pavement design procedure is difficult
since new construction projects are limited.

Additionally, partly due to lack of knowledge in
proper mixture and structural design, and partly due
to deficient construction practices and poor quality
control/quality assurance (QC/QA), most pavement
projects still fail a few days after construction. There-
fore, long term monitoring of properly designed and
constructed road projects, from construction to failure,
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has been rather limited.This is an important setback in
the objective of developing a structural design guide
for Costa Rica since calibration or development of
field pavement deterioration models is not possible.

To address this issue, and with the goal of prop-
erly characterizing the deterioration of new pavement
structures, or rehabilitated pavement structures, the
possibility of constructing and using full scale pave-
ment test sites has been evaluated since 2005. After
a detailed analysis of the different options/methods
that are currently used worldwide to evaluate full scale
pavement test section, it was determined that the best
option for Costa Rica and LanammeUCR was to invest
in an accelerated pavement testing (APT) facility. The
facility will be equipped with a Heavy Vehicle Simu-
lator (HVS) MarkVI model.This mobile machine will
allow for accelerated trafficking of controlled or field
test sections and will be capable of simulating 20 years
of road deterioration in just a few months.

In conjunction with the acquisition of the HVS, the
construction of a building that will house test tracks
that can accurately simulate soil saturation conditions
is being built with the intention of running the HVS
under controlled conditions prior to taking the HVS to
evaluate pavement test sections in the field.

All of the previous discussion is encompassed in
the mid- and long-term research plan that has been
established by Pitra and its Materials and Pavements
Division.The plan establishes a line of research whose
objectives will culminate in the development of new
specifications to address all the material, climatic, traf-
fic conditions associated with the country, and even-
tually, in the development of a mechanistic-empirical
pavement design guide for Costa Rica. In this sense,
the development of the APT program is a tool that
will not only aid in the evaluation of natural scale
test sections, but will also allow for the development
of pavement deterioration and performance prediction
models for the country. All of the previous will be
complemented with materials and pavement research
that has been performed at LanammeUCR for the past
several years, and which is envisioned to continue in
the future.

2 LANAMMEUCR

The National Laboratory of Materials and Testing
Models (LanammeUCR) is an academic entity that is
attached to the Civil Engineering Faculty at the Uni-
versity of Costa Rica (Figure 1). The LanammeUCR
was founded in the 1950s and since its establish-
ment, has focused its efforts towards applied research,
development of professional engineers, and technol-
ogy transfer in the fields of civil and transportation
infrastructure.

LanammeUCR’s main objective is the generation
of specialized information and its transfer. Addition-
ally, LanammeUCR lends its services and expertise
to both the public (local and municipal governments,
Regional governments) and private sectors to ensure
that the latest technological processes are applied.

Figure 1. LanammeUCR facilities.

In an effort to ensure the competitiveness of the
laboratory, LanammeUCR has ensured that the qual-
ity of the results it generates are accurate, repeatable,
and trustworthy. In order to do so, the testing pro-
cedures that are used need to be validated and fol-
low proper QC/QA tests. Consequently, since 2001,
LanammeUCR implemented a quality assurance sys-
tem following the ISO/IEC 17025 specification enti-
tled: “General requirements for the competence of
testing and calibration laboratories”.

Additionally, in 2002, LanammeUCR accredited
the first set of laboratory procedures with the Costa
Rican Accreditation Entity (ECA), and since then
the scope of the accreditation has been widened to
include 77 testing procedures and several calibration
procedures.

2.1 Transportation infrastructure program (Pitra)

As a part of the Faculty of Civil Engineering,
LanammeUCR encompasses programs in several
areas such as transportation infrastructure, seismic
engineering and risk management, structural, and
geotechnical engineering. The Transportation Infras-
tructure Program (Pitra) is in itself subdivided into
several units that specialize in evaluation of the
road network, technical auditing, management of the
municipal network and bridges, and production of
technical specifications. All in all, Pitra is com-
posed of a team of 40 technicians, 52 engineers,
2 lawyers, 5 chemists, 17 administrative personnel, and
24 undergraduate research assistants.

Additionally, to complement all of these units, there
is a Materials and Pavements Program that comple-
ments the work of the other units by means of applied
research in different pavement related issues. The
Materials and Pavements Program focuses mainly on
granular materials and soils, asphalt mixtures, mate-
rial chemistry, preservation techniques, and pavement
evaluation and monitoring.

Current research activities are aimed towards analy-
sis and evaluation of physical, mechanical, and chem-
ical properties of the different materials that are used
in the road infrastructure, development of specifica-
tions for materials adapted to Costa Rican conditions,
development and calibration of pavement infrastruc-
ture performance models, and in the mid- to long-
term, development of a structural design guide for the
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country, and eventually, for the region. All of the pre-
vious is fundamental to ensuring good performance
of the national road infrastructure since material, cli-
matic, and traffic conditions are very particular to the
region and as such need to be properly understood.

More recently, research is being performed in coor-
dination with other units of Pitra to expand the focus
of research from specific pavement and pavement
infrastructure related topics, to a more comprehen-
sive transportation perspective that includes bridge and
structural analysis, geotechnical analysis, traffic and
safety research.

To aid Pitra, and Pitra’s Materials and Pavements
Program in performing applied research and its other
functions, LanammeUCR established a pavements
laboratory. In 1997, the pavements laboratory con-
sisted of a Marshall hammer, 2 viscometers, and
1 penetrometer. However, since then the pavements
laboratory has grown and currently includes a con-
ventional HMA laboratory, a dynamic analysis labo-
ratory, a rheology and materials laboratory, and a field
laboratory. All of the previous is complemented with a
civil infrastructure laboratory capable of evaluating
concrete and aggregates, soils, full-scale structures
and resistance of materials.

2.2 Law 8114

As mentioned previously, Law 8114 was implemented
to ensure the quality of the national road network.
As part of the law (Article 6), several responsibil-
ities are assigned to LanammeUCR to ensure that
the previous conditions are met. These responsibilities
can be summarized as:

1 Programs to educate and certify laboratory
technicians

2 Technical audits of active projects
3 Biannual evaluation of the entire paved road

network
4 Annual evaluation of roads and bridges awarded to

concessioners
5 Updating the national road and bridges specifica-

tion manual once every ten years
6 Technical audits of laboratories involved in the

road industry
7 Technical advice to the heads of the DOT, Vice

Minister, and Minister
8 Professional development courses and technology

transfer activities aimed at inspectors and engi-
neers, and

9 Research on topics related to the problems that the
national paved road infrastructure is facing.

To ensure that LanammeUCR can perform these
activities, Law 8114 assigns approximately 1% of
the total fuel tax that is collected in Costa Rica.
Pitra was created because of the responsibility that
LanammeUCR holds towards Costa Rica. Internally,
Pitra manages the funds to ensure that its assignments
defined by law are met. Consequently, it is through
appropriate planning that a percentage of the funds

Figure 2. PaveLab project schedule.

from Law 8114 have been budgeted towards the pur-
chase of high technology/state-of-the-art equipment
for the pavement laboratories within LanammeUCR
and for the field evaluation laboratory.

It is through this budget geared towards equipping
the laboratory to perform applied research that the pur-
chase of an HVS and construction of the APT facility
(PaveLab) is being undertaken. Additionally, part of
the budget is also going towards instrumentation for
the HVS and for hiring specialized personnel to be
involved in the material design and analysis, instru-
mentation, pavement performance, and material and
structural modeling.

3 LANAMMEUCR

As previously stated, in 2005 the possibility of using
APT facilities began to be analyzed, mainly because
of the need for evaluating the long term performance
of existing pavement structures and new technologies
that have proven effective in the laboratory but have
not yet been used in the field. All of the previous
discussion is within the scope of the responsibilities
defined by Law 8114, and the research plan established
internally by Pitra.

In 2009, the HVS was entered into the budgetary
reserve for the upcoming years. From that point in
time, the PaveLab Project has been scheduled and
planned as shown in Figure 2.

PaveLab’s research and testing plan is still under
development and it is the intention of LanammeUCR
to form an APT Committee with the public sec-
tor (DOT, National Road Association, Construction
Chamber, and the Association of Professional Engi-
neers and Architects) to ensure that the testing that
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is performed as part of the HVS Plan will be for the
benefit of the country.

Based on the most recent planning, it is expected
that initial HVS testing will be performed in two main
phases:

1 From 2013 to 2015 it is expected that the HVS will
be used in controlled experiments within Lanam-
meUCR PaveLab’s facilities, using the saturation
testing pits. This will allow comparison of differ-
ent types of HMA mixtures and soil stabilization
methods that are currently used or that are intended
for future use in the country.

2 In a second phase starting in 2016, testing activi-
ties will not only be performed at LanammeUCR
facilities, but the equipment will be taken to the
field to evaluate different projects.

It is planned that initial research will involve the
comparison of HMA mixtures with modified and neat
binders in order to quantify the improvement associ-
ated with including a modifier. This is very important
since the use of modified binders in Costa Rica has
been very limited and because only one type of binder
is produced by the national refinery. However, due to
the climatic and traffic diversity in the country, the
availability of several binder options is a necessity.

Most of the data analysis will be performed by
Pitra’s Materials and Pavement Program. However,
through the PaveLab APT Committee, it is expected
that the results will be spread to the engineering
community so that they make an impact on pave-
ment design and construction practices in the Region.
Additionally, because of LanammeUCR’s attachment
to the Universidad de Costa Rica’s Civil Engineering
Faculty, an undergraduate and graduate thesis pro-
gram will be developed to ensure that the information
generated by the HVS can be used to its greatest
potential.

Please note that PaveLab’s Research and Testing
plan is still under development and is subject to change
based on research performed prior to the start of
operation in 2013, and based on the input of the
different sectors that are involved.

4 PAVELAB’S HVS

The HVS model acquired by LanammeUCR is the
Dynatest/CSIR HVS Mark VI, which was the latest
model released by Dynatest prior to the purchase date.
This equipment does not have self propulsion or self
powering features. However, its redesign and new fea-
tures offer a great range of testing options. Some of
the characteristics of this model are as follows:

– The HVS Mk VI can apply at least 26,000 bidirec-
tional passes or 13,000 unidirectional passes of the
load carriage in a 24 hour period, along an 8 m test
section.

– The HVS load levels are between 30 and 100 kN
(7–22.5 kips). Loading up to 200 kN (45 kips) is
possible with an aircraft wheel and ballast options.

Figure 3. Plan view of the HVS building with the test pit in
the middle.

Figure 4. Lateral view of the HVS building, the detail
corresponds to the water system.

Figure 5. Lateral view of the HVS location over the pit.

– The maximum wheel speed is 12.8 km/hr ± 3 km/hr
(8 mph ± 2 mph). The speed can be increased to
20 km/hr when using the beam extension.

– The equipment is capable of shutting itself down
automatically at a programmed number of passes.
Also, in case of a malfunction, the HVS can be
stopped within one pass by two different mecha-
nisms.

– The HVS is capable of duplicating traffic wan-
der or wheel distribution by means of integrated
mechanisms.

– The equipment can be operated in a range of
temperatures varying from −15◦C to 40◦C (5◦F to
105◦F).

– Some of the new features that this model has in
comparison to the previous models are:

• A redesigned frame and a simplified hydraulic
system based on the HVS MkV carriage design.

• The possibility of a beam extension, which allows
higher testing speeds and a longer test track.
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Figure 6. Example of EverStressFE analysis for a simple structure under a standard 40 kN load.

• Easier towing due to the reduced weight.
• The HVS MkVI wheels are turntable mounted,

which makes it more maneuverable on site. This
feature will be of special help to LanammeUCR,
because of space limitations within the PaveLab
facility that is being prepared for the equipment.

Also, as mentioned previously, LanammeUCR will
also destine $400,000 to the acquisition of part of the
instrumentation that the equipment requires in order
to gather more data for further analysis. The selec-
tion of instrumentation is based on past experience
at other APT facilities (Choubane et al., 2011; Jones
et al., 2002). Some of the equipment and parts that are
planned to be purchased are the following:

– Dynamic loading equipment
– Automated onboard 3D laser profiler
– Pavement Data Acquisition System
– Dynatest PAST II and SOPT sensors
– Stress in Motion Sensor (SIM Pad)
– Multi Depth Deflectometer with 3 Levels
– Crack Activity Meter (CAM)

Figure 7. Analyzed test pit sections using FEM.

Each of these additional components is consid-
ered to be of great importance for the development
of the HVS program in Costa Rica. Furthermore,
a yearly evaluation of the different new equipment
alternatives will be performed to ensure that new
components are developed or acquired so that the
equipment capabilities can keep up with the state of
the practice.
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4.1 APT facility

The APT facility that will house the test tracks for the
PaveLab program will be located at the new Labora-
tory of Road Safety and Enforcement. This building
is part of LanammeUCR and is expected to be ready
by the first quarter of 2012. Even though the facility
is be part of this new project, its construction is com-
pletely independent from the rest of the structure to
make sure that it meets the necessary power require-
ments, the emergency power supply requirements, and
the weather-proofing and sound isolation necessary
for optimal operation.

Figures 3 through 5 show the current layout of the
APT facility. As shown, there will be six test areas
(green rectangles) distributed on a 22 m by 9 m pit.
To control the water table, a gravity operated water
distribution system will be constructed adjacent to the
test pit as shown on Figures 3 and 4 (blue colored).The
overall design of the test pits is based on experience at
other APT facilities (Hugo et al., 2004).

Several analyses were made to determine the opti-
mal dimensions of the test pit. An initial analysis was
made using the EverStressFE software package, defin-
ing simple pavement structures. These first results
were used to evaluate the necessary depth to dissi-
pate the stresses on the structure. An example of this
analysis is shown in Figure 6. As shown, the stresses
generated by the HVS (40 kN load) are negligible
below a depth of 2 m. Similar analysis with loads up to
200 kN were also performed.This was used to estimate
the optimal dimensions for the test pit.

In general, it was observed that the higher stresses/
strains occurred in the area between the surface and
approximately 1.0 m below the surface. More impor-
tantly, it was found that in general, a test pit depth
over 2.5 m was adequate to ensure that the monitored
stresses and strains would be similar to those in the
field under the same loading conditions.

Finite element method (FEM) analysis was also
used to check the stresses and strains estimated previ-
ously for a pavement structure subjected to a maximum
load of 40 kN. The 40 kN load is equivalent to an
applied wheel pressure of 120 psi over a circular area
with 124 mm radius. It is important to clarify that even
though the HVS can apply a load up to 100 kN (on its
basic configuration), the 40 kN load was considered as
the typical load applied by a single truck tire. For the
FEM analysis, ABAQUS was used to solve the model.

Based on the FEM analysis, the same loading
condition was analyzed under two different scenarios
as shown in Figure 7:

1 A pit with a ramp to facilitate the entrance of
construction equipment, and

2 A pit without a ramp access.

In both cases, it was assumed that testing would
be performed on two sections along the longitudinal
direction. For the analysis, the depth of the pit was set
to 2.5 m to expand on the results previously obtained
using EverStressFE. The results from these analyses
are shown in Figures 8 and 9.

Figure 8. (a) Horizontal stresses and (b) horizontal strains
for test section close to test pit ramp.

The results shown on the figures correspond to the
application of the load at the extreme of the test section
(closest to the test pit edge which is the critical con-
dition due to the ramp configuration – load point. 2).
All the data generated by the FEM was subsequently
analyzed using spreadsheets. A selection of the results
is shown in Figure 10.

Even though the figure does not show significant
differences on the dissipation of the stresses and strains
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Figure 9. (a) Vertical stresses and (b) vertical strains for test
section close to test pit ramp.

(when comparing the use of an access ramp to not
using it), the figure does indicate a slight difference
in stresses and strains between the condition with a
ramp and no ramp. Furthermore, the construction of
the access ramp to the test pit would incur in a loss of
available testing area within the test pit.

Finally, after analyzing all the data from this exer-
cise and reviewing the literature with regards to typical

Figure 10. Horizontal and vertical stresses and strains for
both geometric loading conditions.

test pit construction for other HVS sites, it was decided
that the best working configuration for the HVS in
Costa Rica would be: no access ramp and 3 m of depth.
The decision of not using a test ramp is based on the
fact that the use of the ramp significantly reduced
the effective test area of the test pit: by eliminating
the ramp, one additional test section can be allocated
within the test pit.

Additionally, a 3 m deep test pit was selected after
considering that higher testing loads might be applied
in the future and this slight increase in test pit depth
can accommodate an increase in applied load. This
decision was later confirmed by the expertise of other
HVS owners, and Dynatest, whose help and strong
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support have been fundamental in the design of this
project.

5 CONCLUDING REMARKS

LanammeUCR was founded primarily to improve the
quality of life of the Costa Rican’ people and their
competitiveness as a nation. LanammeUCR is one of
the few laboratories in the region capable of: providing
reliable road analysis to the public and private sectors,
assessment of the country’s entire paved road network,
accurate evaluation of material quality, instruments
for optimizing current decision processes, and tools
for transfer and implementation of existing and new
technologies.

With a focus on meeting the objectives set for
LanammeUCR, PaveLab is initiating anAPT program.
The idea of acquiring an HVS is based on the mid-
and long-term research plan of the institution that is
geared towards meeting LanammeUCR’s commitment
with Costa Rica. PaveLabs’s testing will be based on
research that is aimed towards the development of new
specifications for the country, and that will eventually
lead to the development of a Costa Rican mechanistic-
empirical pavement design guide. In this sense, the
PaveLab’s HVS is a tool that will allow evaluation of
full-scale pavements in a natural, but controlled envi-
ronment, and facilitate the generation of pavement
deterioration models for the country that will indi-
cate to the pavement designers what type of pavements
have proven effective or not, and under what type of
conditions. It will also allow the Administration to

check if the DOT, their subcontractors (private compa-
nies), and the newer modality – concessionaries – are
designing and constructing pavements that can meet
the expectations, both functional and structural, of the
users.
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The Universidad de los Andes linear test track apparatus
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ABSTRACT: This paper describes the development of a new apparatus to perform accelerated loading tests on
pavement structures. This apparatus is the main component of the laboratory of physical modeling of pavements
at the University of Los Andes in Bogotá Colombia. The components of this laboratory are: (i) a concrete pit
11.4 m long, 3.2 m wide and 3.5 m deep; the pavement structure is constructed in this pit and it allows the
control of the water table and the environmental conditions over the pavement surface; (ii) the linear loading
test apparatus, and (iii) a mini asphalt plant that simplifies tests with modified asphalt materials. The loading
apparatus is a linear test track that applies the load of a half axle truck (dual tires with maximum load of 75 kN).
This new linear test track has an original control system based on the combination of an electrical frequency
power controller, and a set of air springs. The air springs absorb the energy of the moving load when slowing
down close to the ends of the track, and it allows generation of energy during the acceleration process. This
system permits high velocities while saving energy. This paper describes the main components of the apparatus
and present some results of a first test carried out using this new APT device.

1 INTRODUCTION

The Universidad de los Andes has, since 2000, owned
an APT facility as the main component of the labora-
tory of physical modeling of pavements.The firstAPT
apparatus used at LosAndes University was an outdoor
circular machine developed at the end of the 1990’s
(Caicedo and Perez, 2000; Balay and Mateos, 2008).
Each of the two rolling modules included an electri-
cal motor (22 kW) contributing to maximum speed of
40 km/h. The mean radius of rotation of the wheels
was 11 m and the apparatus could accommodate sim-
ulated transverse wandering up to 3 m in width. The
beam was supported by a hydraulic jack to continu-
ously control the load applied by the wheels to the
pavement structure. The maximum load applied was
65 kN on each dual-wheel. This first version of the
facility was able to apply up to 200,000 loading cycles
per week to the test track, which was 35 m long and
4 m wide. This apparatus was the first APT facility
operating in Colombia.

Two main studies were performed with this first
APT machine between 2000 and 2005. The first
one studied the behavior of rubber modified asphalt
mixtures, and it was funded by the World Bank
(Pérez, 2000). The second was dedicated to studying
soil stabilization techniques, and was funded by the
Colombian Ministry of Transportation.

In 2007, this circular APT facility was transformed
into an indoor linear APT facility. Some of the com-
ponents of the previous machine were re-used, e.g.,
the main beam supporting the rolling loads and one
of the motors. In the new apparatus, the wheels are

pulled by an electrical AC motor that is equipped with
a control system.Air spring absorbers are used in order
to harness a large part of the kinetic energy as the
wheel movement reverses at each extremity of the main
beam. This system allows test speeds up to 20 km/h.

This new linear APT facility is located in a labora-
tory in which temperature and surface water condition
can be controlled (the later with the use of several
sprinklers). The pavement structure is constructed in a
waterproof concrete pit 3.4 m deep, allowing the com-
plete control of the water table during the tests. The
test track is 11 m long, including 8 m for the testing
zone, and 3.5 m wide. The device applies transverse
wandering of the wheels during the test, up to 0.5 m
on each side of the wheelpath centerline.

The main objective of this paper is describing the
main components of the new apparatus, and present-
ing some results from the first test carried out using
it. Consequently the results presented in the paper
are only validation results for the APT apparatus and
the behavior of the tested pavement structure is not
presented.

2 TEST FRAME

The linear test track apparatus has a set of two steel
beams with rails to guide linear displacement of the
loading carriage. The frame span is 11.4 m; however,
the allowable displacement of the loading carriage is
limited to 9 m.The loading carriage has four air springs
(two in each direction of the movement) that help
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to transform the kinetic energy of the carriage into
potential energy in the springs (Figure 1). This energy
accumulation smoothes the deceleration process and
assists in collecting kinetic energy for redirecting the
carriage in the opposite direction.

The loading carriage has a secondary bogie that
controls the transversal displacement of the wheels
in +/−0.5 m increments from the center of the lon-
gitudinal assembly. The purpose of this transversal
displacement is to avoid any channelization of the
wheels.

The longitudinal beams are attached to two concrete
walls.These walls constitute the reaction system of the
air springs. The beams can be attached to the walls at
different vertical positions. In this way, it is possible to
control the location of the loading device according to
the level of the surface of the pavement. Furthermore,
the possibility of changing the vertical position also
permits the use of a pulse loading device that can be
installed on the beams.

2.1 Wheel load assembly

The wheel assembly consists of a half single-axle
system with dual wheels. The load on the wheels is
controlled by a different air spring. The pressure of the
air spring is controlled by a manual air pressure con-
trol (Figure 2). The air spring of the loading system
also acts as a suspension system. The loading system
permits a maximum load on the dual wheels of 75 kN,
which corresponds to a maximum single axle load of
150 kN.

2.2 Control system for longitudinal displacement

Reaching high velocities in the wheel assembly on a
linear test track apparatus is a challenging task. This
is because the system needs to reduce the velocity,
change the direction of the displacement, and accel-
erate again; all in a very short distance. Therefore, it

Figure 1. Components of the test track (longitudinal
direction).

is important and convenient to store kinetic energy to
reduce the power required by the motor.

In order to achieve high velocities, the test track
presented in this paper uses a combination of air
springs, which work as an energy storage system and
an electric motor (with power of 22 kW). This
motor is controlled by a speed control device and a
programmable controller (PLC).

The combination of the two sources of energy
(i.e., air springs and electric motor) requires carefully
synchronization of both acceleration modes. In other
words, it is important to compute the distance at which
the movement is controlled by the air springs, and the
distance at which the movement is controlled by the
electric motor.

The characteristics of the displacement on the air
spring regime can be calculated using dynamic equa-
tions of linear movement (neglecting energy losses
due to the interaction between the pavement and the
wheels):

where, V is the velocity of the loading device, t is time,
mL is the mass of the loading device, Aas is the area
of the loading surface of the air spring, and pas is its
internal pressure.

Equation 1 can be solved for an initial velocity of
the air spring regime. This initial velocity is chosen
to avoid overpressure in the air spring. In fact, during
compression the air spring reduces its volume, and
then its pressure grows according to:

where po and vo are the initial pressure and initial vol-
ume of the air spring, respectively, and vas (Xas) is the
volume corresponding to a length of Xas.

Figure 3 shows the results of the calculated veloci-
ties obtained using Equations 1 and 2. The maximum

Figure 2. Components of the test track (transversal
direction).
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velocity for this calculation is 20 km/h, and the initial
velocity of the air spring regime is 10.8 km/h. In the
current configuration, the apparatus does not have a
velocity sensor to measure the actual velocity reached
under operation, but it will be included in further tests.

Figure 4 describes the different control regimes
of the apparatus depending on the length of the
longitudinal displacement of the loading carriage.

3 ENVIRONMENTAL CONDITIONS

An indoorAPT facility has both advantages and disad-
vantages. The main advantage is the ability to control
environmental conditions, while the main disadvan-
tage is the difficulty related to duplicating natural
conditions.

Colombia is located in a tropical region and, there-
fore, pavement structures are not subjected to freeze-
thaw cycles. Instead, climatic variations of interest
in Colombia are related mainly to rainfall (effecting
ground moisture) and high temperatures. To control

Figure 3. Calculated velocity of the loading device in each
control regime.

Figure 4. Different stages in the control system.

these two environmental conditions, the APT facility
is located in a closed room, and the test pavement is
constructed in a waterproof concrete pit 3.4 m deep
(Figure 5).

4 INSTRUMENTATION AND DATA
ACQUISITION SYSTEM

Performance of pavement structures is studied by mea-
suring different variables related to the environmental
and mechanical response of the pavement. Some of the
sensors used were adapted from commercial devices,
while others were developed at Los Andes University.

Instrumentation is divided into two different sets
of sensors: 1) environmental sensors, and 2) mechan-
ical sensors. This differentiation relates to the dif-
ferent measuring rates that are required for the data

Figure 5. Schematic drawing of the concrete pit and
pavement structure.

35



Figure 6. Set of environmental and mechanical sensors used
in the APT facility.

acquisition process, and to the different signal lev-
els characterizing both groups of sensors (Figure 6).
Environmental sensors include:

– Thermocouples to measure temperature,
– Capacitive sensors to measure soil moisture,
– Tensiometers to measure suction in the different

layers of the pavement structure, and
– A piezometer to measure the position of the water

table.

Due to the characteristics of the moving loads in
pavements, mechanical sensors and data acquisition
must have dynamic capacity. The set of mechanical
sensors includes:

– Strain gages to measure tensile strains, developed
at Los Andes University. These gages were made
in a machined piece of glass fiber material with
an omega strain gage glued on its surface and
protected with silicone rubber,

– Piezoelectric load cells to measure vertical stresses
at different levels in the pavement structure. It is
important to mention that these load cells were
commercially developed for applications other than
in pavements. Therefore, the load cell was placed
in a steel casing and embedded in silicone rubber,

– A resistive sensor to measure vertical dis-
placements (dynamic deflection). This sensor—
developed to work under water—is housed in a steel

Figure 7. Data acquisition system.

casing glued to the surface of the pavement.To mea-
sure the displacement, this sensor uses a rigid bar
that is embedded in the bottom of the concrete pit
as a fixed reference,

– A transverse profiler to manually measure the
development of rutting on flexible pavements. This
is made with an aluminum square, attached to
different sections of the walls of the concrete pit.
The measurements of this instrument are acquired
by means of a digital indicator.

The data acquisition system (Figure 7) consists
of Adam modules constructed by Advantech, and
Compac-Dac modules made by National Instruments.
The Adam modules have low data acquisition rates
(10 samples/second), and a precision of 16 bits. These
modules are used for capturing environmental data.
The Compac-Dac module has a high data acquisition
rate (100,000 samples/second), and it can hold differ-
ent modules adapted to each kind of measurement.
In this case, each conditioning module has differ-
ent requirements; for example, the module adapted
to measure strain has a precision of 24 bits, which
is appropriate for this kind of measurement. Figure 8
shows a typical response of two of the main dynamic
sensors: horizontal strain gauge (Figure 8a), and the
dynamic deflection sensor (Figure 8b).

5 CONSTRUCTION OF THE TEST SECTION

As described previously, the pavement structure is
constructed in a concrete pit. This method is advan-
tageous for controlling environmental variables (e.g.,
the position of the water table), but it requires a careful
preparation of the subgrade. One of the main interests
of the APT facility at Los Andes University is study-
ing the performance and response of pavements in the
city of Bogotá, which are constructed over a lacus-
trine deposit of soft soils. For this reason, the pit was
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Figure 8. Typical response of two sensors: horizontal strain
gauge (Figure 8a), and dynamic deflection sensor (Figure 8b).

Figure 9. Compaction of the pavement layers with small
equipment.

filled with a first layer of granular material protected
with non-woven geotextile, and then with a 2.8 m-thick
layer of soft clay compacted using a rammer. After-
wards, another double layer of non-woven geotextile
was placed over the reconstructed subgrade, and over
this layer the pavement structure is constructed.

As the test section is constructed in the concrete pit,
it is necessary to use specialized equipment typically
smaller than that used in conventional construction.
Small-sized vibratory equipment shown in Figure 9 is
used to achieve compaction specifications.

Construction of test pavements is usually conducted
by pavement contractors.

6 TEST CONDUCTED AT THE APT AT
LOS ANDES UNIVERSITY

Two pavement simulations have been performed in the
new APT facility at Los Andes University. The first
was coordinated with the road authority in the city of
Bogotá.The second is investigating the use of geocells
as a reinforcement of unbounded granular bases. This
study is still in progress.

The study carried out for the city of Bogotá analyzed
the effects on pavement performance of the different
kind of buses used in the public transport system of the
city. This study was relevant since most of the urban

Figure 10. Rutting measured for the different axle loads.

Figure 11. Fatigue cracking measured for the different axle
loads.

roads in the city of Bogotá were originally constructed
without a proper structural pavement design, and the
use of heavy buses is rapidly deteriorating the road
network.As part of this project, an optimization model
was developed to manage the problem of heavy busses
in Bogotá. This model, which requires deterioration
curves of the roads for different axle load as an input,
allows choosing the appropriate size of the buses and
optimizing the cost of the infrastructure (Caicedo et al.
2012).

The performance of a weak pavement structure con-
structed with a soft subgrade below 50 cm of unbound
granular material, and surfaced with 7 cm of dense-
graded hot mix asphalt (HMA) mixture was studied
under two axle loads: 100 kN and 50 kN. Tests were
carried out at half of the maximum velocity of the
apparatus (10 km/h). Typically, these pavement struc-
tures suffer rapid deterioration under heavy loads,
which is evidenced by the development of rutting
and fatigue cracking. Figures 10 and 11 present an
example of the rut profiles measured at the middle of
the test track (where the velocity is constant) after
trafficking with the different axle loads.

7 SUMMARY AND CONCLUSIONS

This paper describes a new linear APT apparatus
designed and constructed at Los Andes University in
Bogotá, Colombia. This APT facility uses a combi-
nation of an electronic control system, to power an
electric motor, and an air-spring system to store the
kinetic energy from the moving wheels. The combina-
tion of these two modes is used to reach higher than
typical velocities (20 km/h) for a linear APT facility
of this size. The linear APT facility at the University
of Los Andes was a new development from an initial
circular APT facility constructed a decade ago. The
use of both types of APT facilities has been useful
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to compare the advantages and disadvantages of both
configurations:

– The circular APT permitted the use of typical field
construction equipment but the construction costs
of the track were higher than the construction costs
of the linear track.

– The circular APT operated at higher velocities than
the linear track device.

– The construction of the linear track requires small
equipment; these are not used in large field con-
struction projects, but are typically used for main-
tenance activities of pavements.

– In the linear APT it is easier to control the envi-
ronmental conditions in comparison to the circular
facility.

After proving the performance of the APT appa-
ratus presented in this paper, Los Andes University
is proposing to the authorities of the city of Bogotá
to use the APT to improve the design methodologies
currently used in the city.
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Design and implementation of a full-scale accelerated pavement testing
facility for extreme regional climates in China
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ABSTRACT: A new full-scale accelerated pavement testing facility is being designed and implemented in
Beijing, funded by the National Development and Reform Commission (NDRC), People’s Republic of China.
This facility is designed as a loop consisting of two semi-circular and two straight test tracks, around which a
pilotless vehicle with the maximum weight of 45,000 kg and maximum speed of 60 km/h moves repeatedly. The
facility is enclosed, allowing control of environmental conditions including temperature, moisture and ultraviolet
radiation. This facilitates testing under simulated extreme conditions experienced in different regional areas
throughout China. A general description of components of this system, including the Auto-Vehicle Loading
Subsystem, Environment Conditioning Subsystem, Data Collection, Central Controlling Subsystem, and the
Testing Loop Subsystem, is summarized together with the proposed system capabilities or parameters.The factors
considered during the design phase of this facility are discussed, including the pavement section geometries.
A three-dimensional finite element asphalt pavement model subjected to the proposed moving automobile was
established to obtain the dynamic response of the designed pavement section and evaluate its dimensions. The
result shows that the proposed dimensions of the designed pavement section are appropriate according to the
response variation along the pavement section.

1 INTRODUCTION

With the rapid development of expressway construc-
tion in China, more and more pavement researchers
and engineers have realized the importance of Accel-
erated Load Test (ALT) in pavement evaluation. It
is widely accepted that ALT is the most direct and
efficient way to understand structural behavior of
pavements, which is crucial to the structural design,
performance prediction, and maintenance decisions.
In addition, ALT is also a powerful tool to identify the
causes of premature failure and the effects of heavy
traffic and different regional climate conditions.

Design and construction of a new full-scale accel-
erated pavement testing facility in Beijing has been in
progress since 2007, funded by the National Devel-
opment and Reform Commission (NDRC), People’s
Republic of China. It is defined as an Accelerated
Loading Facility for Pavement Structures and Mate-
rials in Different Regional Climates. It is within the
framework of The 11th Five-Year National Grand
Infrastructure Technology Program “Research and
Evaluation Facility for Grand Infrastructure Material
Service Safety”. This facility was designed as an oval
loop consisting of two semi-circular and two straight
test tracks, around which a pilotless vehicle with a
maximum weight of 45,000 kg and a maximum speed
of 60 km/h moves. The facility is enclosed, allow-
ing control of environmental conditions including
temperature, moisture and ultraviolet radiation. This

facilitates testing under simulated extreme conditions
experienced in different regional areas throughout
China.

When designing a full-scale pavement accelerated
testing facility, it is desirable to have a full-scale
pavement and test under actual traffic and environ-
ment conditions, so that realistic performance can be
simulated. However, very large structures and long
testing times may significantly increase the opera-
tional costs, thereby reducing the usability of the
facility. Accelerated loading facilities can be gener-
ally categorized into three types based on their scale
and capabilities. First, large full-scale tracks, such
as the AASHO Road Test (1956), MnROAD (1993),
WestTRACK (1995) and NCAT (2001) are large and
generally carry realistic vehicle loads. However, envi-
ronmental conditions cannot be controlled, operation
time is relatively long, and costs are comparatively
high. Second, linear loading facilities, for example,
HVS initially started in South Africa (1971), ALF
from Australia (1984) and MLS of TxDOT (1995),
are movable accelerated testing equipment.The advan-
tage of this type of equipment is the lower operating
costs and smaller testing areas, but limited test sec-
tion length and lower testing speeds can be a dis-
advantage. Third, circular testing facilities, such as
LCPC in France and CEDEX in Spain, have circular
or loop tracks, which allow loading speeds simi-
lar to actual traffic levels. The facility presented in
this paper can be classified into the third category
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Table 1. Accelerated load facility subsystems.

Detail
Subsystem

Testing Total length Straights Curves Width Chamber height Pavement depth
Loop (m) (m) (m) (m) (m) (m)

200 40 × 2 = 80 60 × 2 = 120 4.5 7.5 3.0

Auto- Wheel spacing Wheelbase Traveling Axle load Speed@20kN Speed@45kN
Vehicle (m) (m) mode (kN) (km/h) (km/h)

≤1.4 3.1 Auto navigation 25 to 225 ≤60 ≤20
with orienting
wheel

Ultraviolet
Environment Pavement temp. Internal temp. Air temp. Rain intensity Water level intensity
Conditioning (◦C) (◦C) (◦C) (mm/h) (m) (104 µW/cm2)

−15 to +60 −5 to +30 −40 to +50 0 to 25 2 0.2 to 5.0

(i.e., circular loading). However, unlike some other
facilities, the whole operation is carried out in a closed
space, allowing climate conditions to be simulated.

2 COMPONENTS OF THE DESIGNED
ACCELERATED FACILITY

The designed accelerated loading facility consists
of the Auto-Vehicle loading subsystem, environment
control subsystem, data collection and central con-
trol subsystem, the testing loop subsystem. Details of
these systems are summarized inTable 1 and discussed
in more detail in the following sections.

2.1 Auto-vehicle loading subsystem

The test vehicle is unpiloted. Axles are designed to be
changeable to reflect different vehicle loadings. The
axle load ranges from 100 kN to 225 kN, which means
the total vehicle weight can reach as high as 45 tons.
The maximum loading is used to evaluate heavy duty
pavements and to accelerate the testing in some cases.
The maximum traveling speed is set to 60 km/h for
axle loadings of 100 kN, which is the standard axle
load according to the Chinese pavement design spec-
ification. For the higher axle loading of 225 kN, the
maximum operating speed is reduced to 20 km/h for
safety considerations.The overall structural design for
the Auto-Vehicle is shown in Figure 1.

The Auto-Vehicle is restrained between the inte-
rior and exterior wall of the test track by four
orienting wheels. Two high-powered servo motors
are used to drive the two front traction wheels
through retarders. The loading level is determined by
the number of attached 500 kg weights. The Auto-
Vehicle’s steel frame consists of longitudinal, trans-
verse and vertical steel beams which are welded
into an integral truss. The mid bottom steel frame
is designed to lower the centroid of the loading

Figure 1. Structural design of Auto-Vehicle.

system, which provides stability and reliability of vehi-
cle motion. The dimensions of the Auto-Vehicle are
4.5 m × 2.7 m × 2.0 m, wheelbase is 3.1 m and wheel
spacing is 1.4 m.

One of the most important factors taken into consid-
eration during the design of the Auto-Vehicle Loading
Subsystem was how to eliminate the centrifugal force
induced while changing direction. The four orient-
ing wheel modules are designed to partially achieve
this. Each orienting wheel module includes an assem-
bly plate linked with the aforementioned steel cage,
two hydraulic damping and orienting wheels pushing
against the ambilateral walls, as shown in Figure 2.

2.2 Environment conditioning subsystem

The environment conditioning subsystem is used to
simulate the different regional climates throughout
China. The primary parameters of this component,
including air temperature, pavement surface tem-
perature, internal pavement temperature, rain inten-
sity, ultraviolet intensity, and water table, are fully
controlled and coupled in some cases to achieve
certain prescribed climate conditions.
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Figure 2. Orienting wheel modules.

Figure 3. Temperature controlling components.

This subsystem comprises a temperature unit,
moisture unit, radiation unit, and wind unit. Testing
temperatures are as follows:

– Air temperature: −40◦C to +50◦C
– Pavement surface temperature: −15◦C to +60◦C
– Internal pavement temperature: −5◦C to +30◦C.

The reference point for internal pavement temper-
atures is 2 cm below the surface. Three heat sources
are used including heating/cooling from an air con-
ditioning system blowing over the pavement surface,
heating/cooling conduction using pipelines embed-
ded in the soil subgrade, and radiation from infrared
devices (Figure 3).

The moisture controlling unit is designed to simu-
late rainfall and groundwater effects on the pavement
structure. Sprayers along the interior wall are used to
simulate rainfall or fog. The rainfall intensity can be
varied between 1 mm/h and 25 mm/h. Salt water can
also used to simulate coastal climates. A seepage pipe
is installed at a depth of 2.0 m to control groundwater
conditions and prevent seepage (Figure 4).

In the ultraviolet radiation unit, one hundred sets
of ultraviolet tubes radiate the pavement surface sim-
ulating natural ultraviolet aging conditions of high
altitude mountain areas in southwestern China. Each

Figure 4. Moisture controlling components.

set consists of three tubes with wavelengths of 365 nm,
354 nm and 308 nm, respectively. Single wavelength
radiation cannot reflect typical ultraviolet radiation
from natural sunshine. The ultraviolet units are dis-
tributed evenly along the straight test track in three
rows, with each row having a separated power switch
so that the overall radiation intensity can be changed
when necessary. The ultraviolet radiation intensity is
adjustable from 2,000 µW/cm2 to 50,000 µW/cm2.

2.3 Data collecting and central controlling
subsystem

The data collection and central controlling subsystem
is the “brain” of the whole facility and is divided into
two units, including a system monitoring and control-
ling unit and a pavement information collecting and
processing unit.

The system monitoring and controlling unit is
designed to implement real-time monitoring on the
Auto-Vehicle and each environmental conditioning
unit, and to adjust instantly according to the feed-
back information and the prescribed target setting.
The system monitoring and controlling parameters for
the Auto-vehicle operation include speed, spatial loca-
tion, and operation status, and for the environment
system includes air temperature, surface temperature,
pavement internal temperature, soil temperature, air
moisture, soil moisture, water table, ultraviolet inten-
sity, and infrared intensity. All these data are collected
instantaneously, and corresponding adjustment signals
are returned to the related controlling unit according
to the predetermined parameters. Figure 5 shows the
flow chart for the system monitoring and controlling
unit.

The pavement information collection and process-
ing unit collects dynamic responses from the test
pavement and is coupled to the climate controlling and
Auto-Vehicle loading subsystems. These responses
include stress, three directional strains, temperature,
water table, soil pressure, pore pressure, and moisture,
all of which may vary according to the requirements
of the particular accelerated loading test. Specific data
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Figure 5. Flow chart for system monitoring and controlling
unit.

Figure 6. Multichannel data collection in the information
collecting and processing unit.

collected by the system monitoring and controlling
unit, especially those from the environmental con-
trol and Auto-Vehicle loading subsystems, may also
be used in the pavement information collecting and
processing unit. Figure 6 shows an illustration of this
designed unit.

2.4 Testing loop subsystem

The Auto-Vehicle testing loop subsystem is illustrated
in Figure 7. It has a similar shape to that of a 400 m
athletic track, which allows a relatively high travelling
speed compared to linear loading facilities. It contains
two straight tracks joined by two semicircular tracks.
The straight tracks are designed as full environment
controlled segments, which can fulfill all designed
accelerated tests. The semicircular tracks are used for
evaluating the effects of cornering and vehicle steering
on pavements.

Each straight track consists of a 36-m long test-
ing segment and 2-m transition segment on each end.
Tracks are 4.5 m wide and 3 m deep. The environment
conditioning chamber is 7.5 m tall, with 4.5 m above

Figure 7. Plan design of testing loop.

ground level. The chamber is made of steel reinforced
concrete, and special anti-seepage and heat preserva-
tion measures have been implemented to guarantee
the prescribed environment conditions. As shown in
Figure 7, the material laboratory and office building
is located in the middle of the testing loop.

The curved segments of the track have a 7.5◦ super-
elevation to accommodate centrifugal loading forces.
All interior walls and the exterior walls of the straight
tracks are designed to bear an impact force of 200 kN,
while the exterior walls on the curved sections are
designed to bear a 300 kN impact. The track con-
struction allows for smooth and safe operation of the
Auto-Vehicle.

3 THREE-DIMENSIONAL FINITE ELEMENT
SIMULATION IMPLEMENTATION

Acceptable pavement segment sizes are discussed
in Dong et al. (2009), based on a static finite ele-
ment analysis. A three-dimensional finite element
asphalt pavement model subjected to a distributed
moving vertical load was established to obtain the
dynamic response of the designed pavement segment
and check its boundary effects. The finite element
analysis software, ABAQUS, in the implicit dynamic
analysis mode was used for this study. In order to
fulfill the non-uniform distributed surface moving
load, a FORTRAN subroutine DLOAD was developed
for this study (Dong, 2010). The actual pavement
structure and material properties from the Liuhuan
Expressway in Beijing, considered representative of
pavement structures in China (Liu, 2010), were used
as input for the model.

3.1 Three-dimensional finite element model

A 3-D finite element model was developed to simu-
late the Liuhuan expressway which is used as a typical
tested pavement structure at the facility (Figures 8 and
9). The in-plane dimensions of the 3-D finite element
model are 4,500 mm (width) × 2,520 mm (length).
Symmetry was considered in the FE model to simulate
the full dual-tire axle loading. A fine mesh was gener-
ated around the loading area along the wheel-path and
a relatively coarse mesh was utilized farther away from
it. The element size at the loading area is 15 mm in the
direction of traffic, 16 mm laterally, and 20 mm ver-
tically. When dynamic loads travel along the loading
path at a speed of 60 km/hour, the loading time on each
element was found to be 0.0009 sec. To improve the
rate of convergence, an 8-node linear brick reduced-
integration elements (C3D8R) was used.

42



Figure 8. Pavement structure and material used in FE
simulation (Liuhuan Expressway).

Figure 9. Planar geometries and meshing of FE model.

For the FE model in an implicit dynamic analysis,
infinite elements (CIN3D8, 8-node 3-D linear infinite
element) were used to simulate the far-field region in
the longitudinal boundaries. The bottom and lateral
boundaries were only fixed in the normal direction of
the related surface to simulate the actual boundaries
of the designed test section.

3.2 Material characterization

Visco-elastic properties from dynamic modulus test-
ing, following the test method in NCHRP Report
465 (NCHRP, 2002), were used to characterize the
asphalt layers. In this test, a UTM-100 was used to
apply a sinusoidal force on the test specimens. After
an initial preconditioning, the selected dynamic load
with frequencies of 25, 10, 5, 1, 0.5 and 0.1 Hz was
applied to the specimen and the axial deformation
measured by extensometers was recorded. Each spec-
imen was tested at temperatures of -10, 4.4, 21.1, 37.8

Table 2. Elastic parameters of analyzed asphalt pavement
structure.

Elastic
modulus Poisson Density Damping

Material Layer (MPa) ratio (kg/m3) factor

SMA-16 Surface 1,550 0.35 2,400 –
asphalt

AC-25 Middle 1,250 0.35 2,400 –
asphalt

AC-30 Bottom 2,450 0.35 2,400 –
asphalt

Lime Base 10,000 0.25 2,100 0.05
cemented
gravel
Lime Subbase 2,000 0.35 1,900 0.05
cemented
soil
Soil Subgrade 250 0.4 1,900 0.05

Table 3. Prony parameters of asphalt mixture.

gi

τi SMA-16 AC-25 AC-30

0.00001 0.7490 0.3933 0.3696
0.0001 0.1063 0.2357 0.2011
0.001 0.0643 0.1867 0.1942
0.01 0.0290 0.1168 0.1223
0.1 0.0145 0.0438 0.0574
1 0.0068 0.0153 0.0235
10 0.0036 0.0044 0.0100
100 0.0017 0.0007 0.0041
1000 0.0013 0.0018 0.0027

Table 4. Parameters of WLF Equation of asphalt mixture.

Material t0 C1 C2

SMA-16 21.1 41.1 388.9
AC-25 21.1 7.3 93.0
AC-30 21.1 9.2 96.5

and 54.4◦C, respectively. The dynamic modulus in
the frequency domain was converted to the relaxation
modulus in the time domain using the approxima-
tion method proposed by Schapery and Park (2009).
In order to obtain the necessary visco-elastic mate-
rial parameters for the ABAQUS analyses, the Prony
series, time dependency, WLF equation, and temper-
ature dependency of the asphalt mixture need to be
defined. Details on the laboratory test setup, con-
version process for the Prony series, and additional
material properties can be found in Dong et al. (2007).
Tables 2 through 4 summarize the elastic, visco-elastic
and temperature parameters used in this analysis.
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3.3 Moving distributed load

Figure 10 represents the simplified model used in the
FE analysis for a dual-tire, at half axle load.The devel-
oped model simulates the tire imprint by considering
the dimension of each tire rib separately (10 ribs for
a dual-tire assembly). Each tire rib is divided into two
elements laterally and 10 to 12 elements longitudi-
nally depending on the length. Table 5 represents the
dimension of the tire ribs and the proposed loading
amplitudes used in this analysis. The distance between
the two tires was set to 9.6 cm which is divided into
six elements laterally.

Dynamic variation of tire pressures with time steps
is assumed to be a half sine curve, with no differ-
ence between the entrance and exit of the tire imprint.
This is taken as a representative loading model which
may be slightly different from the field measured
distribution of contact stress presented in Yoo et al.
2007 and 2009).

3.4 Dimension evaluation

The effective loading length of each testing segment
varies between 8 m and 12 m, which is similar to that
of the linear loading facility. The variation of dynamic
response along the lateral and vertical direction within
pavement was selected to evaluate the feasibility of the
proposed width and depth. The centerline of the dual-
tire was used as a reference line (Distance is set to zero,
l = 0). The analysis points are shown in Figure 11.

The time histories and distributions of the dynamic
responses, including three directional strain and stress,
were analyzed in detail in Dong (2009). All the
responses varied with the lateral distance from the
centerline of the dual-tire. Figure 12 presents vertical
strain and vertical stress variation with lateral distance.

Vertical strain decreases with depth, and the maxi-
mum vertical strain occurs in the upper layer. Minimal
strain occurs in the base layer as this semi-rigid layer
has a much higher modulus compared to the other lay-
ers. As the depth increases, the strain in the soil also
decreases to an insignificant level. As for the lateral

Figure 10. Simplified vertical distributions of dual-tire
load.

Table 5. Parameters of double-tire loading.

Rib Groove Rib Groove Rib Groove Rib Groove Rib
Parameter 1 1 2 2 3 3 4 4 5

Pressure (kPa) 780 – 1430 – 1560 – 1430 – 780
Length (cm) 15.0 – 18.0 – 18.0 – 18.0 – 15.0
Width (cm) 3.2 1.6 3.2 1.6 3.2 1.6 3.2 1.6 3.2

distributed points, the maximum vertical strain occurs
at the central rib of the tire, and the strain amplitudes
decrease with the distance from the center rib. At a
point l = 0.4 away from the central point, the strain
is much smaller than at the central points. The same
was observed with the distribution of vertical stress,
as shown in Figure 13.

Results of this analysis show that the dimensions of
the test pavement segments proposed in the prelimi-
nary design course are acceptable.

4 SUMMARY AND CONCLUSIONS

The design of a full-scale accelerated loading facility
for extreme regional climates started in 2007, and is

Figure 11. Analysis points for dynamic response of asphalt
pavement.

Figure 12. Time histories of vertical strain and stress for
different points.
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Figure 13. Spatial distribution of vertical stress at different
loading times.

proposed to be finished at the end of 2012. This facil-
ity was designed as an oval loop over which a pilotless
vehicle moves around repeatedly. The facility is fully
enclosed to facilitate complete control of environmen-
tal conditions. This facility includes an Auto-Vehicle
loading subsystem, environment control subsystem,
data collection and central control subsystem, and a
testing loop subsystem.

The total length of the testing loop is 200 m
with two 40 m straight sections and two 60 m semi-
circular sections. Axle loads range from 25 kN to
225 kN, and the maximum speed is 60 km/h. Pavement
temperatures can be controlled between −15◦C and
60◦C, which covers typical field climate conditions in
China. Moisture and ultraviolet aging are also fully
controlled.

A three-dimensional finite element asphalt pave-
ment subjected to a non-uniform moving load was
developed to check the appropriateness of the pro-
posed dimensions of the testing segments. Dynamic
response variation along the lateral and verti-
cal direction was analyzed. Results show that the
dimensions of the test pavement segments proposed
in the preliminary design course are acceptable.
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Significant findings from the first three research cycles at the NCAT
Pavement Test Track
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ABSTRACT: The NCAT Pavement Test Track is a unique accelerated pavement testing facility that has now
been operational for over 10 years. It is a cooperative project with individual test sections sponsored by highway
agencies and commercial interest groups. This paper highlights key findings since the first heavily loaded
tractor-trailer made the inaugural 2.7-km journey around the track over a decade ago. Test track findings have
already resulted in numerous improvements in current asphalt pavement specifications, and the research will
continue to pay dividends for years to come. Findings span the industry areas of mix design, aggregate and
binder characteristics related to performance, structural design and tire-pavement interaction. This report is a
summary of findings related to each of these five areas.

1 INTRODUCTION

The NCAT PavementTestTrack is a unique accelerated
pavement testing facility that unites real-world pave-
ment construction with live heavy trafficking for rapid
testing and analysis of asphalt pavements. It is funded
and managed as a cooperative project among highway
agencies and industry sponsors. The track, shown in
Figure 1, is a 2.7-km oval with 46 different 60-m test
sections that are sponsored on three-year cycles. Each
sponsor has specific research objectives for their sec-
tion(s) and shared objectives for the track as a whole.
Three cycles have been completed since the test track
opened in 2000, and a fourth cycle will end in 2011.

The track sections are trafficked by a fleet of heav-
ily loaded tractor-trailers that circle the track five days
per week for 16 hours per day, applying 10 million
equivalent single-axle loads (ESALs) to the pavements
during each three-year research cycle. A picture of
the heavy triple-trailer trains in service at the NCAT
Pavement Test Track, with each axle loaded at the
federal legal bridge standard, is shown in Figure 2.
Pavement performance within each section is continu-
ously monitored to evaluate rutting, fatigue cracking,
roughness, texture, friction and noise. At the end of

Figure 1. Satellite photo of the NCAT Pavement Test Track.

each cycle, test sections either remain in place for addi-
tional evaluation during the next cycle or are replaced,
as determined by the section sponsor.

Test sections can be classified as either surface
mix performance sections, which are built on a robust
cross-section that limits distresses to the experimental
surface layers, or as structural sections of different
thicknesses that more closely resemble real-world
pavements. Structural pavement sections have embed-
ded strain and pressure sensors to analyze pavement
response to loads for validation of mechanistic-
empirical pavement design procedures. All sections
are also equipped with temperature sensors throughout
the pavement depth. Construction materials are often
long-hauled from other states as required by spon-
sors in order to build 60-m test sections that are truly
representative of sponsors’ roadways.

2 BACKGROUND

The first cycle began in 2000 with the loading of 46
test sections. The only variable among the sections in

Figure 2. Accelerated truck traffic on the NCAT Pavement
Test Track.
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the first cycle of tests was the properties of the mix-
tures in the top 100 mm. This cycle was completed
in 2002 after 10 million ESALs had been applied
to the sections. This traffic level is representative of
up to 20 years of traffic on typical rural interstate
highways.

The second cycle of tests began in 2003 when parts
of the test track were reconstructed. Eight sections
were completely removed down to the subgrade and
reconstructed to evaluate different thicknesses of hot-
mix asphalt (HMA). Some of these structural sections
used modified asphalt, and others used neat asphalt in
adjacent sections. The structural section experiments
marked the beginning of using the test track to exam-
ine issues relating to mechanistic pavement design.
Each of these structural sections was built with embed-
ded stress and strain gauges to measure the section’s
response to traffic throughout the cycle. Fourteen other
sections from the original construction were milled
and overlaid with a new surface mix to be evaluated.
The remaining sections were left in place to evalu-
ate the effects of two more years of traffic (another
10 million ESALs) and environmental exposure on
durability.

The third research cycle began in 2006, with a com-
bination of new and old sections in service. Eight
original sections built in 2000 (all surface mix perfor-
mance sections) remained in place and accumulated
30 million ESALs by the end of the third cycle in
2008. Sixteen sections (12 mix performance and four
structural) from the second cycle also remained in
place and had accumulated 20 million ESALs at the
end of the third cycle. Twenty-two new sections (15
mix performance and seven structural) were built
in 2006.

The fourth cycle began in 2009 and will be com-
pleted in late 2011. Three of the original surface mix
performance sections built in 2000 remain in place and
will have accumulated 40 million ESALs by the end of
the fourth cycle. Eleven sections from the 2003 track
(nine mix performance and two structural) remain in
place and will have accumulated 30 million ESALs.
Nine sections from the 2006 track (eight mix perfor-
mance and one structural) remain in place and will
have accumulated 20 million ESALs. Twenty-three
new sections (nine mix performance and 14 structural)
were built in the current research cycle.

3 RESEARCH FINDINGS

A number of findings from the test track have been
used by the various sponsors to improve their mate-
rials specifications and pavement design policies.
The majority of the research findings can be catego-
rized into one of the following areas: (1) mix design,
(2) aggregate characteristics related to performance,
(3) binder characteristics related to performance, (4)
structural design and (5) tire-pavement interaction.
This report is a summary of findings related to each
of these five areas.

3.1 Mix design

3.1.1 High RAP mixtures
Six test sections in the third cycle were devoted to
evaluating the performance of pavements with both
moderate (20 percent) and high (45 percent) reclaimed
asphalt pavement (RAP) contents. Results indicate
that high RAP content mixes can provide excellent
rutting performance and durability. Field performance
through four years does not indicate that using a
softer virgin binder grade significantly improves per-
formance for high RAP content mixes (Willis et al.,
2009).

In the current cycle, sections were built with 50
percent RAP in the surface, intermediate and base lay-
ers to further assess the cracking resistance of high
RAP mixes. In one section, the virgin binder is a reg-
ular PG 67-22 binder, and in the other section the
same binder was foamed to facilitate production as
warm-mix asphalt (WMA). Preliminary results from
laboratory beam testing at measured track strain levels
provide favorable fatigue expectations for high RAP
content mixes run as both HMA and WMA. Another
surface mix performance section was milled and inlaid
with gravel containing 45 percent RAP and PG 67-22
binder. Porous friction course (PFC) surfaces in three
other sections were placed with 15 percent RAP.

3.1.2 Warm-mix asphalt
MeadWestvaco donated materials to produce and con-
struct an early version of its EvothermWMA in the fall
of 2005.These twoWMA test sections opened to heavy
traffic immediately after construction, near the end
of the 2003 research cycle, and this new technology
proved to be very resistant to rutting (Prowell, 2007).
Both sections remained in service throughout the 2006
track, exhibiting durability and rutting performance
comparable to HMA for 10.5 million ESALs. One sec-
tion remains in service on the 2009 track. Durability
of WMA has been found to be comparable to HMA
through six years and more than 19 million ESALs.

In the current cycle, data shows that WMA sections
built with both a foamed asphalt technology and an
additive technology have the same structural response
to heavy loads and environmental effects as HMA.
These sections were also opened up to heavy traffic
after construction in August 2009 and have proven
to be resistant to rutting. As previously mentioned,
the fatigue expectation for all WMA sections exceeds
expectations for the HMA control. The track is now
being used by state DOTs as an approval mechanism
for new WMA technologies (Powell andTaylor, 2011).

3.1.3 Stone-matrix asphalt mixtures
Through the first four cycles of the NCAT Pavement
Test Track, 21 stone-matrix asphalt (SMA) sections
have been put to the test (eight on the 2000 track,
eight on the 2003 track, three on the 2006 track and
two on the 2009 track). Excellent performance of the
SMA test sections in the first cycle prompted several
states to use this premium mix type to extend pavement
life for heavy traffic highways. Specific test sections
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using crushed gravel aggregate in an SMA performed
as well as other SMA sections, allowing states with
limited native quarried stone to implement SMA at
a much lower cost. Other test sections were built to
compare SMA and Superpave mixes on a life-cycle
cost basis. After five years and 20 million ESALs,
both sections had less than 2 mm of wheel-path
deformation, but the Superpave section was showing
an increasing trend of macrotexture—an indicator of
raveling—and some cracking at the longitudinal joint.
In contrast, the higher binder content SMA section
exhibited only a slight change in macrotexture with no
cracking (Timm et al., 2006).

3.1.4 Open-graded friction course mixtures
Several highway agencies have sponsored test sections
to evaluate the performance of open-graded friction
course (OGFC) mixes with different aggregates and
construction techniques. The Georgia DOT sponsored
two test sections to assess how aggregates with differ-
ent percentages of flat and elongated particles would
affect performance. Results showed that more cubi-
cal aggregate reduced the permeability and capacity
to eliminate water spray compared to less cubical
and lower cost aggregate (Powell, 2009). The Ten-
nessee DOT sponsored an OGFC mixture using a hard
limestone that had excellent performance, including
superior friction results, prompting TDOT to begin
placing OGFC on some routes for the first time in
2005. The Mississippi DOT continues to assess an
all-gravel OGFC placed in 2006, which has already
withstood over 19 million ESALs. The Florida DOT is
currently evaluating an OGFC mixture containing 15
percent RAP.

One of the most interesting test sections on the track
has been the twin-layer OGFC placed in 2006. This
section has a 9.5 mm nominal maximum aggregate
size (NMAS) OGFC surface layer on top of a 12.5 mm
NMAS OGFC layer. Both OGFC layers were placed
with a special (and very large) paver built specifi-
cally to simultaneously place two HMA layers (Powell,
2009). After five years the twin-layer OGFC surface
continues to be the quietest and most effective section
at eliminating water spray on the track.

Although the enhanced safety and reduced-noise
benefits of OGFC mixtures are well documented, test
track research is currently assessing the structural con-
tribution of the OGFC surface layer and how OGFC
may be able to minimize top-down cracking when a
heavy tack coat is used. OGFC surfaces have been
found to reduce the recurrence of surface cracking in
underlying dense mixes intentionally produced with a
susceptibility to surface cracking, providing the most
protection when placed in a bonded application with a
spray paver.

3.1.5 Critical air voids level for acceptance
The Indiana Department of Transportation sponsored
test track research to identify the lowest limit for air
voids, one of the most used pay-factors for pavement

Figure 3. Significant rutting in test section with low QC air
voids.

quality. Because the focus of the experiment was rut-
ting performance, cold weather climate differences
between Alabama and Indiana were not a concern. A
series of short sections constructed with surface lay-
ers having low QC air voids were subjected to the
test track’s heavy trafficking. The surface mixes were
intentionally produced to have QC air voids between
1.0 and 3.5 percent by adjusting the mix gradation and
increasing the asphalt content. Results showed that
the rate of rutting significantly increased when QC
air voids were less than 2.75 percent, indicating that
removal and replacement of surface layers is appropri-
ate below that level (Willis et al., 2009). It is important
to note that the Indiana DOT experiment used only
mixes with neat asphalt binder. Other sections on the
track with surface mixes containing modified binders
with air voids less than 2.5 percent have held up well
under the extreme traffic on the track (Brown et al.,
2002, Willis et al., 2009). A photograph of one of the
Indiana sections built with low QC voids is shown in
Figure 3.

3.1.6 Comparison of mix design methods
In the first cycle, the Oklahoma DOT built two
test sections to compare the performance of mixes
designed with the Superpave system to mixes designed
by ODOT’s standard Hveem-based mix design.
Although both sections exhibited good performance
on the track, less rutting was observed in the Super-
pave section (Brown et al., 2002). This test track study
gave ODOT the confidence to move forward with
implementing Superpave.

3.1.7 Fine-graded versus coarse-graded mixtures
During the early years of Superpave implementation,
there was a strong push toward coarse-graded mix-
tures for improving rutting resistance; however, that
notion was called into question when the results of
Westrack showed that a coarse-graded gravel mix was
less resistant to rutting and fatigue cracking than a
fine-graded mix with the same aggregates. In the first
cycle of the NCAT Pavement Test Track, the issue
was examined more completely. Twenty-seven sec-
tions were built with a wide range of aggregate types
comparing coarse-, intermediate- and fine-graded
mixtures. NCAT Pavement Test Track results showed
that fine-graded Superpave mixes perform as well as
coarse-graded and intermediate-graded mixes under
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heavy traffic and tend to be easier to compact, less
prone to segregation, and less permeable (Brown et
al., 2002). Based on these findings, many state high-
way agencies revised their specifications to allow the
use of more fine-graded mix designs.

3.1.8 Increased durability
Test track research has shown that higher asphalt
contents improve mix durability, leading to longer
pavement life. More asphalt can be incorporated into
the mixture by reducing the compactive effort required
during mix design. Several states placed mixes on the
test track that were designed with 50 to 70 gyrations
in the Superpave gyratory compactor (SGC) that have
withstood the heavy loading on the track with excellent
performance (Timm et al., 2006, Willis et al., 2009).

3.1.9 Top-down cracking
Florida’s pavement management system has shown
that top-down cracking is the state’s most preva-
lent form of pavement distress. University of Florida
research has indicated that the best method for pre-
dicting resistance to top-down cracking is the energy
ratio, which is determined from properties of the sur-
face mixture and stress conditions in the pavement
structure. Florida DOT has sponsored test track sec-
tions in past and current cycles to validate the energy
ratio concept and to determine ways to mitigate this
mode of distress. Test sections have shown that using a
polymer-modified binder in dense-graded surface lay-
ers increases a mixture’s energy ratio and improves the
pavement’s resistance to top-down cracking (Willis et
al., 2009). The current cycle is assessing how a heavy
tack coat applied with a spray-paver during construc-
tion of an OGFC layer may provide added resistance
to the start or severity of top-down cracking.

3.1.10 Thin overlay using a 4.75 mm nominal
maximum aggregate size mixture

Thin HMA overlays (less than 30 mm thick) are a com-
mon treatment for pavement preservation. Currently,
about half of U.S. states utilize 4.75 mm nominal
maximum aggregate size (NMAS) mixtures in thin
overlay applications. An advantage of the 4.75 mm
mixtures is that they can be placed as thin as 13 mm,
allowing the mix to cover a much larger area than
thicker overlays. In the second test track cycle, the
Mississippi DOT sponsored a test section of 4.75 mm
NMAS surface mix containing limestone screenings,
fine crushed gravel and a native sand. The section
has been in place for eight years and carried more
than 29 million ESALs with only 7 mm of rutting and
no cracking. This section is proof that well-designed
4.75 mm NMAS mixes are a tough and durable option
for pavement preservation.

3.2 Aggregate characteristics

3.2.1 Effect of aggregate toughness on performance
The South Carolina DOT used the test track to evalu-
ate how an aggregate with an excessive Los Angeles

Abrasion loss would hold up through plant produc-
tion, construction and performance in a real pave-
ment. Although the aggregate did break down more
than other aggregates through the plant, the resulting
asphalt mixture performed well on the track. Rutting
performance on the track was similar to that of other
sections, and there were no signs of raveling, as indi-
cated by texture changes (Timm et al., 2006). Based
on these results, South Carolina changed its specifi-
cations to allow the use of this aggregate source with
higher LA abrasion loss.

In another test section, South Carolina was inter-
ested in assessing the polishing behavior of a different
aggregate material. A surface mixture with the aggre-
gate was designed, produced and placed on the track.
Friction tests conducted at regular intervals of traffic
applications showed a sharp decline in skid resistance,
indicating that the aggregate was not suitable for use
in surface mixes (Timm et al., 2006). The test track
enabled South Carolina to make this assessment within
a year without placing the driving public at risk. Mis-
sissippi and Tennessee DOTs constructed sections to
observe how blending limestone into gravel mixes
effects pavement performance and friction test results.
Both states concluded that mixes containing all local
crushed gravel will provide satisfactory performance
(Powell, 2006).

Missouri DOT constructed three test sections on
the 2003 track to determine the possibility of adjust-
ing the quality requirements for SMA aggregates
without compromising performance. Before that time,
only one in-state source of material could be used.
As a result of this experiment, Missouri was able
to revise the specification and reap the benefits of
lower-cost SMA mixes through increased competition
and reduced haul cost.

3.2.2 Elimination of the restricted zone
Part of the original Superpave mix design procedure
included a restricted zone within the gradation band
for each nominal aggregate size. Test track sections
with a variety of aggregate types proved that mix-
tures with gradations through the restricted zone could
have excellent rutting resistance (Brown et al., 2002).
The restricted zone was subsequently removed from
the Superpave specifications.

3.3 Binder characteristics

3.3.1 Effect of binder grade on rutting
Superpave guidelines recommend using a higher PG
grade for high traffic-volume roadways to minimize
rutting. Results from the first cycle of testing indicated
that, on average, permanent deformation was reduced
by more than 50 percent when the high-temperature
grade was increased from PG 64 to PG 76 (Brown et al.,
2002).This two-grade bump is typical of many projects
on high traffic-volume roadways. This information
validated one of the key benefits of modified asphalt
binders. The Florida DOT had conducted accelerated
testing of its own using a Heavy Vehicle Simulator
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(HVS) to determine at what depth it would be possi-
ble to discontinue the use of modified binders without
sacrificing improved rutting performance. Two sec-
tions of the 2003 track were subsequently used to
validate these findings by comparing their perfor-
mance with those used in the HVS experiment. Results
on the NCAT Pavement Test Track were comparable
to results in the HVS, giving Florida confidence to
implement its previous findings (Powell, 2008).

3.3.2 Increasing the binder content in mixtures
containing modified binders

In the first cycle, the Alabama Department of
Transportation also sponsored test sections to evaluate
mix designs with an extra 0.5 percent asphalt content.
Performance of those sections on the track showed
that increasing the asphalt content of mixes produced
with modified binders did not affect rutting resistance;
however, mixes produced with neat binders were more
sensitive to changes in asphalt content (Brown et al.,
2002). Furthermore, the performance of test sections
containing neat asphalt was consistent with the find-
ing previously described. For mixtures with modified
binders, low lab-compacted air voids are not a good
indicator of rutting.

3.3.3 Comparison of different types of binder
modification

The effect of binder modifiers on the performance of
dense SMA and PFC mixes was a major focus of the
2000 track. Excellent performance was observed in all
mixes produced with modified binders, regardless of
the type of modifier used (Brown et al., 2002).

In the current cycle, Missouri DOT sponsored two
sections to compare the performance of a surface mix
containing an SBS-modified binder and a ground tire
rubber-modified binder. Both binders graded as PG
76-22. To date, comparisons of the two sections show
that both binders provide excellent and essentially
equivalent performance.

3.4 Structural design

3.4.1 Engineering response of pavement structures
to load and environment

Over the past three cycles, 18 test sections have been
instrumented with stress and stain gauges to measure
actual responses of pavement structures to loading
and environmental conditions. The stress and strain
measurements at the bottom of asphalt layers have
correlated well with predicted values, using layered-
elastic models for a wide range of pavement materials
and thicknesses at high speeds (Timm et al., 2006).
This important finding validates the use of such mod-
els in mechanistic-based pavement structural design
methods, including PerRoad and the Mechanistic-
Empirical Pavement Design Guide (MEPDG).

3.4.2 Revision of the asphalt layer coefficient for
pavements

Although many highway agencies are preparing for
implementation of the MEPDG, thousands of projects

continue to be designed using the pavement design
method developed more than 50 years ago that was
based on the AASHO Road Test. In simplified terms,
the current method relates the expected decrease in
pavement serviceability to the design traffic divided
by the structural capacity of the pavement struc-
ture. The pavement’s structural capacity is calculated
by summing the products of the thickness of each
layer multiplied by an assigned layer coefficient that
represents the relative structural contribution of that
layer.

When 225 mm pavements were found to be the
perpetual equivalent of the original robust track foun-
dation, the Alabama DOT funded a study to examine
the layer coefficient for structural asphalt layers. The
performance and loading history of all 14 structural
sections built on the NCAT Pavement Test Track in
the second and third cycles were analyzed. These test
sections represented a broad range of asphalt thick-
nesses, mix types, bases, and subgrades. The analysis
indicated that the asphalt layer coefficient should be
increased from 0.44 to 0.54 (Peters-Davis and Timm,
2009). This increase in the layer coefficient translates
directly to an 18.5 percent reduction in the design
thickness for new pavements and overlays. ALDOT
implemented the new layer coefficient in its pavement
design practice in 2010 and estimates this change will
save $50 million per year in construction costs.

3.4.3 Strain threshold for perpetual pavements
Analysis of data from in-situ pavement instrumen-
tation from three cycles of the test track indicates
that these pavements can withstand higher levels of
strain than suggested by lab tests without accumulat-
ing fatigue damage (Willis et al., 2009).This may allow
pavement engineers to design perpetual pavements
with thinner cross-sections and, thus, make HMA
more competitive against other pavement types in
life-cycle cost comparisons.

3.4.4 High polymer inlays for rehabilitation of
failed pavement structures

The track is often used for high risk, high reward
research that may not be suitable for assessment on
in-service roadways. In one such experiment, a full
depth asphalt pavement on a soft clay subgrade that
failed near the end of the 2006 research cycle was first
rehabilitated for the 2009 research cycle using a con-
ventional 125-mm mill and inlay. When the section
failed a second time after less than half the traffic that
produced the original failure, it was decided to reha-
bilitate the section again using the same high polymer
mix that had performed well in another (significantly
thinner) test section.

The second rehabilitation of the failed section con-
sisted of a 144-mm mill and inlay, which is the total
thickness of the high polymer mix in the thinner sec-
tion. Traffic applied to the high polymer rehabilitation
has now surpassed the level needed to completely
fail the original conventional rehabilitation, with no
indication that another failure is pending. Based on
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this positive finding, high polymer inlays are being
considered on at least four projects in two different
states as a way to salvage structures that have exhibited
structural failures.

3.5 Tire-pavement interaction

3.5.1 New generation open-graded friction course
mixes

Each cycle of the test track has featured sections with
new-generation OGFC mixtures using a variety of
aggregate types. Testing has shown that OGFC sur-
faces, also known as porous friction courses, eliminate
water spray, improve skid resistance and significantly
reduce tire-pavement noise.

3.5.2 Friction performance
Several agencies have sponsored test sections to eval-
uate the performance of OGFC mixtures with a range
of aggregate types. Examples of aggregates used in
OGFC surfaces on the test track include granite, lime-
stone, slag, and other gravels. Ongoing research is
explaining the correlation between friction results on
the test track with laboratory conditioning and fric-
tion testing. This work will reduce the cost, time and
risks associated with field evaluation of new pave-
ment surfaces and could provide new opportunities for
research on building safer roads.

3.5.3 Tire-pavement noise and pavement surface
characteristics

The noise generated from tire-pavement interaction
is substantially influenced by the macrotexture and
porosity of the surface layer. Tire-pavement noise test-
ing on the track indicates that the degree to which these
factors influence noise levels is related to the weight of
the vehicle and to tire pressures. For lighter passenger
vehicles, the porosity of the surface, which relates to
the degree of noise attenuation, is the dominant factor.
For heavier vehicles (with higher tire pressures), the
macrotexture of the surface and the positive texture
presented at the tire-pavement interface has a greater
influence (Smit and Waller, 2007).

3.5.4 High-precision diamond grinding to remove
bumps for smoother roads

A good way to level high areas in the pavement surface
that can occur in the construction and maintenance
of HMA is through high-precision diamond grinding.
When performed on transverse joints at the test track,
this grinding process resulted in a very smooth and
tight surface (Timm et al., 2006). None of the numer-
ous joints leveled with the grinding equipment during
each research cycle have exhibited any performance
issues. Some of the leveled areas have been in service
for 11 years with no performance problems. No sealing
was applied to these treated surfaces.

3.6 Prediction testing

3.6.1 Performance tests to predict rutting
Pavement engineers are interested in identifying a
reliable test that can predict rutting performance.

Through each cycle, NCAT has conducted several per-
formance tests on the mixtures placed at the track,
including dynamic modulus, repeated load tests and
wheel-tracking tests. Although the amount of rut-
ting for most of the test sections at the track has
been low, sufficient rutting was observed to deter-
mine if trends exist between the performance tests
and actual rutting measured on the track. The results
have shown that dynamic modulus has no correlation
with rutting. The Asphalt Pavement Analyzer (APA)
is a popular test for assessing rutting potential and
has consistently provided reasonable correlations with
test track performance (Powell, 2006). As a result of
this testing at the track, several state DOTs imple-
mented specifications requiring the use of the APA
on new mix designs. Based on a correlation between
APA results and rutting on the track in the third cycle,
an APA criteria limit of 5.5 mm was established for
heavy-traffic pavements (Kandhal and Cooley, 2008).

In the last few years, several researchers have
recommended a repeated-load axial deformation test
known as the Flow Number (FN) test for predict-
ing rutting. Although no consensus has been reached
regarding several variations of the test method, NCAT
has used a confined test with 69 kPa and a repeated
axial stress of 483 kPa. A strong correlation was
found between the results of the FN test using these
conditions and rutting on the track (Willis et al.,
2009). A minimum FN criterion of 800 cycles was
recommended for heavy traffic pavements.

3.6.2 Using energy ratio to predict top-down
cracking

As previously described, the University of Florida
and Florida DOT have developed a promising method
for predicting the susceptibility of surface layers to
top-down, load-related cracking. This method was
validated on the test track in the third cycle. Two test
sections were built with identical structures, except for
the surface layers. One surface mix was designed with
a low energy ratio, and the other was designed with a
high energy ratio. As expected, the section with the
low energy ratio exhibited top-down cracking first,
with cracks appearing after 1.9 million ESALs. The
section with the higher energy ratio surface layer car-
ried 50 percent more traffic before cracks appeared.
This research demonstrated that top-down cracking is
a phenomenon that can be replicated in experimental
pavements and that the energy ratio method can cor-
rectly assess the relative performance of surface mixes
to this mode of distress (Willis et al., 2009).

3.6.3 Dynamic modulus prediction
In mechanistic-based pavement design methods, the
dynamic modulus (E∗) is a basic input for HMA, since
this property characterizes the rate of loading and
temperature dependency of HMA. Three predictive
dynamic modulus models and laboratory-measured
E∗ values for mixes placed on the 2006 NCAT Pave-
ment Test Track were compared to determine which
model most accurately reflected E∗ values determined
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in laboratory testing. The Hirsch model proved to be
the most reliable E∗ model for predicting the dynamic
modulus of an HMA mixture (Willis et al., 2009).

4 SUMMARY

The NCAT Pavement Test Track is a unique accel-
erated pavement testing facility that has now been
operational for 11 years. It is a cooperative project
with individual test sections sponsored by highway
agencies and commercial interest groups. There have
been numerous significant findings since the first
heavily loaded tractor-trailer made the inaugural 2.7-
km journey around the track a decade ago, many
of which are summarized in this paper. Test track
findings have already resulted in numerous improve-
ments in current asphalt pavement specifications, and
the research will continue to pay dividends for years
to come. Findings span the industry areas of mix
design, aggregate and binder characteristics related
to performance, structural design and tire-pavement
interaction.
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ABSTRACT: The need for faster and more practical evaluation methods under closely simulated in-service
conditions prompted the Florida Department of Transportation (FDOT) to initiate an Accelerated Pavement
Testing (APT) program in 2000. The main objective of this program is to continuously improve the performance
of Florida’s pavements in a cost-effective manner. Technology transfer and implementation are also of primary
importance. The APT program recognizes that such efforts are essential to reap expected dividends from this
investment. All research results and aspects of innovations arising from this program are implemented as soon
as practical. Over the ten years of its existence, the Florida APT program has investigated flexible, rigid, and
composite pavements. This paper provides a ten year review of FDOT’s APT program. The evolution of the APT
facility and program are described. Results from several projects are summarized and benefits from implemented
technology and practices are highlighted.

1 INTRODUCTION

The evaluation and validation of emerging technolo-
gies and innovative concepts require assessing their
in-service long-term performance. In respect to pave-
ments, the cumulative effects of traffic loading and
environmental conditions on the material properties
and pavement response are critical in assessing per-
formance and establishing failure modes. The primary
disadvantage of such an investigative approach is the
extensive time period and expense required to obtain
long-term performance information.

The need for faster and more practical evaluation
methods under closely simulated in-service condi-
tions prompted the Florida Department of Trans-
portation (FDOT) to initiate an accelerated pavement
testing (APT) program in 2000. APT is generally
defined as a controlled application of a realistic wheel
load to a pavement system simulating long-term,
in-service loading conditions. APT allows monitoring
of a pavement system’s performance and response to
accumulation of damage within a much shorter time
period. The primary objective of FDOT’s APT pro-
gram is to continuously improve the performance of
Florida’s pavements. As such, technology transfer and
implementation of research findings are of primary
importance.

2 ENHANCEMENTS TO FDOT’S HVS

Accelerated loading is performed using a Heavy
Vehicle Simulator (HVS), Mark IV model. The
HVS can apply wheel loads between 30 and 200 kN
(7 and 45 kips) along a 9 m (30 ft.) test strip. Dual or

single tires can be used. The effective test segment
within this span is 6 m (20 ft.). The remaining 2 m
(5 ft.) at either end of the test strip allows the HVS
wheel to load and unload while accelerating and
decelerating. A chain-driven carriage system allows
uni- or bi-directional load applications. Wheel wander
of up to 76 cm (30 in.) can be induced. The HVS can
apply up to 24,000 passes per day in the bi-directional
mode and 14,000 passes per day in the uni-directional
mode. Florida’s standard loading protocol consists of a
40 kN (9 kip) load with 10 cm (4 in.) of wander applied
uni-directionally. General HVS properties are listed
in Table 1. Additional information on how the loading
protocol was established is detailed elsewhere (Byron
et al. 2004).

2.1 Environmental control

A temperature control system was developed and
installed during 2001.The primary components of the
system include insulated panels and radiant heaters.
The insulated panels originally consisted of aluminum
sheeting with a Styrofoam core. The panels were
redesigned in 2006 with lightweight materials to allow
for placement without the use of a forklift.

Three pairs of 2.7 m (9 ft.) long radiant heating ele-
ments are mounted on both sides of the HVS test
beam. These elements are independently controlled to
provide six heating zones.They are also adjusted auto-
matically to maintain a constant temperature at a depth
of 5 cm (2 in.). A test temperature of 50◦C (120◦F) is
standard for experiments to investigate rutting poten-
tial of asphalt mixtures. Figure 1 shows the HVS with
the insulated panels attached.
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Table 1. HVS properties.

Parameter Specification

Weight 50 + tons
Length 75 ft. (22.9 m)
Tested section length 20 ft. (6.1 m)
Width 12 ft. (3.7 m)
Load range 7 to 45 kips (30 to 200 kN)
Wheel speed 2 to 8 mph (3 to 13 km/h)
Max. passes per day 14,000 (uni-directional)

24,000 (bi-directional)
Max. rut depth 4 in. (10 cm)
Tire types Goodyear Unisteel G149 RSA,

11R22.5 (Dual Tire)
Goodyear G286 A SS, 425/65R22.5
(Super Single)
Michelin X One XDA-HT Plus,
445/50R22.5
Michelin X One XDA-HT Plus,
455/55R22.5

Tire wander 0 to 30 in. (0 to 76 cm)
Environment control Insulated panels and heater system

Figure 1. Insulated panels used for temperature control.

2.2 Laser profiling system

A laser profiling system was added to the HVS in
2001 to automatically determine rut depth. The pro-
filing system consists of two 16 kHz lasers mounted
76 cm (30 in.) apart on either side of the load carriage
as shown in Figure 2.These lasers, model SLS 5000TM

manufactured by LMI Silicon, are specified to be accu-
rate to within ±0.2% of the measurement range. Data
is collected at a 4 km/h (2.5 mph) operating speed.

Rut measurements are collected at predetermined
intervals in the form of longitudinal and transverse
profiles. At each predetermined number of loaded
passes the profile measurements are taken following
a directional pattern as shown in Figure 3. In such a
pattern, the lasers, while traveling with the unloaded
carriage, survey an area of approximately 6.1 m (20 ft.)
in length and 1.5 m (5 ft.) in width in a series of 61
fluid and continuous sweeps.The profiles are automat-
ically acquired using the laser-based system at a rate
of 16 kHz and averaged at 100 mm (4 in.) intervals.
Following this process, a total of 58 transverse profiles
are generated at any given number of load passes. The

Figure 2. Laser profiling system for rut depth measurement.

Figure 3. Path of laser profiler for measuring pavement
surface profile.

resulting file comprises a data array of 58 rows and
134 columns and is used to produce a three dimen-
sional surface profile of the entire test section. Profile
measurements take approximately 15 minutes to com-
plete.The initial profile (profile after construction and
before loading) is used as the reference (baseline) to
estimate the rut depths. A typical three dimensional
surface profile is shown in Figure 4.

2.3 HVS condition based maintenance

The HVS represents a significant investment and
requires considerable attention to maintain efficient
operations. In 2003, a condition based maintenance
program was initiated to monitor the HVS health,
prevent failures and minimize downtime through the
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Figure 4. Three dimensional surface profile.

Table 2. HVS condition based maintenance sensors.

Sensor Qty Location Objective

Power monitor 3 Inside Detect power
power boxes fluctuations

Thermocouple 16 Electronic Detect overheating
enclosures and fan failures

Accelerometer 5 Main motor Monitor motor
vibration

Laser 1 Between Determine wheel
rangefinder main beams location

Hydraulic tank 2 Hydraulic Detect hydraulic
sensor tank leaks

Hydraulic fluid 2 Hydraulic Monitor hydraulic
sensor tank fluid quality

Tire pressure 2 Valve stem Monitor inflation
sensor pressure

Infrared temp 1 Near test Monitor tire
sensor tire temperature

Camera 1 In view of Monitor test section
test track for leaks and

obstructions

integration of additional sensors. The sensors installed
on the HVS have been a tremendous aid in not only
developing routine maintenance schedules but also in
troubleshooting and detection of issues before they
become critical. As a result of this effort, the HVS has
become much more efficient and downtime is mini-
mal. Table 2 summarizes the sensors used to monitor
the HVS.

3 FDOT’S APT ASSETS

3.1 APT facility

The APT facility is housed within the State Materials
Research Park in Gainesville. The test site originally
consisted of eight linear test tracks with each test track

Figure 5. HVS and test tracks.

measuring 46 m (150 ft.) long and 3.7 m (12 ft.) wide.
Seven of the test tracks were extended an additional
90 m (300 ft.) in 2011. The original test tracks are
shown in Figure 5.The supporting soil layers consist of
a 27 cm (10.5 in.) limerock base over a 30 cm (12 in.)
mixture of limerock and native A-3 soil (as classi-
fied by the AASHTO soil classification system). Two
additional 15 m (50 ft.) long test tracks are enclosed
by a sump with an interconnecting channel system for
controlling the water table.

3.2 Accelerated pavement aging system

Cracking is the most predominant flexible pavement
distress in Florida. Investigations of distressed flexible
pavements have shown that a great number of cracks
originate from the surface. The most recent theories
presented in NCHRP 1-42A regarding the mechanisms
of top-down cracking indicate that aging of the asphalt
pavement surface and the ability of the pavement to
heal after loading are critical (Roque et al. 2010). In
2005, FDOT designed an accelerated pavement aging
system (APAS) that uses heat as the primary force to
rapidly age the pavement and limit its healing ability.
Stiffness gradients due to the advanced oxidation lev-
els at the surface are also induced. The APAS can be
programmed to apply heat for extended periods, cycle
heat on and off and spray water to rapidly cool the pave-
ment. The APAS measures 3 m (10 ft.) wide by 7.3 m
(24 ft.) long. Twelve 3 m (10 ft.) long radiant heaters
equally spaced along the width of the APAS are used
to heat the pavement to 90◦C (194◦F).Two thermocou-
ples per heater are installed at the pavement surface and
at a depth of 5 cm (2 in.) to monitor and adjust the tem-
perature.Water can be sprayed at 163 liters (43 gal.) per
minute from 65 nozzles evenly distributed along the
APAS to cool the pavement from 90◦C to 30◦C (194◦F
to 86◦F) in approximately 7 minutes.A standard proce-
dure to determine appropriate heating periods is under
development. The APAS is shown in Figure 6.

The APAS has successfully been used to pro-
mote top-down and bottom-up cracking under APT
loading. Figure 7 shows crack measurements made
during an APT fatigue cracking study. Sections with
greater aging levels cracked earlier although the rate
of cracking was similar for all sections.
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Figure 6. Accelerated pavement aging system.

Figure 7. Fatigue cracking due to different aging levels.

3.3 Material laboratories and pavement testing

The SMO is equipped with state-of-the art asphalt,
concrete and soil laboratories. Extensive collabora-
tion and coordination with the asphalt laboratory has
been essential since flexible pavements have made up
the bulk of the APT experiments. The asphalt research
laboratory includes Superpave binder and mixture test
equipment. Cores are often tested in indirect ten-
sile (IDT) mode to determine tensile strength, creep
strength, and resilient modulus. The dynamic modu-
lus and flow number are determined with an Asphalt
Mixture Performance Tester (AMPT).

Initial pavement properties are measured using non-
destructive test devices. Ground Penetrating Radar
(GPR) is used to estimate newly constructed asphalt
density and thickness. Pavement layer stiffness is
assessed using a FallingWeight Deflectometer (FWD).
Cores are taken for verification purposes at locations
selected from the GPR and FWD data. The FWD
and Portable Seismic PropertiesAnalyzer (PSPA) have
been used to measure the change in pavement stiffness
due to loading, accelerated aging, and elevated water
table.

3.4 Pavement instrumentation

Pavement response is generally recorded in terms of
deflection, strain or stress. Environmental effects such

Table 3. Commonly used pavement instrumentation.

Sensor Location Objective

Thermocouple Various depths Pavement temp
H-gauge Bottom of asphalt Asphalt strain due

to tire loads
Foil gauge HMA surface Surface strain due

to tire or thermal
loads

Concrete Top and bottom of Concrete strain
strain gauge concrete near center,

edges and joint
Pressure cell Granular layers Granular layer

stress
Moisture Granular Granular layer
probe layers moisture

as temperature and moisture are also often critical
to pavement performance. Strain is usually measured
near the bottom and surface of HMA layers and at
selected points near the center, edges, and joints of
concrete slabs. Vertical stress distributions through
the depth of unbound base and embankment layers
are used for settlement and rutting analyses; there-
fore, pressure sensors are typically placed in the base
and subgrade. Linear variable displacement trans-
ducers (LVDT) have been used to measure the thermal
movement of concrete slabs. Table 3 lists the most
common pavement instrumentation used by FDOT.
More detailed information on instrumentation use
and installation is provided elsewhere (Greene et al,
2011a).

Pavement instrumentation is connected to a
National Instruments (NI) data acquisition (DAQ) sys-
tem mounted on a custom made portable enclosure.
The enclosure is temperature controlled and rated for
outdoor use (NEMA 4X). A wireless link between
the main HVS control room computer and the out-
door DAQ enables control from indoors where further
processing can be performed using fully-automated
NI LabVIEW software. When the HVS tire is trav-
eling at 11 km/h (7 mph), it takes approximately 6.5
seconds for the tire to traverse the test section. Stress
and strain data is often collected in windows of up to
50 seconds to capture the response of at least three
passes of the loaded tire. Data is typically scanned at
1,000 Hz. Other sensor information such as temper-
ature from thermocouples, moisture data, and LVDT
data is acquired at different frequencies depending on
the objective.

A LabVIEW program is used to merge instrumen-
tation and related HVS data and to identify critical
strain and stress components. All of this informa-
tion is recorded in a spreadsheet for further analysis.
The resulting processed file contains the following
information:

1. Time of data collection
2. Wheel location
3. Pass number
4. Wheel load
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Table 4. Major APT experiments.

Year Experiment Findings and Outcomes Source

2001 Evaluation of polymer
modified asphalt binders

Rutting resistance improvement was found even when
modified binder was limited to the final structural layer.
Revised design manual and specification.

Tia et al. 2002;
Gokhale et al. 2005

2003 Assessment of APT loading FDOT HVS load parameters were standardized. Byron et al. 2004

2004 Early strength requirement
of slab replacement concrete

Required flexural strength was defined in terms of slab
temp. gradient. A concrete stress/strain prediction model
was developed. The maturity method was verified.

Tia et al. 2005

2005 Coarse and fine graded
Superpave evaluation

Fine graded mixtures performed as well as coarse graded
mixtures. Revised design manual and specification.

Choubane et al. 2005

2006 Thin concrete overlay
evaluation

Developed a model for predicting stress/strains for traffic
and thermal loads. Design recommendations were made.

Tia et al. 2007

2007 Asphalt mixture
cracking assessment

Developed the APAS and a crack initiation model using
fracture mechanics and IDT testing.

Roque et al. 2007

2008 Evaluation of asphalt strain
gauge repeatability

Strain gauges were found to be repeatable when pavement
was less than 104◦FC (40◦F).

Gokhale et al. 2009

2009 Impact of wide-base tires on
pavement damage

Wide-base tires were found to perform as well as a
standard dual tire. A model to predict pavement response
due to tire type was developed.

Greene et al. 2010

2010 Gradation based mixture
performance evaluation
method

Validated gradation evaluation method to optimize
asphalt gradations. Mix design spreadsheet was modified
to monitor future gradations.

Greene et al. 2011b

2010 SAMI contribution
to rutting

An asphalt rubber membrane interlayer (ARMI) was
found to contribute to instability rutting.

Greene et al. 2012

5. Pavement and ambient temperature
6. Strain/stress information (e.g. strain magnitude

and duration)

4 OVERVIEW OF RESEARCH PROJECTS

The development, planning and execution of the APT
program are conducted on an annual cycle with support
from the FDOT Central Offices and Districts and
through partnerships with the Florida’s University
System, industry and the Federal Highway Adminis-
tration (FHWA). Throughout the year, research needs
that address issues affecting Florida’s roadways are
collected from the Central and District offices. A for-
mal process is initiated in the fall when critical research
topics are solicited from academia, the FHWA, indus-
try, as well as FDOT offices. Research needs are
classified according to the following three categories:

1. Critical issues that should be addressed by APT
2. Critical issues not applicable to APT but should be

performed with in-house resources
3. Critical issues that should be addressed through a

contracted effort

Over the 10 years of its existence, the Florida APT
program has investigated flexible, rigid, and compos-
ite pavements. Specific aspects that have been assessed
include asphalt mixture gradation, the use of polymer
modified binder, damage due to tire types, effect of

stress-absorbing membrane interlayers (SAMI), envi-
ronmental effects (i.e. asphalt aging), early strength
gain requirement of concrete for slab replacement and
thin concrete overlays. Table 4 summarizes the major
APT experiments. Table 5 summarizes the asphalt and
concrete materials used for the APT experiments.

5 IMPACT OF APT RESEARCH

Over the first ten years, FDOT’s APT program has
provided a significant impact on Florida’s roadways.
Engineers have successfully used the APT facility
to gain insight into new pavement technology and
design methods that laboratory testing alone could not
provide. Several APT projects have been conducted in
collaboration with Florida universities. Some of these
projects involved contracting directly with universities
while others simply involved sharing data for graduate
level research projects. Eight Ph.D. dissertations and
one Master’s thesis have been completed using Florida
APT data.Table 6 lists these academic research reports.

Most important is the impact that the APT program
has had on pavement construction and design prac-
tices. FDOT’s Flexible Pavement Design Manual and
construction specifications have been revised based
on research performed on polymer modified binders
and gradations of Superpave mixtures. APT research
showed new generation wide-base tires generate simi-
lar or less damage to Florida pavements as the standard
dual.
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Table 5. Pavement structure and materials.

Experiment Structure Materials

Evaluation of polymer
modified asphalt binders

4 in. SP-12.5 mm Limestone, SBS modified PG 76-22
binder, and PG 67-22 binder

Assessment of APT loading 4 in. SP-12.5 mm Limestone, SBS modified PG 76-22
binder, and PG 67-22 binder

Early strength requirement of
slab replacement concrete

9-in. plain jointed concrete pavement (12 ft. by
16 ft. slabs)

Dowels and various cement levels
6 hr compressive strength of 900
to 1,700 psi, and 24 hr compressive
strength of 2,770 to 4,750 psi

Coarse and fine graded
Superpave evaluation

4 in. fine and coarse SP-12.5 mm Georgia granite, and PG 67-22 binder

Thin concrete overlay
evaluation

4, 5 and 6 in. thick bonded concrete overlay (6 ft.
by 6 ft. and 4 ft. by 4 ft. joints) and 6, 8 and 10 in.
thick unbounded concrete overlay (6 ft. by 6 ft.
joints)

Compressive strength of 2,400 psi
at 24 hours and 28 day compressive
strength of 5,800 psi

Cracking assessment of
asphalt mixtures

6 in. SP-12.5 mm Georgia granite and PG 67-22 binder

Evaluation of asphalt strain
gauge repeatability

1.5 in. FC-12.5 mm and 2 in. SP-12.5 mm Georgia granite and PG 67-22 binder

Impact of wide-base tires on
pavement damage

Two 2-in. lifts of SP-12.5 mm and 1/2 in. OGFC Georgia granite, PG 67-22 binder,
asphalt rubber binder (FC-5)

Gradation based mixture
performance evaluation
method

Two 2-in. lifts of SP-12.5 mm Georgia granite, PG 67-22 binder

SAMI contribution to rutting SP-12.5 mm overlays of 2 to 4 in.
and 1/2 in. ARMI

Georgia granite, PG 67-22 binder,
asphalt rubber binder

Table 6. Thesis and dissertations using FDOT APT data.

Year Deliverable Thesis/Dissertation Title Source

2002 Master’s
Thesis

Evaluation of Superpave mixtures with and without polymer modification by
means of APT

Kim 2002

2005 Ph.D.
Dissertation

Analysis and verification of stresses and strains and their relationship in failure
in concrete pavements under HVS loading

Kumara 2005

2006 Ph.D.
Dissertation

Identification and assessment of the dominant aggregate size range of asphalt
mixtures

Kim 2006

2007 Ph.D.
Dissertation

Creation of a laboratory testing device to evaluate instability rutting in asphalt
pavements

Novak 2007

2007 Ph.D.
Dissertation

Evaluation of concrete mixes for slab replacement using the maturity method
and APT

Mano-khoon 2007

2007 Ph.D.
Dissertation

Analysis, testing and verification of the behavior of composite pavements under
Florida conditions using a HVS

Tapia 2007

2009 Ph.D.
Dissertation

Interstitial component characterization to evaluate asphalt mixture performance Guarin 2009

2009 Ph.D.
Dissertation

Development and evaluation of an HMA fracture mechanics based model to
predict top-down cracking in HMA layers

Zou 2009

2009 Ph.D.
Dissertation

Effects of truck tire type and tire-pavement interaction on top-down cracking
and instability rutting

Wang 2009

It can be difficult to assess the economic benefits
of any research program. Often, it takes years for the
actual benefit to be realized. Other times, research may
find that current practices are ineffective and should

be stopped. It is clear, however, that the economic ben-
efit from the first APT experiment alone has produced
significant cost savings. FDOT has not had poly-
mer modified mixtures in place long enough to fully
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quantify the additional life that can be expected but
Von Quintus et al. 2007 estimated an additional five to
ten years may be possible. According to the 2011 data
from FDOT’s Estimates Office, structural asphalt cost
approximately $125,000 per lane mile. On average,
FDOT resurfaces approximately 500 Interstate and
Turnpike lane miles annually. Pavements resurfaced
on these facilities require the use of polymer modi-
fied mixtures. If a modest increase in pavement life of
just two years is realized, the reduction in annualized
cost assuming a 3.5% discount rate is approximately
$1,000 per lane mile per year, or $500,000 per year for
the total Interstate andTurnpike pavements resurfaced.
The total annualized savings is considered conserva-
tive since pavement life is likely extended greater than
two years and polymer modified mixtures are also used
on pavements outside of the Interstate and Turnpike
systems.

One of the important aspects of the polymer modi-
fied asphalt research was not only to provide evidence
of the effectiveness of polymers to improve pavement
performance, but also to identify the optimum location
to place modified asphalt binders. FDOT’s Flexible
Pavement Design Manual was revised to specify the
use of PG 76-22 asphalt binder in the final structural
course for traffic level D roadways (10 to >30 million
ESALs) and the final two structural layers for traffic
level E roadways (≥30 million ESALs). According to
the most recent data from FDOT’s Estimates Office,
polymer modified mixtures cost an average $7/ton
more than unmodified mixes. Due to APT research
approximately 300,000 tons of traffic level D mix-
tures were not required to include polymer modified
asphalt binder during 2010 and again in 2011. A sav-
ings of approximately $2.1 million was achieved each
year. Again, this estimate is likely conservative since
pay items (such as structural asphalt) are not recorded
for lump sum contracts which include many larger
projects.

In 2005, FDOT revised the Flexible Pavement
Design Manual to reflect APT findings that fine-
graded asphalt mixtures performed as well or better
than coarse-graded mixtures. Previously, all traffic
level D and E mixtures were required to be coarse-
graded mixtures.According to discussions with indus-
try, a cost savings of $2 to $5 per ton of asphalt mix is
achieved by using fine-graded mixtures as opposed to
coarse-graded mixtures. This cost savings comes from
improved workability. Since the change, contractors
use fine-graded mixtures almost exclusively. Consid-
ering that on average FDOT paves just over 5 million
tons per year and approximately 30% of that total con-
sists of traffic level D and E mixtures an annual cost
savings of at least $3 million is achieved.

The APT program has become a critical compo-
nent of FDOT’s research program. The success of the
program can be attributed to the careful selection of
research projects that address critical issues and pro-
long the life of Florida’s roadways.Technology transfer
and implementation of research results is also vital and
must continue as governments struggle with budgets

for infrastructure investment. It is anticipated that the
APT program will continue to provide a significant
benefit to FDOT.
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ABSTRACT: The Accelerated Pavement Testing (APT) program at Kansas State University (KSU) has been
in existence for the past 14 years. The Midwest States Accelerated Pavement Testing Pooled Funds Program, a
consortium of the Departments of Transportation of Iowa, Kansas, Missouri, and the Nebraska Department of
Roads, has been the sponsors for the majority of the tests. Sixteen full-scale pavement tests have been completed
since 1997. The majority of the tests were done for side-by-side comparison of new products or processes for
both asphalt and concrete pavements. These tests successfully evaluated new products or practices and verified
current pavement designs and/or practices for four Midwestern states. Results of a multi-year experiment are
now being used for calibration of the new Mechanistic-Empirical Pavement Design Guide (MEPDG) procedure
models in Iowa, Kansas, and Missouri. This paper summarizes the confirmation of practices and improvements
in highway pavement design and construction that have resulted from the tests conducted at this APT facility.
Major findings along with the lessons learned from these experiments are described.

1 INTRODUCTION

The accelerated pavement testing (APT) program at
Kansas State University (KSU) has been active for over
14 years. The sixteenth full-scale pavement test is now
complete and the seventeenth and eighteenth exper-
iments are underway. The APT machine is located
at the KSU Civil Infrastructure Systems Labora-
tory (CISL) in Manhattan, Kansas. The equipment
was designed and fabricated by an industrial part-
ner, Cardwell International, Ltd. under a grant by the
Kansas Technology Enterprise Corporation (KTEC).
The building housing the APT facility was made pos-
sible by private donations from alumni of the KSU
College of Engineering. Shortly after the APT facility
was placed in service, the Midwest States Accelerated
Pavement Testing Pooled Funds Program, a consor-
tium of the departments of transportation of Iowa,
Kansas, Missouri, and the Nebraska Department of
Roads, was formed with the Kansas Department of
Transportation (KDOT) as the lead agency. The tech-
nical advisory committee of this program selects and
funds the projects at this facility. The 16 projects that
have been conducted thus far are:

– APT 1: Rutting of cold in-place recycled, fly-ash
stabilized base with a thin asphalt overlay.

– APT 2: Comparing three different types of shear
transfer devices in jointed portland cement concrete
pavements (PCCP).

– APT 3: Comparison of KDOT Superpave (SM-
2C) with Marshall (BM-2C) overlay mixes over
existing/previously tested PCCP under radiant heat
conditions.

– APT 4: Testing 8 in. of an asphalt concrete mix on
grade compared to 5 in. of the same mix placed on
5 in. of reclaimed asphalt milling.

– APT 5: Milling a 2-in. layer from the surface and
replacing it with a new hot-mix asphalt (HMA)
overlay.

– APT 6: Rutting performance of Superpave mixtures
with different ratios of river sand.

– APT 7: Pilot instrumentation of a Superpave test
section

– APT 8: Effectiveness of thin non-dowelled, non-
reinforced PCCP overlays on highly distressed
PCCP.

– APT 9: Performance of non-dowelled, non-
reinforced PCCP on drainable and semi-permeable
bases.

– APT 10: Effectiveness of epoxy-coated steel and
fiber reinforced polymer (FRP) dowels in PCCP
joint repair.

– CISL 11: Performance of foamed asphalt sta-
bilized base in full-depth reclaimed asphalt
pavement.

– CISL 12: Evaluation of chemically stabilized sub-
grade soil.

– CISL 13: Thin bonded rigid overlay on PCC and
HMA pavements.
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– CISL 14: Verification of mechanistic-empirical
design models for flexible pavements.

– CISL 15: Geocelluar confinement systems on
unpaved roads.

– CISL 16: Geocelluar confinement systems on
low-volume paved roads.

2 DESCRIPTION OF THE FACILITY

The CISL laboratory that houses theAPT program is an
indoor facility 5,575 sq.ft. (540 m2) in area. Three test
pits, two 20 ft × 16 ft. × 6 ft. (6 m × 5 m × 1.8 m) pits
and one 20 ft. × 12 ft. × 6 ft. (6 m × 3.7 m × 1.8 m)
environmental pit, provide space to construct a vari-
ety of pavement test sections. The CISL laboratory
also houses a falling weight deflectometer (FWD)
calibration facility and a 500 kip (2,225 kN) outdoor
structural testing frame. A 20 kip (89 kN) overhead
bridge crane and an outdoor staging area for soils
and aggregate provide functionality.Two 14 ft. × 20 ft.
(4.3m × 6.1m) overhead doors allow access to the pits
(Lewis, 2008).

2.1 APT machine description

The APT machine consists of a 42 ft. (12.8 m) reaction
frame with single or dual axle assemblies. The dual
wheel axle assemblies are belt driven using a 20-HP
electric motor and a variable frequency drive to control
speed and direction (Lewis, 2008). Testing speed is
approximately 7 mph (11 km/h) and it is capable of
100,000 wheel load applications (bi-directional) per
week. It has a 40 kip (178 kN) loading capacity and
is capable of uni-directional or bi-directional loading.
Load is applied and removed with hydraulic cylinders
through an on-board pump. Up to 12 in. (300 mm) of
wander can be applied with a user-defined interface.

2.2 Changes to the APT machine

Over the last 14 years, considerable improvements
have been made to the APT machine. The original
loading assembly was an actual trailer bogie (tandem
axle) from a tractor-trailer. Load was applied with air
bags using an air suspension system. An on-board
air compressor applied the load. The loading capac-
ity was 17.5 kip (78 kN), the same as the load rating
of the axles. The desire to increase the loading capac-
ity required a larger air compressor to be remotely
installed and a system was developed to transport the
air to the moving bogie shown in Figure 1. Later, in
order to increase the load, the load application system
was redesigned using hydraulics exclusively. However,
in order to apply single axle loads, one of the dual axles
needed to be disabled and chained in the “up” position.
This resulted in a difference in load in one direction
while testing in the bi-directional mode. As the reac-
tion frame was rated for fatigue at 40 kip (178 kN),
to apply an axle load above 20 kip (89 kN), a single
axle was needed. A custom single axle capable of
higher loads was designed and improvements to the

Figure 1. Original APT machine configuration.

Figure 2. Single axle configuration.

hydraulic and suspension systems were incorporated
(Lewis, 2008).

In an effort to accentuate the capability of the
machine in terms of the number of load applications,
another upgrade was completed. The original analog
control system using relay logic had limited safety
systems and required manual monitoring of the equip-
ment. Consequently the facility could not be operated
continuously due to staff limitations. In order to per-
form testing 24 hours a day, 7 days a week, automated
control and safety features to stop the machine were
needed. This was achieved with load cells, transduc-
ers, and safety systems. At the same time, it was also
decided to incorporate the ability to provide wheel
wander so that the loading would more realistically
simulate truck load applications on in-service pave-
ments. The wander system uses screw jacks to move
the frame for lateral wander. The wander is applied in
a truncated normal distribution as shown in Figure 3.
A full wander of +6 in. to −6 in (152 mm) takes 676
passes to complete.

3 INSTRUMENTATION AND DATA
ACQUISITION

In order to assess rutting on flexible pavements accu-
rately, a transverse profiler was constructed at CISL
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Figure 3. Traffic wander distribution.

Figure 4. Transverse profiler.

(Figure 4). It consists of a 14 ft. (4.3 m) aluminum
tube with a 2-in. (50 mm) square cross section. Stands
on each end allow for height adjustment and indi-
vidually adjustable feet allow for level correction. A
Chicago Dial Indicator digital gauge with a resolution
of 0.001 in. (0.025 mm) is attached to the beam with a
movable mount. The indicator has a digital output and
software to upload output data into a spreadsheet for-
mat. Fixed reference points are mounted at each end
of the pavement to be profiled and measurements are
taken at 0.5 in. (12.5 mm) intervals.

Strain gauges have been used extensively at CISL.
For asphalt pavements, a Texas Measurements type
PML-60-2L concrete embedment strain gauge is mod-
ified. Two aluminum “H” bars are machined and
attached using epoxy. These bars help bond the gauge
to the base of the asphalt layer. High temperature TFE
insulated wires are attached to the gauge. Although
failure rate has been at or above 15% during con-
struction, the lower cost of these gauges allows for
redundancy and a significant cost saving. Geokon
model 3500 soil pressure transducers are used to mea-
sure pressure on top of the subgrade.These transducers
have been very reliable and have been used at CISL
since 1999. Thermocouples are constructed from the
Omega thermocouple extension wire. Campbell Sci-
entific time domain reflectometer (TDR) probes are
used to measure soil moisture. Linear variable differ-
ential transformers (LVDT) have been used for slab
movement monitoring at the concrete pavement joints.

Figure 5. Various instruments used at CISL.

Figure 5 shows the various types of instrumentation
used at CISL (Lewis, 2008).

A National Instruments SCXI data acquisition
system was initially used to collect data. The signal-
conditioning hardware and associated software were
developed in-house to acquire data from in situ sen-
sors, load cells, and position transducers all within
the same acquisition system and time base. Recently,
a cDAQ system from National Instruments has been
used for data collection. The cDAQ system allows
multiple interchangeable modules to be used with an
electronic chassis and a simple USB interface with a
personal computer (PC). For this setup, three types of
terminal block modules were used with the cDAQ-
9178 chassis. A thermocouple module (NI 9211,
4-channel, +/−80 mV, 24-bit differential analog
input), two quarter-bridge input modules (NI 9235,
120 ohm, 8-channel, 24-bit, 2.5 ex) and an analog input
module (NI 9205, 32-channel, +/−10V, 16-bit) were
installed in the chassis for data collection. The cDAQ
system interfaced with a PC equipped with LabVIEW
2009 through a simple USB 2.0 connection.

Non-destructive test equipment is used for qual-
ity control and to measure pavement response. A
nuclear moisture density gauge, a Geogauge, and a
lightweight falling weight deflectometer (LFWD) are
used to evaluate subgrade condition (density and mois-
ture). KDOT provides CISL with pavement deflection
data from the FWD tests with their Dynatest and
Jils FWDs. A Portable Seismic Property Analyzer for
Pavements (PSPA-P) is also available.

4 ENVIRONMENTAL CAPABILITIES

One of the unique capabilities of the CISL labora-
tory is that it can duplicate natural conditions, such
as freeze-thaw cycling and rapidly changing tempera-
ture conditions. Refrigerant compressors and a boiler
can heat or cool a glycol and water mixture from
−25◦F (−32◦C) to 140◦F (60◦C) (Melhem, 1997).The
mixture is circulated through surface heat exchang-
ers (Figure 6) and u-tubes in the subgrade soil of the
environmental pit.

Since pavement materials and soil are poor con-
ductors of heat, achieving set point temperatures or
changing those is a time consuming process. Infrared
radiant electric heaters have been employed with some
success in creating differential temperatures between
the pavement surface and the subgrade. However,
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Figure 6. Surface heat exchangers.

Figure 7. Environmental chamber.

maintaining uniformity throughout the test section
has been difficult at best (Lewis, 2008). The ambi-
ent temperatures within the building vary with the
seasons as the building has heating but not cooling.
In order to overcome this limitation, an environmen-
tal chamber around the APT machine was constructed
(Figure 7). Walls of lightweight aluminum and insulat-
ing foam now enclose the machine. Heating/cooling
units on both ends maintain temperatures between
100◦F (38◦C) and 60◦F (15◦C) on the test sections.

5 PCCP JOINT TESTING

The PCCP tests are time consuming. Thus a pulse load
system (an MTS system with hydraulic power sup-
ply and actuators) was developed that can be placed
across the PCCP joint so that each actuator applies a
load on one side of the joint (Figure 8). A hydraulic
pump produces a servo-valve controlled load, result-
ing in alternating loads on the two actuators.The cyclic
loading is produced by an oscillating signal generated
by an electronic device that includes a timer, relay,
cycle counter, and frequency adjustment.

6 PAST EXPERIMENTS AT CISL

Past experiments conducted at CISL can be grouped
into the following categories:

– Evaluation of new products or practices (Lewis,
2008);

Figure 8. Joint testing system.

– Verification of current designs and/or practices;
(Melhem et al., 2003; Melhem, 1997), and

– Calibration of the Mechanistic-empirical Pavement
Design Guide (MEPDG) procedure models.

6.1 Evaluation of new products

The APT facility at the CISL laboratory was initially
developed to evaluate an innovative and patented load
transfer device, called X-FLEX, for portland cement
concrete pavements (PCCP) (Melhem, 1997).This was
accomplished in the APT 2 experiment (comparison
of three different types of shear transfer devices in
jointed PCCP).Three 20-ft. (6 m) long and 75 in. (2 m)
wide PCCP lanes were constructed side-by-side with
a joint in the middle. The pavement section consisted
of 9 in. (230 mm) of PCCP over 4-in. (100 mm) fly
ash stabilized cold in-place recycled (CIPR) base and
compacted, AASHTO A-4 soil subgrade. In those test
lanes, one lane had conventional steel dowels spaced
at 12 in. (300 mm) center to center, one had fiberglass
tubes filled with a special high-strength concrete mix,
and the X-FLEX system in the remaining lane. A crack
was initiated at the joint, using a folded sheet metal
plate. The joints were loaded using the PCCP joint
tester described earlier. A total of 4.7 million load
(20,000 lbs or 89 kN) repetitions were applied from
mid-May to late August of 1997. Since the experiment
involved proprietary products, no results were publicly
disclosed (Melhem, 1997).

Alternative load transfer devices for PCCP joint
repair were evaluated in APT 10 (effectiveness
of epoxy-coated steel and fiber-reinforced polymer
[FRP] dowels as PCCP joint repair). The experi-
ment was a follow up of APT 9 (performance of
non-dowelled, non-reinforced PCCP on drainable and
semi-permeable bases [Melhem et al. 2003]). That
experiment evaluated the effect of unbound drain-
able base types (permeable and semi-permeable) on
the performance of PCCP. These bases were being
used by the Kansas Department of Transportation
(KDOT) and the Missouri Department of Transporta-
tion (MODOT), respectively, at that time. Both base
materials were crushed stones with a top size of 1.0 in.
(25 mm). The percentages of fines (passing US No.
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Figure 9. Gradation for permeable and semi-permeable
base materials.

200) sieve were 6% and 15%, respectively, for the per-
meable and for the semi-permeable bases as shown
in Figure 9. The permeability of the semi-permeable
materials was between 530 and 630 m/day (Melhem et
al., 2003).

Two lanes were constructed in two pits with edge
drains (with 4 in. pipes) on one side of each lane.
The permeable and semi-permeable aggregate bases
were about 7 ft. (2.6 m) wide, 4 in. (100 mm) thick and
built over compacted, silty (AASHTO A-4) subgrade.
The top 6 in. (150 mm) of the subgrade was treated
with lime and compacted to 95% density. To facil-
itate drainage, the subgrade was underlain by 12 in.
(300 mm) of pea gravel. The base was compacted with
a vibratory plate compactor. The PCCP slab thick-
ness was 6 in. (150 mm). The slabs were restrained
in the pit at the ends with reinforcing bars welded
to the pit rail. Contraction joints were sawed 5 ft.
(1.7 m) from each end of the slabs, leaving a 10-ft.
(3.3 m) section in the middle.The sections were loaded
uni-directionally with 300,000 repetitions of a single
axle load of 22 kips (98 kN) under alternating heat-
ing and cooling cycles. A measured quantity of water
was also added directly to the surface using a sys-
tem of pipes. Severe pumping was observed on the
semi-permeable section while there was no pumping
on the permeable section. Cracking was also prevalent
on the semi-permeable section and more severe than
that on the permeable section (Melhem et al., 2003).
This test validated KDOT’s drainage policy for PCCP
that was in effect at that time.

The distressed lane with the semi-permeable base
was repaired in the APT 10 experiment. Full depth
slab replacement was completed and a longitudinal
crack was repaired with epoxy injection. Dowel bar
retrofit was also undertaken. One-inch (25-mm) diam-
eter steel dowels were paced in the joint on one end and
1.5 in. (37 mm) fiber reinforced plastic (FRP) dowels
were placed in the joint on the other end. A work-
ing transverse crack was also retrofitted with 1 in.
(25 mm) diameter FRP dowels. Loading consisted of
22 kip (98 kN) unidirectional single axle loads. Test
duration was 10 days and a total of 21,355 repetitions
were applied. The results showed that 1 in. (25 mm)
conventional steel dowels performed much better than
1.5 in. (37 mm) FRP dowels (Melhem et al., 2003).

This study confirmed existing practices of using steel
dowels in the Midwestern states.

In the CISL 12 experiment (evaluation of chemi-
cally stabilized subgrade soil), four chemical stabiliz-
ers; portland cement, fly ash, lime, and a proprietary
product, were evaluated (Romanoschi et al., 2008).
The experiment entailed constructing four flexible
pavement structures in two pits and subjecting them
to full-scale accelerated loading.

The pavement cross-section consisted of 6 in.
(150 mm) stabilized subgrade over compacted clay
(AASHTO A-7-6) subgrade, and 3 in. (75 mm)
of Superpave 0.75 in. (9.5 mm) nominal maximum
aggregate size mixture. The test pavements were
loaded in pairs using a tandem axle with dual wheels
and a 30 kip (136 kN) load, and a single axle with a
26 kip (118 kN) load. Accelerated loading was done
in bi-directional mode, at a speed of about 7 mph
(12 km/h). The lateral wander applied in this exper-
iment followed a truncated normal distribution with
a standard deviation of 6 in. (150 mm) and maximum
wander of 12 in. The tire inflation pressure was main-
tained at 100 psi (690 kPa) and was verified weekly.
The dynamic wheel load was monitored with load
cells installed on each wheel. Around 800,000 rep-
etitions of the 30 kip tandem axle were applied to
the lime and proprietary stabilizer pavement sections
(Romanoschi et al., 2008). The pavement sections in
the other pit (portland cement and fly ash) received
1,300,000 passes of the 30 kip tandem axle followed
by 700,000 passes of the 26 kip single axle. Earlier,
the pavement structure where the embankment soil
was treated with a proprietary stabilizer failed after
45,000 passes of the 30 kip tandem axle, due to lack of
sufficient support underneath the HMA surface layer.
Severe cracking and rutting developed on that section.
In order to continue testing the adjacent lime stabilized
test section, the failed HMA layer and 2 in. (50 mm)
of stabilized embankment soil were removed. The
remaining soil was re-compacted.A 2 in. (50 mm) sand
layer was placed and compacted, and 4 in. (100 mm)
of portland cement concrete was poured, finished, and
cured for 28 days. Loading on the lime-treated section
was continued to a total of 800,000 repetitions while
1.3 million load repetitions were applied to the port-
land cement and fly ash-treated sections. With these
load repetitions, all three sections exhibited only rut-
ting in the wheel path. Because no cracking or other
distresses were observed, these three sections were
compared based on permanent deformation and rut
depths computed from the measured transverse pro-
files. It should be noted that no water was added
to these pavement sections. The subgrade moisture
content remained relatively unchanged during testing
since the pavements were constructed in the pit and the
asphalt concrete surface layer was paved wall-to-wall.
The results indicated that portland cement and lime
were the most effective stabilizers for the soil types
tested (Romanoschi et al., 2006). These stabilizers
resulted in lower vertical compressive stresses at the
top of the subgrade and lower rut depth at the pavement

69



Figure 10. Geocell confinement systems.

surface than the fly ash-treated soil. After more than
two million axle load repetitions, the pavement with
cement stabilized soil exhibited significantly less sur-
face cracking than the pavement with fly ash stabilized
soil. The proprietary product proved to be ineffec-
tive in stabilizing the non-sulfate clayey soil used in
this experiment.The unconfined compressive strength
measured on the laboratory-prepared samples of soil
stabilized with the proprietary chemical product was
similar to that of the untreated soil indicating that no
strengthening occurred.

Geocells are three-dimensional honeycomb-like
structures filled with an in-fill of available granular
materials that can improve the shear strength of in-fill
materials. A new type of Geocell, manufactured with
NEOLOY™ polymeric alloy (NPA, a nano-composite
alloy of polyester/polyamide nano fibers, dispersed in
polyethylene matrix), shown in Figure 10 was evalu-
ated in the CISL 15 and CISL 16 experiments. CISL 15
studied different Geocell configurations or heights
(200, 150, 100 and 75 mm), in-fill materials (crushed
stone [AB-3], quarry waste [limestone screening],
reclaimed asphalt pavement [RAP] and sand), and
cover thickness (25 mm vs. 50 mm). These sections
were unpaved.The sections were loaded with an 18 kip
(89 kN) single axle load and 90 psi (627 kPa) tire pres-
sure. The results indicated that 75-mm Geocells and
50-mm cover were the best combination, and that the
crushed stone and RAP were the best infill materials
(Han et al., 2010).

CISL 16 studied the recommended NPA Geocell
design (75 mm) with 2-in. (50-mm) cover under 2-in.
(50 mm) and 4-in. (50 mm) HMA layers. Three in-fill
materials (crushed stone [AB-3], quarry waste [lime-
stone screening], and RAP) were studied. Eight lanes
with two as control with AB-3 base and the remainder
with three in-fill materials and 2-in. (50mm) and 4-in.
(100-mm) HMA layers were constructed and tested.
The results show that quarry waste was the weakest
infill material. However, the 2-in. (50-mm) HMA lay-
ers were too thin since all sections had 12.5 mm rutting
(0.5 in.) after 10,000 repetitions of an 18 kip (89 kN)
single axle load. All sections with 4-in. (100 mm)

Figure 11. Foamed asphalt stabilized material production
(Romanoschi et al., 2004).

HMA did not reach failure rut depth (12.5 mm) after
1.2 million repetitions of this load (Bortz et al., 2012).

6.2 Evaluation of new practices

Foamed asphalt stabilization was studied in the
CISL 11 experiment (Performance of foamed asphalt
stabilized base in full-depth reclaimed asphalt pave-
ment) (Romanoschi et al., 2004). The experiment
consisted of testing 6, 9, and 12 in. (150, 230, and
300 mm) foamed asphalt stabilized bases against a
control section with 9-in. (230 mm) of crushed aggre-
gate base. All sections had a 3-in. (75-mm) HMA
surface. The research idea was developed by the Iowa
Department ofTransportation (IADOT) and CISL per-
sonnel worked closely with the IADOT and Wirtgen
technicians to design and construct the project success-
fully. The laboratory mix design was conducted by the
IADOT Central Materials Laboratory in Ames, Iowa.
Sample aggregates, RAP, soil, and the asphalt binder
(PG 64-22) to be used in the project were shipped to
IADOT to develop the mix design. A Wirtgen Foamed
Bitumen Laboratory Plant (WLB 10) was used in the
mix design process. The foamed asphalt stabilized
base material was produced at the CISL in a portable
Wirtgen plant, operated by a Wirtgen technician. The
plant consisted of a two-bin aggregate blending system
and a chamber for mixing foamed asphalt with the full
depth reclaimed material blend of RAP, aggregate, and
soil, which was stockpiled at the site. Figure 11 shows
the production of the foamed asphalt stabilized mate-
rial. The stockpiled stabilized material was transferred
into the pit in the CISL with a bucket loader and com-
pacted in 3-in. (75-mm) layers to achieve the required
thickness. Compaction was done with a steel-wheeled
vibratory roller.The asphalt layer was constructed with
a 12.5-mm NMAS Superpave mixture designated as
SM-12.5B in Kansas. The combined aggregate grada-
tion (dry) of this mixture passes below the maximum
density line in the sand sizes. The mixture had 6.4%
PG 64-22 asphalt content. All sections were instru-
mented with pressure cells, strain gauges,TDR gauges,
and thermocouples.

Loading was applied using a 17 kip (75 kN) sin-
gle axle with dual wheels for the first 100,000 passes.
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Figure 12. Strain gauges and fixture setting.

Thereafter, 400,000 passes of a 30 kip (134 kN) tan-
dem axle with dual wheels were applied. A fixed
wheel path (zero lateral wander) was maintained
and loading was bi-directional throughout the exper-
iment. The tire inflation pressure was maintained at
100 psi (697 kPa). All testing was performed at room
temperature. No moisture was added.

The results of this research proved that the foamed
asphalt stabilized RAP material is very uniform and
can be placed and compacted easily. The material can
be effectively used as base material in flexible pave-
ments. The permanent deformation on the pavements
with the foamed asphalt stabilized base was between
0.25 (6 mm) and 0.5 in. (12.5 mm), after 100,000
passes of the 17 kip (75 kN) single axle and 400,000
passes of the 32 kip (134 kN) tandem axle. These val-
ues were comparable to those on sections with the
Kansas AB-3 granular base. Based on the observed
permanent deformation at the pavement surface and
pressure on the top of the subgrade, 1.0 in. of foamed
asphalt stabilized RAP material is equivalent to 1.0 to
1.25 in. of conventional Kansas AB-3 granular base.
The structural layer coefficient of the foamed asphalt
stabilized RAP material, determined from FWD data
analysis, was found to be 0.17 (Romanoschi et al.,
2004).

Thin concrete overlays over existing PCCP and
asphalt pavements were studied in CISL 13 (thin
bonded rigid overlay on PCC and HMA pavements)
(Romanoschi et al. 2009). The objective of this study
was to determine the response and failure modes of
thin concrete overlays. Four pavement structures were
built and tested in this experiment. Two thin concrete
overlays (4 and 5 in. [100 and 125 mm thick]) were
constructed on a 5-in. (125 mm) thick PCC pavement,
and two thin whitetopping (TWT) pavements, with
4-in. (100 mm) and 6-in. (150 mm) thick PCC overlays
were constructed on a 5-in. (125 mm) HMA layer. The
thicknesses were selected by the technical advisory
committee of the pooled fund program.The pavements
were instrumented to measure the strains at selected
locations in each PCC overlay section. Strain gauges
and thermocouples were embedded in the pavement to
monitor response, as shown in Figure 12.

The TWT pavement structure was not subjected
to any special condition such as, heating or cooling,
or moisture. Each of the four pavements was loaded
with approximately two million passes at indoor ambi-
ent conditions. The lateral wander applied in this
experiment followed the truncated normal distribution
discussed earlier. The applied single axle load was
approximately 26 kips (128 kN), equally distributed
between the two pavements (13 kips or 64 kN on each
pavement). The wheel load was monitored with load
cells installed on each wheel. The thin concrete over-
lays failed due to loss of support underneath the
slab resulting in transverse cracking. No loss of bond
between the PCC overlay and the supporting slab was
observed. The 4-in. (100-mm) TWT exhibited a trans-
verse crack at the middle of the slab, while the 6-in.
(150 mm) TWT had no cracks at the end of testing.
During loading, all pavements experienced loss of sup-
port in the subgrade under the joints which caused
an increase in the maximum longitudinal strains at
the mid-span of the slabs. The absence of debond-
ing suggests that environmental factors (high daily
or seasonal temperature gradients, presence of water
at the interface, etc.) or improper surface preparation
may have caused the loss of bonding between the thin
PCC overlays and the existing pavement (Romanoschi
et al., 2009).

6.3 Verification of current designs and practices

Various design, rehabilitation, and paving material
practices of the Kansas Department of Transporta-
tion, Nebraska Department of Roads and Missouri
Department of Transportation have been evaluated
in the APT 1, APT 3 through APT 6, and APT 9
experiments. APT 9 is discussed above. The other
experiments are briefly described below.

APT 1 was essentially a “shakedown” experiment
for the then newly builtAPT machine to verify whether
the wheel load assembly and drive mechanism worked
effectively. However, the performance of the cold
in-place recycled material (CIPR) test section was
evaluated at the same time (Melhem, 1997).

In this study, a 12-ft. (3.8-m) wide by 20-ft. (6.6-m)
long test section consisting of a 3 in. (75 mm) HMA
layer (19 mm NMAS aggregate) over a 4-in. (100 mm)
RAP-fly ash base, 6-in. (150 mm) aggregate sub-
base (KDOT AB-3), and 60 in. (1.5 m) AASHTO A-4
soil subgrade. The pavement was underlain by 11 in.
(280 mm) of pea gravel to facilitate drainage and 9 in.
(230 mm) reinforced concrete slab to prevent ground
water seepage. The RAP material was placed in a layer
at the required thickness and 10% ASTM Class C fly
ash (by weight) was spread uniformly on the RAP.
Water was added to the materials with a soaker hose
to produce a consistency at which the materials could
be worked (mixed) with a roto-tiller. The material was
compacted with a small steel-wheel roller. Paving was
done using a Blaw kNox paver using mixture from a
local drum-mix plant. At that time, the plant was pro-
ducing asphalt mix for paving a local arterial road.
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Figure 13. Layout of test sections in APT 3.

Compaction of the HMA was accomplished with a
steel-wheeled roller. The section was loaded with a
34 kip (76 kN) tandem axle. Severe rutting (up to 1 in.
[25 mm]) was observed after 30,000 load repetitions.
The ruts were repaired with HMA and loading con-
tinued up to 145,000 repetitions when the maximum
rut depth of approximately 1 in. (25 mm) was again
reached. No cracking was visible at that time (Melhem,
1997). After repairing with another patching material,
loading continued up to 168,000 repetitions when the
maximum rut depth of approximately 1 in. (25 mm)
was again reached and the patch cracked. However,
the remaining pavement did not crack.

KDOT started implementing Superpave mixture
design in the late 1990s and APT 3 was initiated
to compare the KDOT Superpave 3/4 in. (19 mm)
NMAS mix (SM-2C) with the Marshall mix of the
same NMAS (BM-2C) (Melhem, 1999). The previ-
ously tested PCC slabs in the APT 2 experiment (steel
and FRP dowels) were used. The overlays were tested
at elevated temperatures using radiant heaters. The
asphalt overlays were about 4 in. (100 mm) thick and
were placed as three adjacent lanes of about 76 in.
(1.9 m) wide each on top of the existing 9-in. (230-mm)
concrete sections. Each of the three 20-ft. (6.1 m) long
strips was divided into two sections placed parallel
to the direction of the testing wheels. Mix binder con-
tents on these two sections were optimum and optimum
plus 0.5%, respectively (Figure 13). The pavement
surface temperature was maintained at 122◦F (50◦C)
with infrared radiant heaters during loading.The strips
were tested in pairs such that two adjacent lanes were
each loaded with one half of the moving tandem axle
(34 kip [150 kN]). The standard wander configuration
was used.

The center and north lanes were tested first for
up to 80,000 load repetitions. At that stage rutting
in the north lane was about 1.2 in. (31 mm). The tan-
dem axle was moved to the center and south lanes,
which were tested for an additional 20,000 load repeti-
tions.Thus the north lane had 80,000 repetitions, while

the central lane had a total of 100,000 repetitions and
the south lane had 20,000 repetitions. Results from a
visual inspection and transverse profile analysis con-
cluded that the sections with optimum binder content
performed slightly better than those with the higher
binder content. Moreover, it was apparent that the
SM-2C mix had better rut resistance than the BM-2C
mix (Melhem, 1999).

The APT 4 experiment, requested by the Nebraska
DOR, investigated the use of compacted RAP as gran-
ular base course material (Melhem, 1999). The test
pavement layout consisted of two 8-ft. (2.5 m) wide
lanes side-by-side. The pavement structure of the first
lane was an 8-in. (200 mm) layer of HMA (50-blow
Marshall design) on compacted, fine-grained silt-clay
subgrade. The second lane had 5 in. (125 mm) of
HMA on 5 in. (125 mm) of compacted RAP on the
same subgrade soil. Infrared radiant heaters were used
to maintain an HMA surface temperature of 90◦F
(32◦C). The sections were loaded with a standard
18 kip (80 kN) single axle with dual tires at an air
pressure of 90 psi (620 kPa) in a bi-directional mode
with no wander. Rutting, HMA strains, vertical pres-
sure at the top of the subgrade, and HMA densities
were monitored in this experiment for up to 67,000
load repetitions. The performance of the sections was
comparable.

In the APT 5 experiment, mill and inlay repairs
of the APT 4 test sections were tested. The existing
pavements were milled to a depth of 2 in. (50 mm)
and inlaid with 2 in. (50 mm) of a KDOT Marshall
design mix (3/4 in. NMAS or BM-2C). Loading con-
ditions were the same as in APT 4. The wheelpaths
used in APT 4 were also matched. The in-laid sec-
tions received 84,000 repetitions of an 18 kip (80 kN)
single axle and an additional 16,000 repetitions of an
overloaded 22 kip (98 kN) axle. Both sections showed
comparable performance after a total of 167,000 load
repetitions (Melhem, 1999).

In APT 6, the performance of two sections with
fine graded, 12.5 mm (1/2 in.) NMAS Superpave mix-
tures (SM-2A) with varying percentages (15 to 30%)
of river sand, was evaluated. The sections had a 6 in.
(150 mm) HMA layer over a 9-in. (230-mm) aggregate
base (KDOT AB-3) and 57-in. (1.5 m) soil subgrade.
The subgrade consisted of a typical silty-clay soil
(AASHTO A-4). A 34 kip (150 kN) tandem axle with
dual wheels and 90 psi (620 kPa) tire pressure was
used for loading. All load applications were done at
98◦F (38◦C) temperature at the middle of the SM-2A
layer (Melhem and Sheffield, 2000). The results show
that the section with 30% sand rutted much more than
that with 12% sand. Partly based on the results of this
study, maximum natural sand content in Superpave
mixes in Kansas has been limited to 35%.

6.4 Calibration of the Mechanistic-Empirical
Pavement Design (MEPDG) procedure

Experiment CISL 14 (verification of mechanistic-
empirical design models for flexible pavements) was
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Figure 14. Typical CISL 14 test sections design.

a multi-agency effort to provide calibration of the
MEPDG for Iowa, Kansas, and Missouri through test-
ing of their Superpave mix flexible pavements. The
calibration of the design models for flexible pavements
encompassed three major tasks:

– Verification of the models to predict mechanical
properties of pavement materials from conven-
tional, local material properties such as dynamic
modulus of asphalt concrete from aggregate gra-
dation, binder viscosity, and resilient modulus;
resilient modulus of unbound materials from gra-
dation or classification data; and elastic modulus
of stabilized materials from compressive strength
data.

– Verification of the mechanistic structural model
that calculates the response (stresses, strain, and
deflections) of the flexible pavement structure
under a given wheel loading for a given pavement
structure, with known layer thickness and material
stiffness.

– Verification or calibration of pavement perfor-
mance models, transfer functions, and empirical
functions that relate the distresses in the pavement
structure to the magnitude of the pavement response
for local pavement configurations (Lewis, 2008).

CISL 14 was conducted to assess these tasks.
Twelve experimental pavement structures were con-
structed at the CISL and tested between 2006 and
2009.Three pairs of sections were used to study fatigue
cracking behavior in flexible pavements. The remain-
ing three section pairs were used to study rutting
behavior in asphalt concrete pavements. In total, six
asphalt mixes were used, two for each of the three par-
ticipating states. One fatigue cracking and one rutting
pavement were built for each mix. Figure 14 shows an
example of four test sections, a fatigue cracking pair
and rutting pair, built in two pits to test the two asphalt
concrete mixes of one state.

The pavement sections were constructed in three
layers: an asphalt concrete surface layer, a 6-in.
(150 mm) unbound granular base course over 65 in.
(1.7 m) ofA-7-6 clayey soil subgrade layer.The fatigue
cracking sections had a 4-in. (100-mm) nominal thick-
ness for the asphalt concrete surface layer and were
loaded at a pavement surface temperature of 68◦F

(20◦C). The rutting sections had a 7-in. (178-mm)
nominal thickness for the asphalt concrete surface
layer and were loaded at a pavement surface temper-
ature of 95◦F (35◦C). The sections were loaded with
a 20 kip (100 kN) single axle load. Wander was pro-
vided by moving the entire frame of the APT machine
in the lateral direction with a maximum lateral wander
of ±6 in. (±150 mm). Transverse profiles at the pave-
ment surface were measured periodically during load-
ing to record the evolution of rut depth with number
of load repetitions. Instrumentation was embedded in
the experimental pavement sections during construc-
tion. Strain gauges were used to measure horizontal
and vertical strains at the bottom of the HMA layer.
LVDTs were used to measure the dynamic and per-
manent vertical deformation in each layer. Pressure
cells were used to measure the vertical compressive
stress below the base layer. Thermocouples were used
to measure the temperature at the surface and two addi-
tional depths in each pavement structure. Accelerated
loading was applied first to the Kansas pavements.
The rut test pavements exhibited more than 0.75 in.
(19 mm) of rutting after 400,000 passes of the 20 kip
(100 kN) single axle. The Kansas fatigue cracking test
sections received 2 million passes. Missouri and Iowa
rut test sections received more than 700,000 passes.
The Iowa sections failed in rutting (maximum rut
depth of 0.5 in [12.5 mm]) after 100,000 passes since
the mixture had a binder content much higher than
the design asphalt content. Missouri fatigue crack-
ing test sections received 2.2 million load repetitions
with no signs of distresses. Rutting remained under
0.25 in. (6 mm) on both lanes. Testing of the Iowa
fatigue sections ended after 1,000,000 repetitions with
no signs of fatigue cracking. Detailed data analysis was
in progress at the time of preparing this paper.

7 CONCLUSIONS

The accelerated pavement testing (APT) program at
Kansas State University (KSU) is now about 15
years old. The APT testing machine is located at the
KSU Civil Infrastructure Systems Laboratory (CISL)
in Manhattan, Kansas. Sixteen full-scale pavement
tests have been completed since 1997. These tests
successfully evaluated new products or practices and
verified current pavement designs and/or practices
for four Midwestern states. Results of a multi-year
experiment are now being used for calibration of the
Mechanistic-empirical Pavement Design (MEPDG)
procedure in Iowa, Kansas and Missouri.
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ABSTRACT: New Zealand has been running a nationally fundedAPT program since 1968, which has produced
a number of outcomes that have been implemented into New Zealand practice. Pavement response measurements
allowed the national roads authority to adopt the mechanistic based Austroads Pavement Design Guide in 1995
and have also contributed to the development and verification of RLT testing protocols and have helped calibrate
and benchmark LTPP sites. Projects have been either initiated due to issues arising from the performance of
in-service pavements or where new construction technologies or materials have been proposed. These projects
have included pavement curvature prior to the placing of thin asphalt surfaces, foamed bitumen stabilization,
aggregate specifications, pavement loading at various levels for High Productivity Vehicle regulations, and a
study on the dynamic effects of various vehicle suspensions.

1 INTRODUCTION

New Zealand has been conducting a nationally funded
accelerated pavement testing (APT) program since
1968 (Williman and Paterson, 1971). The current
accelerated testing machine (Canterbury Accelerated
Testing Indoor Facility, CAPTIF) has been in contin-
uous service for the last 25 years. This paper will
describe some of the outcomes from the APT pro-
gram that have been implemented into practice in New
Zealand.

The APT projects completed in New Zealand have
been initiated by a need to either: further the fun-
damental understanding of pavement response and
performance; or to understand the impact of a change
in the design methodology or regulations; or to
investigate/replicate the causes of in-service pavement
issues/problems.

The predominant pavement construction in New
Zealand is a thin surfaced unbound granular pave-
ment, where the main design criterion is the vertical
compressive strain at the top of the subgrade. It has
been recognized that the accumulation of permanent
or plastic strain in the pavement is a function of the
elastic strain and that although the strain at the top of
the subgrade is used as the design criteria, this crite-
ria is in fact a proxy for the elastic strains, and thus
plastic strains throughout the entire pavement struc-
ture. Structural asphalt pavements are used in heavily

trafficked urban areas and in recent years, modified
and stabilized pavement construction techniques have
been used in greenfield construction (pavements not
subjected to traffic during construction) and pave-
ment rehabilitation for moderate to heavily trafficked
pavements.

Pavement failure in New Zealand is defined as a
rut depth of 25 mm for the unbound granular pave-
ments.The chipseal surfacing has sufficient flexibility
and ductility to account for the gradual deformation
(rutting) of the pavement over time.

2 THE CANTERBURY ACCELERATED
PAVEMENT TESTING INDOOR FACILITY

CAPTIF is located in Christchurch, New Zealand. It
consists of an indoor 58 m long (on the centerline)
circular track contained within a 1.5 m deep by 4 m
wide concrete tank, so that the moisture content of the
pavement materials can be controlled and the bound-
ary conditions are known. A centre platform carries
the machinery and electronics needed to drive the sys-
tem. Mounted on this platform is a sliding frame that
can move horizontally by 1.0 m. This radial movement
enables the wheelpaths to be varied laterally and can
be used to have the two “vehicles” operating in inde-
pendent wheelpaths. An elevation view is shown in
Figure 1.
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Figure 1. Elevation view of CAPTIF.

Figure 2. Elevation of the SLAVE unit.

At the ends of this frame, two radial arms connect to
the Simulated Loading andVehicle Emulator (SLAVE)
units shown in Figure 2. These arms are hinged in
the vertical plane so that the SLAVEs can be removed
from the track during pavement construction, profile
measurement, etc., and in the horizontal plane to allow
vehicle bounce.

CAPTIF is one of the few accelerated pavement
test facilities in the world in that it was specifically
designed to generate realistic dynamic wheel forces.
Most other accelerated pavement testing facility
designs, that CAPTIF is aware of, attempt to mini-
mize dynamic loading. The SLAVE units at CAPTIF
are designed to have sprung and unsprung mass val-
ues of similar magnitude to those on actual vehicles
and use, as far as possible, standard heavy vehicle
suspension components. The net result of this is that
the SLAVEs apply dynamic wheel loads to the test
pavement that are similar in character and magnitude
to those applied by real vehicles. The configuration
of each vehicle, with respect to suspensions, wheel
loads, tire types and tire numbers, can be identical
or different for simultaneous testing of different load
characteristics.

The following types of data have been collected
during projects as required:

– Pavement vertical compressive strain (non-coupled
inductive coil technology)

– Pavement vertical compressive stress (pressure cell
technology)

– Pavement horizontal tensile strains (H-bar
technology)

– Transverse pavement profiles/rutting (rolling wheel/
LVDT profile beam)

– Longitudinal pavement profiles (vehicle mounted
laser/accelerometer system)

– Pavement deflection (FWD and deflection basin
measurements from a continuous measurement
Benkelman beam)

– Pavement and air temperatures
– Pavement moisture conditions
– Dynamic wheel forces
– Pavement construction data (material density,

particle size distributions, layer thicknesses)

The development and operation of the vertical strain
measurement systems at CAPTIF has been described
in detail in a companion paper. The current vertical
soil strain system is the fourth system to be used at
CAPTIF and is now based on a National Instruments
hardware platform. Steven (2007) described the ver-
ification of the system with independent deflection
measurements and showed that the integrated verti-
cal strains were within 15% of the measured surface
deflections for a range of applied loads. These find-
ings have given confidence that the measured strains
were representative of the actual in-service response
of the pavement structure.

3 INTEGRATION OF APT DATA INTO DESIGN

The majority of projects that have been conducted at
CAPTIF have incorporated sub-surface instrumenta-
tion into the pavement, thus allowing a substantial
volume of pavement response data to be collected
over the last 25 years. This data has been used by
researchers and engineers to validate or calibrate var-
ious pavement response and design models/methods.

3.1 Design criteria

In 1987, Pidwerbesky (1995) commenced a series
of pavement tests, measuring the vertical strains for
a range of pavement designs (varying thicknesses
of aggregate layers over a common subgrade). The
results from these tests were used to test the sub-
grade strain criterion from the Shell Pavement Design
Manual (Shell, 1978) and the Austroads Pavement
Design Guide (Austroads, 2008) by the analysis of the
recorded verses predicted vertical compressive strains
in the subgrade. This work showed that the recorded
strains were up to three times the magnitude predicted
by the previous design models. Previous subgrade
strain models were reviewed in detail in Pidwerbesky
(1995), and modifications to the subgrade strain cri-
terion were proposed in Pidwerbesky et al. (1997).
The findings from this work gave the national roads
authority (Transit New Zealand at the time) additional
information to allow the adoption of the 1992 Aus-
troads Pavement Design Guide in 1995 for the design
of pavements in New Zealand. Prior to 1995, pavement
design had been undertaken using a CBR/ESA design
chart.

3.2 Laboratory and field correlations

In 2000, pavement response and performance data
was used to compare the results from repeated load
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triaxial tests (RLTT) and linear elastic modeling
(Arnold et al., 2001). Three pavements were con-
structed at CAPTIF from aggregates that ranged from
premium to unacceptable with respect to the current
aggregate specifications based on the particle size
distribution and type of fine particles.

In contrast to the CAPTIF pavement test, the RLTT
tests on the three materials showed little differences in
moduli values. Further, the RLT derived moduli were
significantly lower than those determined from mea-
sured stresses and strains. The use of RLTT derived
moduli in mechanistic pavement design using CIRCLY
resulted in stresses and strains at critical locations (i.e.,
near the top of subgrade) is close to those measured.
The method using the Austroads auto-sublayering fea-
ture and the RLTT derived moduli appropriate to the
bulk stress for the top layer produced the closest match
between computed and measure pavement response.
The sublayering system divides a material into five
layers, sets the stiffness of the top sub-layer to the user
specified stiffness, and then calculates a modular ratio
based on the user specified stiffness and the stiffness
of the next material down in the pavement structure to
ensure a gradual change in the modulus profile of the
pavement.

Permanent deformation modeling gave the same
material ranking for deformation resistance as the
CAPTIF test for both the linear and exponential meth-
ods of extrapolating the permanent strain results from
the RLTT. The linear method of predicting deforma-
tion showed the greatest difference in the magnitude
of deformations between the three materials. Further,
the linear method was the only method that would have
rejected the use of the material, which was sabotaged
with additional fines added. It was therefore recom-
mended that this method (linear extrapolation) be used
for material evaluation.

3.3 Advanced pavement models

Arnold (2004), Steven et al. (2007), Werkmeister et al.
(2005) and Gonzales (2009) have used the CAPTIF
datasets to develop and calibrate research grade pave-
ment response models. However these models require
material data that is not routinely or easily measured in
the laboratory, making the adaptation of more sophisti-
cated pavement models for pavement design difficult.
In addition, the models generally require the use of
a calibration factor to allow the model response to
be matched to field results. Arnold and Werkmeis-
ter (2010) developed a protocol for interpreting RLTT
test results that allow the performance of new or
alternative materials to be compared against proven
and accepted materials.

Steven et al. (2007) developed a finite element
model that used RLTT resilient modulus data to
determine the element stiffnesses in the FEM to pre-
dict stress, strain, and surface deflection under both
wheel and FWD loading. Once the RLTT/field cali-
bration factor had been determined for one load level,
the model was accurate (within 10%) for other load

Figure 3. Comparing the default HDM rut model with
observed rut progression in New Zealand.

levels. This work showed that the generalized material
model initially proposed by Uzan (1985), and currently
used in the new AASHTO pavement design model,
was appropriate and could be implemented into an
FEM model. However, the integration of the material
model into the FEM model was fraught with difficul-
ties as a number of assumptions were required with
respect to either material properties or the numerical
implementation of the FEM code.

3.4 Long-term pavement performance models

In addition to using CAPTIF measurements for the
development of pavement design models, the data
has also been used to help calibrate pavement dete-
rioration models for use in pavement management
systems (Henning et al., 2007). Rutting data from the
CAPTIF pavements was combined with data from
New Zealand’s LongTerm Pavement Performance pro-
gram and used to develop a three stage pavement
rutting model as shown in Figure 3 (initial densifi-
cation, stable rut rate progression, and failure and/or
accelerated deterioration) that has been used as a
simpler alternative to the HDM-4 rutting model for
unbound granular pavements.

4 INTEGRATION OF APT DATA INTO
CONSTRUCTION

A number of projects have been either initiated due
to issues arising from the performance of in-service
pavements or where new construction technologies or
materials have been proposed. These types of projects
have been undertaken to either help understand the
mechanisms of distress or to compare the performance
of the new material/technology with the accepted and
proven materials that are currently in use in New
Zealand.

4.1 Pavement curvature and open graded porous
asphalts

In most countries, porous asphalts are typically laid
on top of structural asphalt layers. In New Zealand
structural asphalt is generally prohibitively expensive
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and porous asphalt (layer thickness <40 mm) is used
directly on chipseal-surfaced unbound granular pave-
ments. In the late 1980s, rule-of-thumb guidelines
were developed to try to prevent fatigue cracking.
Recent pavement failures on major projects have
highlighted that the current rule-of-thumb design pro-
cedures are inadequate. Instead more rigorous design
procedures that employ current modern mechanistic
pavement design practices (e.g., CIRCLY) or falling
weight deflectometer (FWD) data are required.

This research (Alabaster and Fussell, 2007) which
was carried out in 2004 and 2005 aimed to achieve the
following objectives:

– Develop a horizontal tensile strain versus fatigue
life curve that can be applied to the base of an
open-graded porous asphalt (OGPA) layer;

– Establish a relationship between basecourse surface
curvature (D0-D200) and OGPA fatigue life, and

– Evaluate the extension to fatigue life of using
enhanced binders in OGPA; with the aim of
improving the fatigue design aspects of road noise
reducing surfaces.

Two accelerated pavement tests were undertaken
at CAPTIF. The first test was an attempt to develop
a horizontal tensile strain versus fatigue life curve
and establish a relationship between basecourse sur-
face curvature and fatigue life. The results of this test
were surprisingly positive and, with the agreement of
the project’s Steering Group, the second test concen-
trated on examining extension of fatigue life by initial
trafficking rather than using enhanced binders.

The objectives were based on the traditional view
of thin asphalt behavior applied in theAustroads Pave-
ment Design and Rehabilitation Guides and existing
research into asphalt behavior. The first objective was
not achieved as it was not possible to find instru-
mentation of a scale that would not interfere with the
performance of the thin surfaces. In the second objec-
tive, deformation was found to lead to surface failure
before fatigue occurs. As a result of the findings from
this second objective, the third objective was modified
in agreement with the Steering Group to examine this
problem in more depth and attempt to extend surface
lives by initial trafficking.

Three of the sections of the first test showed that
when high basecourse curvatures are measured, pave-
ment deformation sufficient to cause pavement failure
occurs before classic fatigue failure of the surfacing
layer develops.Another section in the first test showed
that, if pavements are constructed well, then applying
low noise surfaces immediately after construction is
possible.

The laboratory fatigue results contradict current
wisdom that OGPA is more tolerant of deflection
than asphalt concrete. However, without being able to
generate fatigue in the OGPA layer at CAPTIF, this
finding could not be validated.

The second test showed that the pavements
could tolerate more deflection if initial trafficking
was undertaken. The current deflection criteria are

conservative even if factors such as temperature and
ageing are considered.

From analysis of the FWD readings from the first
test, a conservative approach would consider that all
deflections having curvatures over 250 µm are unac-
ceptable (i.e., on pavements with design loadings over
100,000 ESALs [equivalent single axle loads]) and
that such results would require additional analysis.
In this additional analysis, pavements with basec-
ourse of known good rut resisting performance and
a degree of saturation below 60% could be identified,
and surfaced immediately.

The second test suggested that surfaces failing the
performance and saturation criteria would be accept-
able after an initial trafficking of 100,000 ESALs.
This trafficking would reduce initial deformation
and thus lead to acceptable surface life.

In this case, if Resource Management Act (RMA)
noise requirements need to be met at the highway
opening, the speed limit could be lowered while the
chipseal surface is trafficked. If lowering the speed
limit is not practical, the basecourse could be modi-
fied to increase its resistance to deformation, and then
the OGPA applied.

4.2 Aggregate compaction during pavement
construction

The majority of pavements in New Zealand consist of
a granular base with a chipseal surfacing. The speci-
fications for constructing these pavements call for the
compaction level to be closely controlled and mon-
itored using nuclear density gauges. For basecourse
layers, the average dry density is required to be greater
than 98% of the value obtained by the vibrating ham-
mer compaction test and all values are to be greater
than 95% of maximum dry density (MDD). There
have been a number of high-profile early failures in
New Zealand (rut depths greater than 20 mm observed
early in the pavement life) associated with ‘greenfield’
pavements (pavements not subjected to traffic during
construction) where the granular layers were thicker
than 400 mm. It is uncertain if the rutting was due
to poor construction control, difficulties in measuring
the density of thick layers with a gauge operating in
backscatter mode, or because of a lack of traffic on
the pavement. In response, a research project was ini-
tiated at CAPTIF (Patrick and Werkmeister, 2010) to
investigate the effect of constructing the basecourse
and subbase to a range of densities.

The intention was to construct three pavement sec-
tions to 85%, 90%, and 95% of MDD. The 450-mm
basecourse layer was constructed in three 150-mm lifts
which were compacted using a vibratory plate com-
pactor. Due to the relatively tight radius of the test
track it is very difficult to use a full-sized vibratory
roller and the plate compactor is usually used for
compaction. It was found impossible to construct each
layer to the specific density.This was especially notice-
able with the target of 85% of MDD. After spreading
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and lightly compacting the layer, the percentage of
MDD was over 88%.

The results from the CAPTIF test demonstrated
that the initial post construction deformation of a
thin-surfaced granular pavement was affected by the
compaction level achieved in the pavement, although
the depth of the rut was relatively small and there was
little difference between the different levels of initial
compaction.

The results of the RLTT and FEM modeling support
the above conclusions in that a degree of compaction
of 88% MDD would not result in significant rutting in
the pavement.The testing and modeling suggested that
after one million load applications the difference in rut
depth of a 450-mm thick granular layer that had been
compacted to 88% MDD and one that had been com-
pacted to 95% MDD would be approximately 3 mm.
The rut depths were calculated using a transfer func-
tion that was based on elastic strain, layer thicknesses,
and applied load cycles.

The results of the FE calculations indicate that the
maximum vertical elastic strains and vertical compres-
sive stress induced by a three-tonne roller drum (high-
amplitude dynamic load with static drum weight) in
the upper part of the basecourse are smaller than the
stresses and elastic strains induced by a 40 kN dual
wheel for the pavements investigated, but consider-
ably higher in the lower part of the basecourse when
the same wheel load is applied.

It would appear that as the compaction system does
not build up residual stresses in the pavement, when
traffic loading does occur granular material is moved
in such a way that there is a buildup of those stresses
that can resist the wheel loading.

It was postulated that the shear deformation found in
the field is associated not just with post-construction
rutting, but is exacerbated by water ponding in the
ruts and then being forced through the surface by
vehicle tires.

4.3 Particle shape and grading

Steven et al. (2000) studied the effect of particle
shape and gradation on the performance of unbound
basecourse aggregates in a 1987. Aggregates consist-
ing of different combinations of rounded (30%, 50%
and 70%) and angular, crushed particles were cre-
ated, for three different particle size distributions using
Talbot’s equation:

where: Pd is the percentage of the sample passing a
sieve size, d; d is the sieve size (mm); D is the largest
particle size in the sample (mm); and n is the gradation
exponent.

The values for the gradation exponent (n), 0.4, 0.5
and 0.6, represent the lower limit, midpoint and upper
limit of the gradation envelope for New Zealand pri-
mary basecourse aggregate.A total of nine basecourse

Figure 4. Rut depth verses load cycles for RCC (Segment
D) and natural aggregates (Segments A–C).

aggregates were created.These aggregates were placed
in nine sequential segments in the track. After load-
ing with 54,000 ESALs, the subgrade deformation
was similar for all test segments, while the basecourse
deformation differed. Particle shape had the greatest
effect on the performance of the aggregates, compared
with gradation. Aggregates consisting of 30% or less
angular particles could not be compacted and were
replaced during construction. The best performance
was achieved with aggregates of 70% or more angu-
lar particles, which is required by the New Zealand
basecourse aggregate specification.

A laboratory study (Arnold et al., 2007) was under-
taken to determine the effect of grading/particle size
distribution on permanent deformation in multi-stage
repeated load triaxial (RLT) tests. Results showed the
coarse gradings, with a Talbot’s exponent n-value of
0.8, had the least amount of permanent deformation
for high moisture contents near saturation. Finer grad-
ings with an n-value of 0.3 had the least deformation
in all of the tests in dry conditions at less than 70%
of optimum moisture content. Similar performance
in terms of permanent deformation was obtained if
variations of the n-value were less than 13%.

4.4 Recycled crushed concrete

In 2000, a section of a test pavement was constructed
with recycled crushed concrete (RCC) as the base-
course aggregate (de Pont et al., 2001). The RCC
was crushed to produce a grading that was compliant
with the basecourse grading envelope. After load-
ing of in excess of 1 × 106 ESALs, the performance
of the RCC was comparable to the natural basecourse
aggregate (Figure 4) and partly as a result of this
trial, RCC is now a permitted basecourse aggregate,
providing it meets the requirements of the basecourse
specification.

4.5 Modified basecourse aggregates

A recently completed project (Gonzalez et al., 2009)
looking at stabilized pavements was initiated by the
introduction of foamed bitumen stabilization (FBS) in
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Table 1. FBS pavements and rutting performance.

Surface deformation under
outer wheelpath/heaving at
Nc cycles (mm)

Bitumen Cement

Section (%) (%) 200k 1.0M 1.326M

B00C10 0.0 1.0 3/0 6/4 14/18
B12C10 1.2 1.0 2/0 6/0 7/3
B14C10 1.4 1.0 2/0 6/0 7/3
B28C10 2.8 1.0 2/0 6/0 8/3
B00C00 0.0 0.0 6/0 10/2 15/17
B22C00 2.2 0.0 4/0 9/2 17/14

New Zealand. The initial test in this projected exam-
ined the performance of FBS aggregate with a varying
amount of active filler (cement) and binder. The pave-
ments tested are listed in Table 1 and showed that the
best performance was from aggregates stabilized with
a combination of cement and lime. After the appli-
cation of 1.326 × 106 ESALs, the surfacing was cut
in the FBS/cement sections to allow water to infil-
trate the FBS material and loading resumed for an
additional 42,000 ESALs. The 1.2% binder section
exhibited significant deformation and surface crack-
ing while the 1.4% and 2.8% binder sections had no
appreciable change in condition.

These results showed that foam bitumen and
cement had a significant effect on improving the per-
formance of the materials studied. Material samples
taken for indirect tensile strength (ITS) and repeat load
triaxial (RLT) laboratory tests. Results showed that the
ITS test was a good predictor of the pavement perfor-
mance and produced a clear trend, while RLT results
were inconclusive.

4.6 Lime stabilized subbases

In this early (1988) experiment (Steven et al. 2000),
three pavements were constructed, two with lime-
stabilized clay subbases of 150 mm and 250 mm thick-
ness, and the third with an unmodified high quality,
well-graded, crushed aggregate. The laboratory CBR
of the unstabilized and stabilized clay specimens was
5% and 20%, respectively. For all three pavements, the
surfacing was a 30 mm thick layer of hot-mix asphalt
and the basecourse was a 150 mm thick layer of high
quality, well-graded crushed aggregate. The subgrade
had an unsoaked CBR of 3%.

Elastic deflections and permanent deformation of
the pavement surface were measured. Pavement failure
was defined as vertical surface deformation of 25 mm.
The pavement containing the 150-mm thick lime-
stabilized layer performed significantly better than the
same thickness of unstabilized aggregate. Increasing
the stabilized subbase thickness by 100 mm yielded a
fifteen-fold increase in the life of the pavement.

This experiment showed that stabilizing the top of
weak subgrades was preferential to using additional

aggregate layers, as the lower aggregate layers could
not be compacted to a level that would provide a sound
platform on which to compact the upper aggregate
layers.

5 INTEGRATION OF APT DATA INTO
OPERATION

There have been two major projects looking at the
operational aspects of APT; one looking at dynamic
loading on pavement wear, and another looking at the
effects of increased axle masses on pavement wear.

5.1 Dynamic loading on pavements

Conventional pavement design and management
practice is based on the static axle loads of the vehi-
cles that traffic the pavement. Since the AASHO road
test of the late 1950s it has been assumed that the pave-
ment wear generated by an axle is proportional to some
power of its static axle load. The most commonly used
value for this power is four. Real axle loads are, of
course, not static but dynamic and vary with suspen-
sion type and vehicle load as well as speed and road
surface profile. Two vehicles with the same static axle
loads can generate very different dynamic loads. It has
been postulated that the use of suspensions that reduce
the level of dynamic loading will generate less pave-
ment wear for the same level of static load. This seems
intuitively reasonable and has been shown theoreti-
cally using the fourth power relationship between load
and wear described above together with some assump-
tions regarding the load distribution. If the hypothesis
is correct these “road-friendly” suspensions offer an
attractive opportunity to pavement managers. Pave-
ments could carry the same traffic load for less wear
or alternatively carry more traffic load for the same
wear.Any policy initiatives to encourage greater use of
“road-friendly” suspensions require an understanding
of the relationship between dynamic wheel loads and
pavement wear. In New Zealand the situation is fur-
ther complicated by the fact that most of pavements are
thin-surfaced unbound granular structures.The behav-
ior of these pavements is different from that of the
asphalt concrete (AC) flexible pavements extensively
used in the European and North American networks.
Most of the international body of research on flexible
pavements relates to theseAC pavements (for example,
the fourth power relationship between loads and wear)
but results from these countries have still been applied
to the New Zealand style thin-surfaced pavements.

This research project consisted of a series of three
accelerated pavement tests to determine the relation-
ship between different levels of dynamic loading and
pavement performance and life (Pidwerbesky et al.,
1999). The tests were undertaken at CAPTIF between
1993 and 1998. Originally the Simulated Loading and
Vehicle Emulator (SLAVE) units, which are a "quarter
truck" type of vehicle that applies the pavement loads
at CAPTIF, were fitted with a multi-leaf two stage steel
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spring suspension. In order to undertake this project
and as part of the general improvements and develop-
ment at CAPTIF, the SLAVE units were modified to
allow fitting with two other suspension configurations.

For each of the tests the two SLAVE units were
fitted with different suspension configurations, but
with the same static load, and operated in separate
parallel wheelpaths on the same pavement. The two
different suspensions resulted in different levels of
dynamic loading being applied to the pavement under
the vehicles. By monitoring the performance and life
of these two wheelpaths, the influence of dynamic
loading could be determined.

The first test involved a New Zealand style thin-
surfaced pavement structure with a design life, based
on the National Roads Board (NRB) design charts, of
350,000 ESALs. One of the SLAVE units was fitted
with the original multi-leaf steel spring while the other
was fitted with a modern steel parabolic leaf spring and
a viscous damper. Wide-base single tires were used to
maximize the separation between the two wheelpaths
and the static wheel load was 37 kN which is approx-
imately equal to half the reference weight for an axle
fitted with wide single tires (7.2 tonnes). Thus each
load cycle would apply approximately one ESAL to
the pavement. This pavement failed after only 35,000
load cycles.At this point the surface profile had deteri-
orated to the extent that it was not possible to continue
operating the facility safely. Although the parabolic
spring suspension, being a more modern design, had
been expected to be more “road-friendly” than the
multi-leaf steel spring this was not the case. From the
start the dynamic loads generated by the SLAVE with
the parabolic spring were higher than those from the
multi-leaf at the test speed. An analysis of the suspen-
sion characteristics showed that although the parabolic
spring had less hysteresis than the multi-leaf spring it
was stiffer. Similarly although it had viscous damping
(a positive feature) the damping levels were too low
to be effective. Part of the reason for these poor char-
acteristics was that the suspension was designed for
the SLAVE maximum wheel load of 60 kN and conse-
quently was considerably over-rated for the actual load
of 37 kN. This situation has parallels with in-service
vehicles. Many of the vehicles in the fleet are sourced
from countries with higher allowable axle loads than
New Zealand and it is not uncommon for these vehicles
to be fitted with suspensions that are rated for these
higher loads.The wheelpath trafficked by the parabolic
spring suffered the most damage which was in accord
with the pattern and magnitude of the dynamic loads.
In spite of the premature failure of this pavement and
consequently the small amount of data that was col-
lected, it was possible to show a correlation between
dynamic wheel forces, and pavement profile and pro-
file change. While this relationship had long been
postulated this was the first time anywhere in the world
that it had been measured.

The second pavement in the test series was under-
taken as part of the OECD DIVINE (Dynamic
Interaction between Vehicles and Infrastructure

Experiment). To meet the requirements of the OECD
scientific expert group overseeing the experiment and
the interests of all the member countries, a thicker
AC pavement design was specified. While the asphalt
layer was still relatively thin (85 mm) by European and
North American highway standards, so that the fail-
ure conditions might be achieved within a reasonable
timeframe, it was thick enough for its behavior to be
considered representative of asphalt concrete flexible
pavements. The inclusion of a thicker pavement in this
series of tests has the merit of providing a link between
the performance of conventional AC surfaced flexi-
ble pavements and the thin surfaced unbound granular
structures used in New Zealand. For this test one of
the SLAVE units was fitted with the multi-leaf steel
spring while the other was fitted with an airbag spring
and viscous damper. The static wheel load was set to
49 kN and again wide-base single tires were used. The
higher wheel load was in line with European practice
and was also chosen to accelerate the wear. A 10 m
section of the pavement was intensively instrumented.
The test proceeded for 1.7 million load cycles when
it was terminated for time and cost reasons. At this
point the pavement had still not reached the preset
failure criteria and at the rate of wear that was occur-
ring could have lasted up to three million load cycles
or more. This compares with most modeling predic-
tions for this pavement of a life of 500,000 load cycles
or less.

The two different suspensions systems provided sig-
nificantly different levels of dynamic loading with the
steel more than twice as high as the air. A localized rut
formed in the wheelpath being trafficked by the steel
suspension early in the test, but then stabilized. This
rut appears to have been the result of a combination
of high dynamic loading and a local weakness in the
pavement, which was not detectable in the structural
capacity measurements done at construction. Because
of the complication of this rut many of the analy-
ses were undertaken on two data sets – a complete
set comprising the whole pavement and a reduced set
with data from the rutted section removed.

Without the data from the rutted section of pave-
ment the mean levels of both rutting and cracking
were similar in both wheelpaths. For the complete
data set both rutting and cracking were higher for the
wheelpath trafficked by the steel suspension. How-
ever, the variation in both rutting and cracking was
significantly higher in the wheelpath trafficked by the
steel suspension even for the reduced data set. Correla-
tion analysis showed moderate relationships between
dynamic wheel forces and the surface profile changes
(rutting, longitudinal profile changes, and vertical sur-
face deformation) for the steel suspension and very
weak relationships for the air suspension. Conversely
the relationship between initial pavement strength and
surface profiles changes is much stronger for the air
suspension than for the steel. This implies that the
surface profile changes in the pavement are related
to both the initial structural capacity and the level of
dynamic loading. If the level of dynamic loading is

81



kept low, as with the air suspension, then the surface
profile changes are driven by the variations in struc-
tural capacity. If the pavement structure is also uniform
then the pattern of wear will also be uniform. On the
other hand, with high dynamic loads, an initial local
pavement weakness will lead to some local pavement
deformation that will stimulate a dynamic response.
This will result in a pattern of dynamic loading that
will contribute to further surface profile changes. The
net effect is that the wear is more localized with areas
of more severe damage and other areas with less.

The third test was undertaken on a New Zealand
style thin-surfaced pavement design similar to the
first test with the same vehicle and loading config-
uration as the second test. Although the design life
of this pavement was 94,000 load cycles, when the
test was terminated at 300,000 load cycles the preset
failure criteria had not been met. The key pavement
wear factor for this pavement was permanent defor-
mation. The mean level of wear was similar for the
two wheelpaths but the variation in wear was related
to the level of dynamic loading. As with the previous
pavement there was a moderate correlation between
pavement wear and dynamic wheel loads and also
between wear and pavement structural capacity. The
degree of correlation was approximately the same for
both wheelpaths.

Overall it appears that pavements at CAPTIF last
much longer than the design life predicted by the old
NRB design charts and by many of the pavement life
models, possibly up to three times or more as long.
This phenomenon has also been observed on previous
pavement tests. However, the Austroads design guide,
which was adopted by Transit New Zealand in 1995,
predicts pavement load cycle limits that are much
closer to those observed at CAPTIF. The main dif-
ferences between CAPTIF pavements and in-service
pavements appear to be the reduction in environmen-
tal influences at CAPTIF, the relatively high degree
of quality control of materials and construction, and
the accelerated testing, which reduces ageing effects.
If these are the reasons for an increased pavement life
at CAPTIF then it implies that some pavement wear
can be attributed to environmental, construction qual-
ity, and ageing effects rather than loading. This has
major implications for road pricing and user charges
policies.

The mean level of pavement wear observed for the
last two tests appears to be independent of dynamic
loading. While this might be interpreted as indicat-
ing a first power relationship between load and wear
rather than a fourth power, this is not necessarily
the case. The difference in mean wear that would be
expected by applying a fourth power to the different
dynamic loads is relatively small. Given the accuracy
of the measurements the possibility of a fourth power
relationship cannot be conclusively eliminated. Lower
powers (between one and four) could also fit the data.
The Austroads load cycles versus subgrade strain rela-
tionship uses a power of 7.14. While the pavement
life values predicted by this relationship seem to have

some validity it is difficult to see any evidence for the
power value being this high.

The variations in pavement wear around the track
are related to both the dynamic loading and to the varia-
tions in structural capacity of the pavement.These rela-
tionships, while expected, have never been measured
anywhere before. Lower dynamic loads would result
in a more even distribution of pavement wear. If the
maintenance intervention criteria are set as a level of
roughness or a maximum rut depth, this will increase
the interval between interventions. Improving the
uniformity of pavement structures by better construc-
tion practices and quality assurance should similarly
reduce the frequency of maintenance required.

The mechanisms of pavement damage observed
were different to those predicted in the design models.
In particular, compression of the basecourse layer was
a significant contributor to the permanent deforma-
tion. With the second pavement most of the cracking
in theAC layer initiated from the top of the layer rather
than the bottom, as predicted by most models. This
phenomenon has been reported elsewhere.

Partly as a result of the outcomes from this research,
Transit New Zealand elected not to proceed with
vehicle mass limits based on suspension type.

5.2 Increased axle masses

The road freight transport industry in New Zealand
has successfully lobbied to increase its efficiency.This
has been achieved through increases in the allowable
mass limits for heavy vehicles on selected routes. Prior
to this approval being granted, CAPTIF undertook a
series of tests from 1999 to 2004 (Arnold et al., 2004)
to investigate the effect of increasing mass limits on
the life of pavements, and how much more pavement
rehabilitation and maintenance will be required.

The aim of this testing was to compare the effect
of mass (of 8, 10 and 12 tonne single axle dual loads)
on pavement wear for a range of pavements that are
more typical of those used on New Zealand roads.Two
major accelerated pavement tests of one million passes
were used to monitor pavement wear as indicated by
rutting. After these passes had been applied, the loads
were increased from 8 tonnes to either 10 or 12 tonnes,
and a further 300,000 to 400,000 cycles were applied.

One of the features of CAPTIF is that the SLAVE
can simultaneously traffic two wheelpaths, each with
a different axle load.Therefore the same pavement can
be trafficked with two separate loads, but subjected to
the identical environmental and age conditions. Two
different aggregate gradings were used in the pavement
construction, one was a finer grading with the fines
content >10% and the other was the typical coarsely
graded M4 aggregate. When the load on the 40 kN
vehicle was increased part way through each test, the
section with finely graded aggregates had no change
in the rate of rutting (Figure 5) whereas the sections
with the M4 graded aggregates had a step change in
the rate of rutting (Figure 6), almost replicating the
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Figure 5. Effect of loading on a fine graded aggregate.

Figure 6. Effect of loading on coarse graded aggregate.

behavior of a new pavement undergoing the initial
post-construction densification.

The CAPTIF pavements were all surfaced with
25 mm of asphalt concrete. Two additional tests were
conducted on chipseal-surfaced pavements to compare
the rate of surface texture depth deterioration between
8 and 10 tonne axle loads and 8 and 12 tonne axle loads.
The results from these tests showed that an increase
in mass limits is likely to reduce the life of chipseal
surfacings on New Zealand roads. This reduction was
previously found on a private forestry road used by
vehicles with axle loads nearly double the current legal
limit in New Zealand.

Overall it was found that the load equivalency fac-
tor (damage) exponents ranged from 1.1 to 3.4, all less
than the historical value of 4.0 (Fourth Power Rule)
and that the rate of rut progression was linear, after the
initial post construction densification had occurred.
The damage exponent was related to the pavement

strength and was lower for the higher strength pave-
ments. These findings have not been incorporated into
the pavement design process.

Subsequent to the completion of this research,
vehicle operators can apply for a “High Productivity
Vehicle” status for a particular vehicle on specified
routes. The approval of specific routes is based on the
pavement condition and the capacity of bridges, etc.
Permit charges for HPVs are still partly based on the
Fourth Power Law calculations.

6 CONCLUSIONS

The outputs from New Zealand’s APT program have
been utilized to help understand and influence work in
the design, construction, and operation of roads in New
Zealand and other countries.Through the development
of verified and robust in-pavement instrumentation for
the measurement of key pavement parameters, pave-
ment response data has been used to help develop
pavement models and design processes, including
both fundamental response models and through the
LTPP program.

The impacts of construction related issues including
material and construction quality, early performance
of pavements have been studied at CAPTIF, either as a
result of actual pavement issues or through the desire
to test alternative materials and/or techniques.

There have been two extensive studies completed
that have had the potential to influence the operation of
the freight industry in New Zealand, one based around
vehicle dynamics and pavement wear and the other
around the effect of increased axe limits on pavement
wear. The vehicle dynamics study made original con-
tributions to the area of study, but did not result in
any change to the operating environment. The second
study, looking at increased axle limits, has contributed
to the limited increase in axle limits in New Zealand.
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History of construction contracting methods used at MnROAD
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Minnesota Department of Transportation, Maplewood, Minnesota, US

ABSTRACT: MnROAD was built in the early 1990s and has seen 26 construction events throughout its nearly
20 years of operations. MnROAD has three roadway segments that consist of various 500 foot test cells. There
are currently 30 Mainline cells (on Interstate I-94), 24 Low Volume Road cells (trafficked by a Minnesota
Department of Transportation [MnDOT] 80,000 pound 5-axle truck), and some specialized cells located in other
locations around the facility. As test cells fail other test cells are designed and reconstructed to keep each of
the road segments operational. Since cells are designed to fail, each cell has a different life span and failures
can occur at any time. MnROAD is owned and operated by MnDOT, and most construction events have been
limited to “traditional” design-bid-build practices. Over the years MnROAD has stretched what is considered
“typical” in the way partnerships have been developed to encourage designs using non-standard specifications,
new and innovative construction methods, and finance with other partners all while working in a system that is
rich in a traditional contracting process. This paper’s purpose is to document the past construction events that
have taken place over the years and highlight what has worked and what has been problematic for MnROAD as a
MnDOT (state government) run facility. Its audience and focus is directed to help MnROAD and other agencies
struggling to incorporate research into construction. The paper will also suggest other contracting options that
incorporate innovative research into future construction.

1 INTRODUCTION

MnROAD was constructed by the Minnesota Depart-
ment of Transportation (MnDOT) between 1990 and
1993, as a full-scale accelerated pavement testing
facility, and was opened to traffic in 1994. Located
near Albertville, Minnesota (40 miles northwest of
Minneapolis-St. Paul), MnROAD is one of the most
sophisticated, independently operated pavement test
facilities of its type in the world. Its design incorpo-
rates thousands of electronic in-ground sensors and an
extensive data collection system that provide opportu-
nities to study how traffic loading and environmental
conditions affect pavement materials and performance
over time. Along with the sensor data MnROAD col-
lects field performance data (rutting, cracking, ride),
which is all captured into the MnROAD database
for researchers to use worldwide. MnROAD currently
(2010) consists of three unique road segments with the
following statistics (Figure 1):

– Interstate “Mainline”

• 3.5 miles long
• “Live” public traffic
• 28, 500 vehicles per day
• 12.7% trucks
• 30 test cells

– Low Volume Road “LVR”

• 2.5 mile closed-loop

• Loaded by a MnROAD-operated 18-wheel,
5-axle, 80,000-lb tractor-semi-trailer

• Simulates the conditions of rural roads
• 24 test cells

– Farm Loop

• Built on site in the stockpile area
• Two test cells tested (2008–2010)
• Testing using variety of farm equipment
• Supporting pooled fund study TPF-5(148)

One of MnROAD’s unique features is that when a
test cell fails or the research is complete MnROAD is
able to remove that cell and replace it with another.
Typical successful replacement activities include hav-
ing a balance between construction funding, sensor
installations, developed research, and implementation
plans. If one these four elements is missing, the final
product tends to be of limited use. Each proposed
project uses these criteria to determine what future
construction should be pursued for it to provide mutual
benefits for both MnROAD partners and state and
county engineers. Current research ideas are typically
developed by a combination of number of different
organizations. These organizations include Minnesota
Department of Transportation, the Transportation
Engineering Road Research Alliance (TERRA), and
the Local Road Research Board (LRRB). External
partners have also have contacted MnROAD directly
or worked though the organizations listed above to
develop written partnership agreements to facilitate
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Figure 1. Arial view of MnROAD.

the research. MnDOT works closely with its partners
but has the final say on what research is ultimately
pursued.

This paper separates the 26 MnROAD construc-
tion events into three unique categories. These include
15 traditional MnDOT design-bid-build, seven con-
struction using procurement (purchase orders), and
four public-private partnerships. Each of these will be
examined by providing some background, an exam-
ple, and discussion on the pros and cons related to
the construction efforts MnROAD has undertaken as
a state government operated facility.

2 TRADITIONAL (DESIGN-BID-BUILD)
CONSTRUCTION

The traditional MnDOT contracting method is design-
bid-build where MnDOT designs the roadway; con-
tactors develop a bid, and then build the project if
they are the low bidder. This approach involves many
practices that tend to discourage innovation related to
construction practices and the use of non-traditional
materials. MnDOT has recognized that in some cir-
cumstances construction contracts need to be done in
other ways. One alternative MnDOT has successfully
used is design-build contracting where a contractor is
rewarded for innovation to develop the best, fastest,
and most economical solution for the needed project.
MnDOT has completed ten design-build contracts,
most notably the reconstruction of the I-35W bridge
in Minneapolis, which allowed MnDOT and the con-
tractor to work together to reestablish this critical link
in record time though innovative contracting. Even
with these contracting options, MnDOT still relies on
their standard contracting options, with 15 construc-
tion events using design-bid-build as shown inTable 1.
These can be split into two categories. The first being
individual regular contracts and others include tying
into an existing state contract and using the existing
pay factors to have the work completed at MnROAD.

A recent example of a traditional design-bid-
build construction is the 2010 SHRP-II Composite
Pavement experiment developed through a partner-
ship agreement with Applied Research Associates.
MnROAD agreed to take in the funds to do the
construction (develop plans, special provisions, bids,
construction inspection, and payments) and assist in
the research (purchase/install sensors, collect sensor
data, and monitor field performance over time). This
partnership was somewhat non-traditional but for the
most part MnDOT let a normal contract. Both parties
wanted an experienced contractor and ARA did not
want to take the risks involved in doing the contracting
themselves.

Some of the interesting challenges for developing
a contract for ARA included use of:

– Two concrete pavers used in tandem (wet on wet
construction) – something that no local contractors
have ever attempted.

– Recycled coarse aggregate in the concrete mix that
had not been used in Minnesota in the last 30 years.

– A gradation, uncommon to Minnesota but used in
Europe, for the dense graded high quality concrete
upper layer. This needed to be custom prepared.

– A new curing compound and retarder that the
contractor had no experience with.

– A brushed exposed aggregate finish as part of the
European design. The contractor did not have the
same equipment and had to bid the job not knowing
exactly how it was going to be done.

– A Stone Matrix Asphalt (SMA) in one of the test
cells. Minnesota currently does not use SMA pave-
ments and local contractors do not have much
experience with the design and construction of
them.

Meetings were held to assist potential contractors
and the research team to better understand how to build
and best contract construction of the test cells. These
meetings were designed to help exchange informa-
tion and possibly reduce the contractor’s risk before
they committed to the bid. They also helped MnDOT
to form the plans and special provisions for bidding.
MnDOT first held an informational meeting coordi-
nated by the State Concrete Paving Association of
Minnesota and the MnDOT construction office so
MnDOT and ARA could get feedback on the inno-
vative construction and materials from three local
concrete contractors. Contractor’s feedback included
providing a location at MnROAD for construction of
a “practice slab” using the two pavers, three differ-
ent concrete mixes, and help in developing a sense
of how to do the exposed aggregate surface before the
work was done on the mainline interstate. MnDOT, the
University of Minnesota, andARA then developed the
plans and special provisions for the design-bid-build
contracting process. A second formal pre-bid meeting
was held to re-assess the plans and special provisions to
help answer any questions before bids were submitted
by potential contractors. It was hoped that this would
keep the bid price as low as possible (to stay within
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Table 1. MnROAD construction – traditional MnDOT (design-bid-build).

Constr.
Construction # of Costs *

Year Activity Cells Construction Notes (×1,000)

90-93 Original construction
Phase-I

23 ML SP 8680-109, SP 8680-123, SP 8680-124, SP 8680-125,
SP 8680-129. MnDOT using regular federal construction
funds

25,000

14 LVR
97 Superpave inlay 2 ML SP 8680-136. Tied to existing state job using MnDOT

purchase order for cost overrun. Research plans and mix
designs

58

97 Whitetopping 6 ML SP 8697-170. MnDOT and FHWA 116
99 Superpave & large stone base 5 LVR SP 8816-040. MnDOT 328
99 Microsurfacing 2 ML Tied to existing state job using MnDOT purchase order

for cost overrun. MnDOT Specification
5

00 Thin PCC and doweled PCC 3 LVR SP 8816-040. MnDOT 226
00 60” culvert design 1 LVR SP 8816-040. MnDOT and FHWA funding 100
03 Microsurfacing 9 ML Tied to existing state job using a MnDOT purchase order

(OPERA Funds) for cost overrun. MnDOT Specification
15

04 Whitetopping on HMA 4 ML SP 8816-607. MnDOT and FHWA 161
06 GeoComposite barrier drain 2 LVR SP 8680-152. MnDOT, NCHRP & pooled fund study 130
07 Construction, Phase-II 6 LVR SP 8680-156. MnDOT, FHWA, partners and pooled funds 390

2 Farm
08 Construction, Phase-II 16 ML SP 8680-157. MnDOT, FHWA, partners and pooled funds 2,234

8 LVR
10 SHRP-II composite pavement 3 ML SP 8680-159. Partnership though ARA 707
11 Stabilized FDR 1 LVR SP 8680-166. MnDOT 65
11 Concrete overlay 2 ML SP 8680-165. MnDOT and FHWA 464

*not adjusted to current year dollars

ARA’s construction budget) by helping the contrac-
tors understand the innovative construction and reduce
perceived risks. Despite these meetings, initial bids
were rejected because they were higher than both the
engineers estimate and ARA’s budget, but only due to
the lack of experience on SMA paving. Consequently,
despite ARA’s desire to include an SMA section, a
high quality Superpave mix was instead accepted for
the rebidding of this project.

The other type of traditional design-bid-build
projects are those where MnROAD ties into another
existing MnDOT projects. The 1997 Superpave inlay
of two test cells is an example, where the contractor on
a nearby state-contracted job was asked if they were
willing to do additional work under their existing con-
tract. Typically extra amount labor and materials can
be added to the contract at the agreed amount provided
the cost does not exceed 10% of the original contract
amount. MnROAD and/or the research partners pay
the difference. This is one of the easiest and fastest
ways to get a qualified contractor to build test cells at
MnROAD, but requires a contractor to be in the area,
agree to do the extra work under their existing contract,
and fall within the timeframe needed for MnROAD.
In many instances, the timing does not work out to do
this type of contracting making this option of limited
use for MnROAD’s research needs.

Some interesting challenges have arisen when the
research goals require non-traditional construction
practices. Special provisions need to be written so
contractors can bid the project, field inspection can

be done, and the contractor paid for their work. Some
examples include:

– Developing plans for the 60 in. culvert project
when researchers wanted half of the pipes
installed using “poor” construction methods and
compaction. This allowed researchers to measure
the effects of poor and correct installations, but
was difficult to develop special provisions for the
MnDOT inspector to demand.

– Installation of large stone base materials without
segregation when MnDOT and the contractors did
not have experience with these materials.

– Installing pervious base materials specified by
researchers that may not support construction
equipment in the field.

– Construction of roller compacted concrete when
no contactor had constructed this material and no
inspectors had experience with it.

– Spread and blend high carbon fly ash for base
stabilization with specialized equipment.

– Fractionate RAP piles (separate into different size
fractions), develop mix designs, and introduce the
fractionated RAP into the mix.

These examples and interesting challenges demon-
strate some of the research pros and cons related to
traditional design-bid-build contracting:

Research Pros

– Allows for typical construction methods and
practices
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Table 2. MnROAD construction – contracted though procurement.

Constr
Year Construction Activity # of Cells Construction Notes Costs*

2000 Oil gravel 2 LVR MnDOT purchase order to cover the costs. Research plans and
mix designs

40,000

2003 MiniMac 4 ML MnDOT purchase order to cover the material costs. MnDOT
equipment and labor

15,000

2004 Mesabi hard rock
HMA & PCC

2 LVR MnDOT purchase order to cover the costs (MnDOT, MnDNR,
NRRI partnership). Research plans and mix designs

75,000

2005 Flexible slurry 4 LVR MnDOT purchase order to cover the costs (MnDOT and LRRB
partnership). Research plans and mix designs

25,000

2008 Chip seal 1 LVR MnDOT purchase order to contract the contractor. FHWA
partnership through a pooled fund

5,000

Many Partial depth concrete many MnDOT purchase order to cover the costs along with partnerships Minimal
patching

Many HMA crack sealing
& patching

many MnDOT purchase order to cover the costs along some
partnerships

Minimal

*not adjusted to current year dollars

– Skilled contracted workers – consistent
workmanship

– Established formal contract and contracting
process

– Less risk to MnDOT and its partners compared to
other contracting methods

– Allows experienced MnDOT inspectors to assist
researchers who tend to have limited field
experience.

Research Cons

– MnDOT traditional construction process can be
limiting when developing special provisions to
use new materials and construction practices. This
is especially true when the process is not com-
pletely known and field modifications are needed
to accomplish/learn in the field.

– Contractors are being asked to be flexible in
the field to allow researchers to learn from the
construction, but contractors have a contract and
schedule to keep.

– Typical design-bid-build contracting is very
detailed and time consuming, which can impact
some partnerships that want to do something
quicker especially for small construction efforts.

– Non-typical construction, small quantities,
researcher needs, and sensor installations tend to
result in higher bids because a contractor perceives
a higher risk to work on these types of projects.

3 MNDOT RESEARCH CONSTUCTION USING
PROCUREMENT

MnROAD has used procurement (purchase orders)
to build on seven efforts since 1994. These types of
jobs are typically smaller construction efforts that are
usually less expensive. They can be broken into two
major types. The first is when MnDOT funds both
a contractor’s labor and materials using a purchase
order. The second is when a purchase order is used

to purchase only the materials and MnDOT supplies
the labor and equipment. A list of these construction
events are shown in Table 2.

MnROAD has used purchase orders to contract
both the contractor and materials needed for smaller
construction and maintenance needs over the years.
Examples include crack sealing of HMA test cells,
chip seals including the ones done in 2008 and the
fog seals done since 2008 for the aging pooled fund
study, which requires 100 ft. of fog seal each year for
five years. These efforts are controlled by MnDOT
purchasing rules that require that the total funds do
not exceed a certain amount. Note MnDOT’s purchas-
ing rules have changed over the years but typically a
purchase is acceptable if the total value is less than
$25,000.

Some examples of this type of contracting using
purchase orders involve purchasing only the mate-
rials and having MnDOT forces do the work with
in-house equipment and labor. This system was used
for the 2003 MiniMac surfacing, 2004 Messabi hard
rock HMA paving, and the multiple crack sealing and
concrete patching efforts. In most instances, the extra
coordination needed pays off in terms of time-saved,
although MnDOT does not consider its own labor
costs since contracting for own labor is not required.
If MnROAD has other offices do the work, funds are
transferred between the offices. MnROAD has learned
some lessons related to this type of contracting, includ-
ing during the 2011 partial depth concrete patching.
This work involved using MnDOT’s Bridge Office
equipment to grind out and shot blast the 135 failed
concrete areas. Patch materials were purchased using
purchase orders and donations from different mate-
rial suppliers. The patches were placed by MnROAD
research staff with the assistance of the material sup-
pliers. As with other similar efforts, MnROAD staff
realized that they do not have the trained skilled con-
crete finishers, the work is physically demanding, and
time consuming in that staff are taken away from other
normal activities.
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Table 3. MnROAD construction – private partnerships.

MnDOT
Constr

Year Construction Activity # of Cells Construction Notes Costs

2005 Concrete pervious parking lot 1 Partnership agreement, ARM donated materials and labor 0
2006 Concrete pervious side walk 1 Partnership agreement, ARM donated materials and labor 0
2007 Diamond grinding Cell 37 1 LVR Verbal agreement, pooled fund study 0
2008 Stabilized FDR 3 ML Partnership agreement, Road Sciences built the cells 0

Both of these types of efforts have the following
pros and cons related to research being completed
though procurement efforts.

Research Pros

– Quick turn around
– Cheaper construction costs (but this does not

include internal MnDOT research staff costs)
– Less standard, but more flexible construction/ con-

tracting rules to follow
– Keeps mainline or LVR open to traffic when a

test cell fails unexpectedly and repairs are needed
quickly.

– Typically involves partnerships.

Research Cons

– The follow-up long term research focus may be
missed.

– Typically done for lower cost/effort test cells but
most projects cannot be done using procurement.

– Heavy involvement from others to donate equip-
ment and staff which can be difficult to coordinate.

– Sometimes less skilled workmanship (you get what
you pay for).

– Less construction quality control.
– Can involve high demands on internal research staff

to do the labor along with their normal job duties.

4 PRIVATE PARTNERSHIPS

MnROAD has also utilized a form of private partner-
ship to accomplish four different construction efforts
for the MnROAD research facility. These are similar
to many of the partnerships developed though pro-
curement, but are almost always constructed entirely
by private partnerships. These partnerships are not a
true public-private partnership where MnDOT pro-
vides opportunities for an outside partner to construct,
maintain, and operate a facility such as a toll road or
bridge. MnROAD research partnerships are typically
with close trusted groups that have a common research
focus and are considered a low risk to MnDOT and
the driving public, since traffic delays to the public
can be avoided if anything goes wrong. This allows
MnDOT to not require bonding to ensure work gets
completed and simplifies the private partnership pro-
cess down to a written partnership agreement. Table 3
lists the private partnerships that have been completed
at MnROAD.

One of the first successful private partnerships
was done with Aggregate Ready Mix of Minnesota
(ARM) and its members. This included both the 2005
construction of a pervious concrete parking lot and a
pervious sidewalk in 2006. Both these efforts were rel-
atively small in scale and were not located on the LVR
or Mainline. ARM agreed to develop the mix designs,
provide the construction equipment, some construc-
tion labor, and technical expertise, hired a University
of Minnesota student to follow-up on the research,
and agreed to repair the pavements after the study was
complete. MnROAD assisted with the removal of the
existing parking lot and sidewalk, sensor instrumenta-
tion, and assisted with the construction. Both parties
formed a partnership agreement and shared the respon-
sibilities. The positive findings from these initial field
trials allowed MnROAD to have the confidence to
construct pervious concrete and porous asphalt test
cells on the LVR in 2008 for real traffic loadings.

Another example of a successful private partner-
ship was the 2007 partnership with Diamond Surfac-
ing. This partnership was though a MnROAD pooled
fund study, TFP-5(134) PCC Surface Characteris-
tics, which involved using laboratory findings from
Purdue University to formulate a full-scale study at
MnROAD. Diamond Surfacing donated the expertise
and insight needed to develop the cutter heads required,
provided equipment and construction labor needed to
grind three stripes in Cell 37, each measuring 18 in.
wide by 500 ft long. These different concrete surfaces
were then monitored for friction and noise before the
study determined them to be ready for implementa-
tion on three MnROAD mainline concrete test cells.
This partnership and study is allowing state agencies
to have a new rehabilitation tool to develop smoother,
quieter, and safer surfaces for the driving public, but
has also benefited Diamond Surfacing by allowing
them to work with researchers to produce a long lasting
product that may become a more common rehabil-
itation technique. This partnership has continued to
flourish and has become a key area of interest and
successful research at MnROAD.

The third project involved a partnership with Road-
Science, in which three mainline test cells were recon-
structed using stabilized full-depth reclamation (FDR)
on existing older cracked HMA test cells. The con-
struction took place in 2008 and the research is still
ongoing. This was the first time MnROAD provided
three cells to a partner to fund the design and con-
struction of the test cells needed for the study. MnDOT
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and RoadScience entered into a partnership agreement
where no funds were transferred between parties. The
design was developed and agreed upon between both
parties. Road Science then developed the plans and
special provisions for construction, hired the contrac-
tor directly, inspected the job, and made payments.
MnDOT was responsible for purchasing and installing
sensors, collecting pavement performance data, and
conducting the research evaluation. This has also
been a successful research partnership and provided
a method to get test cells reconstructed at minimal
cost.

Listed below are some pros and cons related to this
type of partnership.

Research Pros

– Partners are involved and engaged for the entire
study.

– Partners have common research goals.
– Good relationships including a high level of trust.
– Contractor can sometimes be more innovative when

working with a non-government agency.
– No MnDOT construction contract (plans, paper-

work, payments, inspection, etc.) that requires
research staff time.

Research Cons

– Risk is taken by MnDOT. If something goes wrong
with construction and extra funds are needed,
MnDOT legally is responsible.

– Partnership agreements are typically not fool-proof
legal documents and MnDOT is the owner of the
property.

– Decisions can be made outside of the agencies
control since the partner is leading the effort.

5 COMMON ISSUES AFFECTING
INNOVATION AND CONSTRUCTION

No matter what contracting method is utilized for
construction at accelerated pavement testing facilities,
some common issues should be taken into considera-
tion from the experiences gained at MnROAD. When
it comes to judging a product or technique agencies
may only give a product one opportunity to prove
itself, which is not always appropriate. If the field
trial fails or under-performs for any reason, agen-
cies typically never try it again. This is also true
for MnROAD and other accelerated pavement testing
facilities, and can negatively impact future innovation
and experimentation.

Short test cells sometimes render construction
difficult. Understanding the products and working
with key experts helps to produce a consistent prod-
uct needed to evaluate the design in the field.
Materials and equipment limitations both need to be
considered when designing experiments. MnROAD
has 500 ft. test cells and has been able to develop
meaningful research with these limitations:

– Individual operators and equipment affect the final
outcome no matter how many inspectors are on
site. MnROAD works to make sure everyone under-
stands the research needs before work is started.
For example, HMA thicknesses have varied from
2.5 to 3.5 in. in a 500 ft. test cell with 50 engineers
watching the paver operator work.

– Weather can affect the final product. For example,
variable initial curl is built into a concrete pavement
depending on the weather on the day of construc-
tion. This affects the final product and needs to be
documented.

– Contractors are often asked to do something outside
of their normal expertise. For example, the use of
new equipment, techniques, or materials requires
practice before a consistent and quality product
can be produced. Contractors are geared for profit
orientated production type projects, which often do
not support innovation. Communication with the
contractor is important.

– Equipment and expertise required for certain types
of construction may not be available in a spe-
cific area. This must be taken into account when
developing contracts.

– Certain construction materials may not be read-
ily available for research needs. This also affects
local contractors who may not have experience
constructing with materials from other areas.

6 CONCLUSIONS

MnROAD is almost 20 years old and has over 26
construction events that have been used to promote
innovation in materials and the construction indus-
try. Three basic types of construction contracting have
taken place over the years including traditional design-
bid-build, research construction using procurement,
and the use of private partnerships. Through these
experiences, MnROAD has learned the following:

– Each of the contracting methods works equally
well and can be used depending on the needs of
the research partners. Each method has its pros
and cons that need to be considered to insure a
successful project.

– Successful research has a balance between con-
struction funding, sensor installations, well thought
out research plans, and an implementation plan to
use the results. MnROAD staff have found that
if any one of these elements is missing, the final
product tends to be of limited use.

– Communication, trust, and common goals have
helped develop successful research partnerships.
Organizations such as TERRA and the LRRB have
proven essential in the successful development of
useful products.

– Partnership agreements are essential in most suc-
cessful research projects. This helps form common
construction, research, and implementation goals
where each party has a stake in the final product.
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– When designing new test cells at an accelerated
pavement testing facility, owners need to under-
stand the limitations that short test cells, construc-
tion equipment, materials, and people have on the
success of the construction efforts and ultimate
research results. Good communication is impor-
tant throughout. The entire process also needs to
be documented for researchers to understand what
may have influenced the true performance of the
cell. Not every failure is a predictor of future
performance of a certain design or material.

– Complete construction documentation is needed
for researchers to understand any influences con-
struction may have on the pavement or material
performance. Not every failure is the fault of the
design or materials used.

– Future focus of research needs and possible con-
struction at MnROAD needs to be focused on the
customer.
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ABSTRACT: Accelerated Pavement Testing (APT) offers a unique proven methodology to investigate perfor-
mance of different material and pavement structures under various conditions. Case studies using Mobile Load
Simulator (MLS) equipment provide well-documented information in support of this statement. The interna-
tional selection of typical cases provides pavement engineers (and managers) insight into some of the lessons
learned and application of the knowledge gained in respect of distress and failure mechanisms. Case studies
from China, Europe, and United States are presented. These cover applications of asphalt materials including
pavement surfacing, stone matrix asphalt, Guss asphalt, and full-depth asphalt. Trafficking under wet and dry
as well as artificially heated conditions, are discussed. Structural compositions include a steel bridge deck sur-
facing, a full-scale and comparative scaled pavement, and a sandy subbase subjected to the influence of a high
water table. The paper reports on a synthesis of facets of analyses and findings from the case studies including
both laboratory and field applications.

1 INTRODUCTION

At the Third International Accelerated Pavement Test-
ing (APT) Conference in 2008, the findings of three
APT case studies were reported and discussed by Hugo
et al., (2008). The same procedure was used in a
paper presented at the recent Conference on Asphalt
Pavements in SouthernAfrica (CAPSA) conference in
South Africa for reporting on a number of APT case
studies (Hugo et al., 2011). In particular, the effect
of slow moving traffic resulting in harsh operational
conditions for asphalt materials was discussed. It was
apparent that there was considerable benefit gained
from conducting syntheses of APT studies.

Full-scale Mobile Load Simulator (MLS) equip-
ment, developed after the 2006 MLS prototype, was
recently used forAPT studies in Europe and China dur-
ing 2009 and 2010. In two of the case studies, the one-
third scale model mobile load simulator (MMLS3)
was incorporated in the studies. The findings that
were reported by the respective researchers provide
noteworthy information (Pugliessi et al., 2010). This

paper will provide a synthesis of the findings from
selected case studies. It will include a review of find-
ings from an earlier Accelerated Loading Facility
(ALF) study in the USA that was linked to APT with
the MMLS3. The information should provide a useful
basis for application by pavement design engineers.
The case studies were selected to relate to monitor-
ing and evaluation of distress and failure mechanisms
impacting on pavement performance in APT studies.

Fifteen distress mechanisms that were identified in
the course of the synthesis study are shown in Table 1.
The extent of this is apparent. Twelve of these features
in the case studies were selected for discussion in this
paper.

Details pertaining to each of the case studies will not
be presented except where appropriate for the purpose
of supporting the conclusions in the case study. Read-
ers are referred to the respective references that were
reviewed for more information. The broad spectrum
of the distress mechanisms covered by the case stud-
ies is apparent from the extent to which each relates to
a number of distress or failure mechanisms.
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Table 1. Summary of distress and failure mechanisms relating to pavement performance identified during the APT case
studies

Case study/location

1 – CRILP 2 – CRILP 3 – EMPA 4 – NCSU 5 – Tongji
Distress/failure mechanism Bridge deck HMA study Full-depth HMA Fatigue study Full-depth HMA

Fatigue cracking X
Stiffness X X
GPR response (voids) X
Debonding X
Response X X X X
Friction loss X
Surface degradation X X
Rutting/deformation X X X
Scaled performance X X X
Heating X X X
Bleeding X
Stripping X X
Water table X

Against the background of the case studies in
Table 1, the following primary objectives were
selected for review:

– Evaluation of surfacing options for a steel bridge
deck in China (CS1).

– Trafficking of stiff full-depth pavements under both
wet and dry conditions as well as artificially heated
conditions in China (CS2) and Switzerland (CS3).

– Comparison of fatigue distress on a model pave-
ment and a full-scale test pavement in USA (CS4).

– Influence of a high water table on the structural
performance of a stiff full-depth pavement in China
(CS5).

Details relating to the respective APT facilities
will not be presented unless required for better under-
standing of the respective case studies. In this regard
the following general information relating to the
full-scale MLS testing system is provided.

2 MLS APT EQUIPMENT

The MLS full-scale equipment is fully described on
the MLS website (www.mlstestsystems.com), but can
be summarized as follows:

Two full-scale machine sizes are available, MLS10
and MLS66. The operational systems are identical
except for the respective lengths of the machines.
The MLS66 has six bogies with load wheels, while
the MLS10 has four. They have similar test wheel
load capacity but, due to the differences in length,
the MLS10 only has one load wheel on the pavement
surface at a time.

The MLS66 has two load wheels on the pavement
for part of the rotational cycle. The system comprises
an endless chain of test wheels rotating in a vertical
plane at nominally 22 km/h. The bogie chain is housed
in a structure with travelling wheels back and front

and is capable of manoeuvring on the test site using
a hydraulic powered motor. The structural shell can
be lifted to allow testing and inspection of the pave-
ment during stoppages. Heaters can be used internally
to heat and control the pavement to a maximum sur-
face temperature of 70◦C. The pavement can also be
wetted artificially to simulate rain conditions during
trafficking.The entire machine can be shifted sideways
during trafficking by hydraulic power to simulate lat-
eral wander of traffic. The load on the pavement can
be monitored as the bogie traverses the test section
and the pavement surface can be monitored to track
surface deformation.

The full-scale MLS machines have been utilized
for APT studies in Mozambique, South Africa,
Switzerland, Austria, and China. In several instances
the studies included the use of the MMLS3 a one-third
scaled version of the MLS to supplement the full-scale
APT. In the same vein the MMLS3 has been used
in conjunction with other full-scale APT equipment
such as the Accelerated Load Facility (ALF) and the
Heavy Vehicle Simulator (HVS).

3 CASE STUDY 1: BRIDGE DECK SURFACING
IN LIAONING PROVINCE, CHINA

The Communication Research Institute of Liaoning
Province (CRILP) in China acquired a MLS66 full-
scale and a one-third scale MMLS3 machine. These
were delivered in August 2009. Two major contract
studies have been completed by CRILP to date. The
details in their reports on the projects serve as the basis
for the first two case studies discussed below.

3.1 Study background

The steel bridge deck surfacing (SBD) project was
undertaken to compare the performance of two types
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Figure 1. Details of the bridge deck surfacing tested in the
Shenyang laboratory in Liaoning.

of pavement surfacing for the deck of a steel bridge that
will serve for the coastal road crossing the Liao River.
This was the first full-scale APT study by CRILP. The
SBD-project was carried out indoors in the CRILP
laboratory in Shenyang.

The project client built the bridge section before
the formal test and the suppliers of the two pavement
types placed the layers on the steel deck of the bridge
section between March and June, 2010. A schematic
of the construction is shown in Figure 1.

The surfacing layers tested were a Liaoning rut
resistant resin asphalt concrete (RA) and Guss asphalt
(GA). The latter is a high temperature mix, hot poured
asphalt extensively used in Germany. After placement
it cools to an impervious deformation resistant layer.

The objective of the test was to compare
performance of the two pavement structures for
rut-resistance, water-proofing and skid resistance.
A special foundation pit was excavated in the labo-
ratory floor with retaining walls alongside to enable
the MLS66 to travel longitudinally. The suspended
bridge sections were supported at both ends. After
completion of the bridge structure, 2.9 million APT
load applications were applied on the two surfacings.

3.2 Test results

Figure 2 shows one of the transverse pavement profiles
after zero, 100,000, 600,000, 1.1 million, 1.5 million,
2.3 million, and 2.9 million 75 kN load repetitions on
dual tires mounted on each of the six bogies. Profiles
of the respective pavements on the deck were recorded
with the MLS profilometer and calculated.

The progressive rutting in terms of load applications
on the two bridge surfacings is shown in Figure 3.
There was a “step” jump in the curves between 1.1
and 1.3 million repetitions. This was due to the effect
of different temperatures applied during the test. The
first 800,000 load applications were applied at ambient
temperature (i.e. 10 – 25◦C) and the next 400,000 load
applications at 45◦C. The pavement profile did not

Figure 2. Typical transverse pavement profile of the two
adjacent overlays relative to trafficking intervals.

Figure 3. Comparative rutting of RA and GA on the BDS
under MLS66 trafficking.

change as much as expected during this period, and
the temperature was therefore increased to 55◦C. At
this temperature, the rutting rate increased suddenly
and consequently the temperature was reduced back
to 45◦C until completion of the test.

3.3 Findings from the SBD surfacing performance

Findings from the SBD surfacing study include:

– The rut-resistant resin-asphalt pavement structure
had better comparative rutting performance than
the Guss-asphalt pavement.

– The artificial heating successfully controlled the
testing conditions.

– Waterproofing and skid resistance of the two
structures was similar.

– There was no evidence of stripping but the
Guss-asphalt showed some evidence of bleeding.

– There was no evidence of debonding of the pave-
ment layers.

3.4 Case study 1 conclusions

The following conclusions were drawn from the study:

– The study provided confidence for selecting the
rut-resistant resin-asphalt pavement structure as the
better surfacing for the bridge, subject to economic
evaluation.
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– The APT test protocol was considered reasonable
as a basis for similar future studies.

– The testing efficiency of the project was considered
cost-effective in terms of time and lessons learned.

4 CASE STUDY 2: TWO HIGHWAY ASPHALT
PAVEMENT STRUCTURES IN LIAONING
PROVINCE, CHINA

This project was the first field APT after the MLS66
arrived in Liaoning. The project site is located in
Xinbin County, Liaoning Province.

The project compared the performance of two high-
way structures; a rubberized asphalt pavement and
a conventional provincial highway pavement. Details
on the two test sections constructed are summa-
rized in Table 2. Four test sections were displaced
longitudinally and constructed adjacent to each other.

Trafficking was conducted under ambient condi-
tions on each pavement structure with no temperature
control. This was followed by a limited number of
load applications on sections of each pavement struc-
ture under controlled temperature with traffic wander.
The test site and equipment is shown in Figure 4 and
test results are summarized in Table 3.

4.1 Findings from structural performance

The two pavement structures were evaluated in
terms of rut-resistance, fatigue-resistance, and shoving

Figure 4. MLS66 on the RubAP/LAC test sections at
Namzamu.

Table 2. Case Study 2 test section description (on in situ subgrade with resilient modulus not less than 70 MPa).

Material and layer thickness (mm)

Layer Conventional (LAC) 730 mm Rubber Asphalt (RubAP) 540 mm

Asphalt Upper Stone matrix asphalt-13L (13 mm) 35 Rubber asphalt (ARAC-16) 50
Surface Middle LAC-20 (20 mm) 60

Lower LAC-25 (25 mm) 80
Seal coat Slurry seal on emulsified asphalt prime 5 Rubber asphalt chip seal 10
Binder course – – Graded crushed macadam 120
Subbase Cement stabilized macadam 200 Cement stabilized macadam 180
Bottom subbase Cement stabilized sand and gravel 200 Cement stabilized sand and gravel 180
Cushion layer Graded sand gravel 150 – –

under comparable conditions. Direct comparisons
between the two sections could not be made because
of the different pavement structures; however the
following observations were made:

– The conventional section had better performance in
terms of rut-resistance than the rubberized asphalt
section under channelized trafficking.

– Shoving performance was similar on both sections.
– The rubberized asphalt exhibited cracking after

about 1.7 million load applications (Figure 5). In
contrast there was no cracking on the conventional
section.

Table 3. Case Study 2 rutting performance summary.

Temp. Max. Rut
Test details (◦C) Repetitions Depth (mm)

Conventional
Ambient temp. 8∼41 2,240,000 8
Controlled temp. 45 110,000 4

50 360,000 15
Total repetitions 2,710,000
Rubberized asphalt
Ambient temp. 3∼40 2,200,000 20
Controlled temp. 35 13,000 12

45 20,000 17
55 24,000 23

Total repetitions 2,257,000

Figure 5. Close-up view of transverse crack on rubberized
asphalt.
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– The performance provided useful information on
failure mechanisms of the two pavement struc-
tures and differences in performance provided good
information for exploring fatigue designs for the
two pavement systems.

– The rubberized asphalt experiment provided ade-
quate performance to justify further research on
the use of this material. It also exposed the team
to aspects of construction quality that need to be
monitored.

5 CASE STUDY 3: STIFF FULL-DEPTH
PAVEMENTS IN SWITZERLAND

This case study focuses on a synthesis of data obtained
through the interactive relationship between full-scale
and scaled APT with specific emphasis on the strains
in the top asphalt layer. It relates to field APT tri-
als by the Federal Institute for Materials Testing and
Research (EMPA) as a part of its efforts to gain confi-
dence in its ability to conduct APT with the MLS10 it
had acquired. In a joint venture between EMPA and the
National University of Rosario (UNR) in Argentina,
MMLS3 tests were used to evaluate the ability of the
scaled trafficking system to measure strains under
the scaled wheel load for comparison with strains
that were measured under the full-scale trafficking
(Pugliessi et al., 2010; Pugliessi, 2011).

5.1 Study background

Three pavement structures were constructed near the
A4 Westring motorway close to Zürich (Figure 6),
and instrumented with horizontal strain gauges, tem-
perature sensors, and accelerometers. The primary
purpose of the study was to evaluate the response
and performance of a heavy duty full-depth asphalt
pavement subjected to trafficking by an MLS10.

A series of 120-mm long Kyowa strain gauges were
installed (transversal and longitudinal) 30 mm and
110 mm deep in the asphalt during the construction
of the test sections (Figure 7). The three sections were
tested with the MLS10 (Arraigada et al., 2012).

Figure 6. Schematic of three pavement structures at
Filderen (Pugliessi et al., 2010).

After completion of the tests a 190 mm asphalt slab
was cut from Section F4 (Figure 8) of the full-scale
pavement and transported to the laboratory for tem-
perature conditioning and subsequent MMLS3 testing.
A 10 mm interlayer of cement/sand mix was spread
between the 190 mm asphalt block and an underly-
ing 300 mm concrete block prior to seating the slab
on it. The slab was instrumented to measure strains
(Figure 9). The MMLS3 was then straddled over the
asphalt block for trafficking (Figure 10).

The strain gauges were reconnected and the block
tested at different temperatures and speeds, under lim-
ited load applications. Only strain measurements were

Figure 7. Strain gauges prior to asphalt covering.

Figure 8. Extraction of asphalt slab from test pavement.

Figure 9. Cables for monitoring strains under lab
trafficking.
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Figure 10. MMLS3 trafficking of extracted slab.

Table 4. Input parameters for BISAR linear-elastic analyses
of MMLS3 and MLS10 wheel loads.

Layer stiffnesses for BISAR analyses (MPa)
Temp.
◦C Layer 1 Layer 2 Layer 3

1,200 reps/hour (both machines)
20 1,000 3,000 3,000
25 870 2,200 2,230
35 700 1,500 1,500

7,200 reps/hr (MMLS3), 6,000 reps/hr (MLS10)
20 3,480 7,645 7,930
25 2,480 5,020 5,060
35 870 2,200 2,230

MMLS3 Wheel Load: 2.1 kN at 600 kPa.
MLS10 Wheel Load: 65 kN at 800 kPa.

taken since rutting was minimal and stresses were
not considered. Comparisons were made between the
strains measured under the scaled and full-scale tests
and those predicted by analytical procedures, specifi-
cally finite element analyses and BISAR linear elastic
analyses (Pugliessi, 2011; Arraigada et al., 2012).

Strain data under MLS10 trafficking were collected
at different ambient temperatures (no artificial heat-
ing was used) and trafficking speeds. In contrast,
the MMLS3 trafficking was done at predetermined
temperature levels. The temperature was controlled
manually at the predetermined levels.

Cores from the test pavement samples were tested
in the laboratory to measure indirect tensile stiff-
ness of the asphalt under different temperatures and
trafficking frequencies.

Elastic strains were analyzed with BISAR, using the
input parameters listed in Table 4. Results are sum-
marized in Tables 5 and 6 (Partl and Arraigada, 2011;
Arraigada et al., 2012).

5.2 Summary of findings

Findings from the study are summarized as follows:

– All strains increased as the temperature was
increased, as expected.

– At 20◦C and trafficking at 1,200 reps/hr and
7,200 reps/hr, all measured longitudinal strains
under full-scale and MMLS3 were closely related
to values calculated by BISAR. The Indirect Tensile
stiffness measurements by Pugliessi (2011) accord-
ing to EN 12697-26 (2004) Annex C were used as
input data for the analyses.

– At 25◦C and 35◦C and 7,200 reps/hr the longitu-
dinal strain correlation was slightly less than those
recorded at 20◦C.

– At 25◦C and 35◦C and 1,200 reps/hr, the discrep-
ancy between calculated and measured MMLS3
longitudinal strains became much larger especially
as the temperature increased. The reason for this
is not clear and requires further investigation.
No 1,200 reps/hr tests were done under MLS10
trafficking.

– At 20◦C, 25◦C, and 35◦C at 7,200 reps/hr, the
transverse strains under MMLS3 trafficking were
closely related to values that were calculated by
BISAR. In contrast the transverse strains under
MMLS3 trafficking at 1,200 reps/hr did not
correlate as well.

– The transverse strains under the MLS10 did
not correlate at any of the three temperatures
at 6,000 reps/hr. Furthermore, the discrepancy
increased as the temperature increased. The reason
for this was not investigated.

– It is, however, noteworthy that this is somewhat
similar to the response of the longitudinal strain
under the MMLS3 at 25◦C and 35◦C. The increase
in strain in both scenarios (MLS10 and MMLS3)
would naturally lead to harsh conditions for rut-
ting performance. In the one case due to increased
temperature but in the other also as a result of
slow trafficking. The importance of performance
evaluation under slow heavy trafficking is apparent
(Hugo et al., 2011).

– From a critical surveillance of the data in Table 5,
the question arose whether some of the discrep-
ancies between strains could be related to the
strain gauges being slightly out of line. To evalu-
ate this hypothesis, strains were measured with the
MMLS3 offset 50mm from the identified gauge
positions. The elastic strains were calculated to
reflect measurement 4 mm on either side of the
identified position as well as on it. The analytical
calculated strain values were used as a guideline
for estimating the perceived position of the gauges.
It was concluded that the strain gauges were about
4 mm further from the identified position (i.e. at
54 mm).

5.3 Case study 3 conclusions

There was close agreement between measured and
calculated strains under both MMLS3 and MLS10
trafficking. It was apparent that the strain measure-
ments at a depth of 30 mm under the MMLS3 traf-
ficking, were compatible with strains that had been
measured under the full-scale MLS10 at the same
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Table 5. Measured and calculated strains under MMLS3 wheel centre and between MLS10 dual tires (longitudinal and
transverse).

Calculated Strain (µε) Measured Strain (µε) Calculated Strainr (µε) Measured Strain (µε)

Temp (◦C) Long. Trans. Long. Trans. Long. Trans. Long. Trans.

MMLS3 1,200 repetitions/hour 7,200 repetitions/hour
20 −56 56 −66 30 −20 −20 −23 22
25 −74 74 −121 54 −30 −30 −43 32
35 −104 104 −207 105 −74 −74 −77 67

MLS10 1200 reps/hr 7200 reps/hr
20 −28 −28 Not Not −8 15 −12 87
25 −38 −38 tested tested −14 22 −15 143
35 −57 −57 −38 51 −23 382

Table 6. Comparative MMLS3 strains with machine off-set from strain gauge (measured and calculated).

Calculated Strain (µε) Measured Strain (µε) Measured Strain (µε)
Offset Stiffness*

Temp (◦C) (mm) (MPa) Long. Trans. Long. Trans. Long. Trans.

MMLS3 3,600 reps/hour 2,720 reps/hour 4,240 reps/hour
20 46 2,200 −14 14

50 −12 14 −9 9 −8 8
54 −10 14

25 46 2,200 −19 18
50 −16 20 −13 15 −10 11
54 −14 19

*Layer stiffness: 2,200 MPa/5,000 MPa/5,500 MPa

depth in the pavement structure. This is considered
to be a significant advance in the knowledge required
to be able to monitor strain levels within pavement
structures under MMLS3 trafficking. Overall, the
findings serve as a basis for application in asphalt
pavement evaluation and related future research.

6 CASE STUDY 4: FATIGUE PERFORMANCE
AND CRACKING

Fatigue performance is a primary aspect that normally
requires extensive trafficking that can become expen-
sive. As a result such tests are generally fewer in num-
ber. Failure mechanisms related to cracking include
changes in stiffness of the structure, and debonding.
In an APT study of the performance of a pavement
that was constructed at the FHWA Turner-Fairbank
Highway Research Center in McLean, Virginia (Kim,
1997), stress wave tests were conducted on a 100 mm
thick pavement with an AC-5 surface layer. Traffick-
ing was carried out with the FHWA Accelerated Load
Facility (ALF).

In a subsequent study of a scaled pavement using
the MMLS3 at North Carolina State University, Lee
(2003), compared the trend of the stress wave results
on a local pavement structure to those reported by Kim
and Kim (1996). Figure 11 compares the phase veloc-
ities at the center of the wheel-trafficked area and the

cumulative crack length in terms of the number of
wheel applications for both the MMLS3 and ALF. It
can be seen that the phase velocity (and therefore AC
stiffness) decreases as the number of loading cycles
increase in both cases of the MMLS3 and ALF.

6.1 Findings related to the full-scale and scaled
APT fatigue

The physical characteristics of the performance of
the two pavements were very similar. This is evident
from the study findings.

Figure 11 demonstrates that prior to the appearance
of visible surface cracks, after 125,000 load applica-
tions, the phase velocities had already significantly
reduced. The reduction in phase velocity indicates that
the structural degradation in the model pavement test
is similar in character, although at a somewhat slower
initial rate than observed for the ALF results. This
observation suggests that the proposed non-destructive
evaluation technique (NDE) using stress wave tech-
nique measurements (WCM) could be successfully
implemented to investigate fatigue damage evaluation
especially for thin AC layers and overlays.

This process may allow the optimum time for
maintenance/rehabilitation of a thin AC layer pave-
ment to be determined before cracks appear on the
pavement surface.
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Figure 11. Phase velocity and cumulative surface crack
length as a function of wheel applications (Lee, 2003).

The early reduction is attributed to structural degra-
dation of the pavements due to the initiation, prop-
agation, and densification of micro-cracks (Kim and
Kim, 1996). Figure 11 also demonstrates that the phase
velocity decreases significantly prior to appearance of
surface macro cracks. This observation suggests that
the optimum time for maintenance/rehabilitation may
be long before cracks appear on the pavement surface.
Lee and Kim (2004) commented on this phenomenon
and stated that the optimum time may be better deter-
mined by the change in the phase velocity than by
a visual condition survey of the pavement surface.
Similar findings were reported by (Lee et al., 1997)
in full-scale studies with the TxMLS on Highway 59
in Victoria, Texas where PSPA was used.

6.2 Case study 4 conclusions

It is apparent that transfer of findings between APT
systems is feasible and likely to be cost beneficial pro-
vided the test systems are compatible. Furthermore,
the available tools for monitoring progressive change
during APT trafficking are invaluable for detecting
micro-fracturing before distress becomes visible at the
surface.

7 CASE STUDY 5: FULL-DEPTH ASPHALT
PAVEMENTS ON SAND SUBGRADE IN
CHINA

The Tongji University MLS66 was initially commis-
sioned in the newAPT laboratory. Subsequently it was
deployed to conduct a field test to determine the effect
of a variation in the water table depth on rutting of a
full-depth asphalt pavement supported by cement sta-
bilised subsurface layers. An experimental pavement
was constructed on the G40 highway on Chong-ming
Island. This highway will connect Shanghai and the
inland city of Xi’an. The scope of the experiment
included evaluation of the performance of a fine sand
subbase with a high water table in the pavement
structure. The fine sand is abundant in this region, but
it has not been widely used as road subbase.

7.1 Background to the field study

The APT project was undertaken in July, 2010. The
APT experiments involved both full-scale MLS66 and
the MMLS3 tests. Comprehensive details pertaining
to the MLS66 study are presented in the paper by Wu
et al. (2012). The laboratory MMLS3 tests were used
to assist with the selection of appropriate asphalt mixes
for the study.

The test pavements were constructed concurrently
as Track I and II. Both had similar asphalt and
cemented layers. These were supported on imported
fine sand subbase layers placed on a graded macadam
layer overlying the in situ clay.Track I had a 1.5 m sand
layer and Track II a 3 m sand layer. After construction,
the average ground water table was about 2 m below
the pavement surface.

The asphalt structure consisted of a surface layer
of 40 mm SMA-13 (PG70 penetration grade) binder
modified with SBS mixed rubber particles), an inter-
mediate layer of 80 mm AC-20C (modified with 15%
by weight rock asphalt), and 80 mm AC-25C (modi-
fied with 20% rock asphalt). The bitumen content of
the natural rock asphalt was on average 22.3% with
a penetration value of 6.1 and a softening point of
84.5◦C. The binder in the AC-20C and AC-25C layers
was unmodified PG70. The rock asphalt was added
during mix production.

The imported base consisted of 540 mm aggregate
stabilized with 4% cement. The top 600 to 800 mm
of the sand subbase was treated with 3.5% cement, giv-
ing the material a resilient modulus of at least 40 MPa.
The sand layers were compacted to 93% of laboratory
density.

Trafficking with the MLS66 was carried out with
an axle load of 75 kN, which is 50% heavier than
the standard axle load in China, and a tire pressure
of 800 kPa. The MMLS3 laboratory study was done
on gyratory compacted briquettes in the conventional
test bed, and 2.8 kN axle load and 710 kPa tyre pres-
sure. Four asphalt mixtures were evaluated namely
SMA13, OGFC13, AC13 and AC20 (AC is a tradi-
tional dense-graded asphalt mixture and the number
in the mix type represents the maximum nominal
aggregate size in mm). Track I was heated intermit-
tently during trafficking.Track II was tested at ambient
temperature.

7.2 Test results

The following test results are relevant to the context of
this case study. Readers are also referred to (Wu et al.
2012) for more detailed information.

– After more than one million MLS66 APT applica-
tions, the total vertical displacement of the fine sand
subbase was about 1.5 mm. Strain data showed that
the modulus of the sand had remained constant.

– The temperature range of Track I was controlled
and less variable than that of Track II, where
temperatures varied with ambient temperature.
Despite the MLS66 being covered by a structural
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Table 7. Temperature range in MLS66 test tracks.

Depth TI Average TII Average
(mm) (◦C) TI(◦C) (◦C) TII(◦C)

40 43–58 53 22∼46 31
80 43–59 52 16∼39 27
120 45–65 56 – –
160 43–59 53 24∼36 29
200 37–48 44 25∼35 30

Figure 12. A typical MLS66 transverse profile for Track I
(Wu et al., 2012).

shell, the weather affected the temperature and the
water level especially when during rain. During
trafficking the water table depth varied between
1.9 and 2.3 m. The temperature range of the two
tracks during trafficking is presented in Table 7.

– The temperature of the MMLS3 test bed was con-
trolled by a closed loop water circulation system
set at 60 C. A thermocouple was laid in the mid-
dle of two samples 25 mm below the surface of the
asphalt to measure the central section temperature
in one test. Actual temperatures were found to have
varied between 55 and 65◦C.

7.3 Analyses of performance and rut data

BothTracks I and II had two measuring positions refer-
enced as 3 and 4. A typical transverse profile of one of
these positions is shown in Figure 12 as it developed
during the trafficking. Two maximum points, across
the test section were chosen, namely Max1 and Max2.
Max1 is defined as the peak rut depth made by traf-
ficking wheel 1 or 2 at the specific measuring position.
Max2 is defined as the peak rut depth of the adjacent
dual wheel.

The rut depth points were first normalised to a zero
reading then normalised with a line across the rut depth
values at 0 mm and 1,500 mm across the test section.
The Max1 and Max2 points were then selected as the
baseline, yielding a total of eight sets of data, respec-
tively, four sets per track. The eight sets of data were
consolidated into a single composite averaged curve
respectively for heated and ambient performance.

Figure 13. Composite of averaged rutting performance
under heated and ambient temperature.

Figure 14. Averaged rutting performance after removal
of the axle loads when no rutting occurred under heated
trafficking.

The final rut depth at 1 million load repetitions for
Track I was 11.3 mm and that of Track II was 3.1 mm.

In Figure 13, two periods where no rutting occurred
(i.e., 50 to 100,000 repetitions and 200,000 to 300,000
load repetitions) during trafficking under controlled
temperatures are apparent. The reason for this was not
clear and was not considered important. It was decided
to remove these loading periods from the analyses of
the rutting performance (Figure 14). An example of
a similar experience treated in a similar manner was
found in the NCAT test track literature (Smit et al.,
2003).

The modified data points for the two tracks are
shown in Figure 15, with plotted power trend lines.
Two trend lines, namely 1 and 2, were plotted on Track
I. Trend line 1 was plotted by using an appropriate
mathematical function.The final predicted rutting was
the same as the observed line (predicted 11.1 mm at 1
million axle loads compared to observed of 11.3 mm)
before the deletion of the “no-rutting” areas. As an
alternative Trend line 2 was plotted on the data which
gave a final rut depth of 12 mm at 1 million axle loads.
It is apparent that the final rut depth is dependent on
the course of events in the early trafficking life of the
pavement.
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Figure 15. Averaged rutting performance based on exten-
sion of the trend line of the heated conditions to compensate
for the deleted axle loads.

Wu et al. (2012) further summarized the findings
as follows:

– Rutting performance on Track I was influenced by
the artificially heated conditions. Two stages are
apparent: (1) from 0 to about 66,000 repetitions,
where the rate of rutting was 0.6 mm per 10,000
repetitions, and (2) from 66, 000 to 1 million rep-
etitions when the rate of rutting was 0.2 mm per
10,000 repetitions.

– Less rutting was recorded on Track II due to the
lower temperatures. The same to distinct periods
as Track I were observed, but rates were rutting
rates were 0.4 mm and 0.05 mm per 10,000 load
repetitions, respectively.

– During trafficking, no fatigue cracking was
observed on the surface. A forensic trench through
the pavement revealed that the vertical deformation
originated from the surface material’s deformation
and shear flow.

MMLS3 rutting profiles in terms of load applica-
tions were compiled for the four laboratory mixes and
results of the SMA-13 and AC-20C mixes are shown
in Figure 16. The AC-25C was not tested and was
assumed to be similar to the AC-20C since this was
reported to be the case with theAC-13C that was tested.
It should be noted that these values reflect only down-
ward deformation in line with regular rut definitions.
This is in contrast to the peak-to-peak maximum rut
values that were used as the basis of the analysis by
Wu et al. (2012).

7.4 Analyses and findings from field and laboratory
APT result comparisons

The rut information from Track I was analyzed to
enable a comparison between actual full-scale rutting
and MMLS3 predicted rutting from the tests on gyra-
tory compacted specimens. Comparisons withTrack II
were not made due to varying pavement temperatures
on this test. Ruting data of the asphalt mixes under
MMLS3 trafficking were analysed by a method akin
to the so-called “Direct Method” described by Huang

Figure 16. MMLS3 rutting profiles of SMA13 andAC-20C
mixes.

Table 8. Actual vs predicted rut rates for Track 1
(mm/10,000 load applications).

Load period Actual (mm) Predicted (mm)

0–66,000 0.64 1.88
66,000–330,000 0.12 0.15
330,000–1,000,000 0.07 0.05
66,000–1,000,000 0.08 0.08

(1993). This approach has been used successfully in
a variety of rutting studies (Hugo et al, 2011; DPG,
2008).

Two factors are relevant in this method. In prin-
ciple the dynamic trafficking stress in the briquette
under MMLS3 trafficking and the linear elastic stress
at the midpoint of the respective asphalt layers is taken
as the basis for the vertical stress correlation factor
(VSCF). The other factor is the ratio between bri-
quette thickness and the respective layers defined as
the thickness correlation factor (TCF). The actual rut-
ting under the MMLS3 trafficking, for each mix, is
extrapolated by fitting a trend line to reach the antici-
pated design number of highway traffic axles. This is
generally determined by a power function (Rutmmls).
These functions are used as the basis for calculating the
predicted rutting (Rutpred) of the different pavement
layers.

The predicted rutting for Track I was calculated by
summing the first three layers, whilst bringing the rut-
ting factors into consideration. By using the predicted
rutting, a trend line was taken as the basis to predict the
rutting at 1 million load repetitions. The results of the
analyses are shown in Figure 17. This prediction was
then compared to the adapted full-scale performance
of Track I (Figure 15) in Figure 18. The rutting rates
for the adapted full-scale performance and the adapted
predicted performance on the basis of the MMLS3
tests were calculated as shown in Table 8.

It is apparent that the respective rutting rates
matched poorly for the initial test period when most of
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Figure 17. Performance prediction of Track I on the basis
of analytical procedures using MMLS3 data.

Figure 18. Comparison of the adapted rutting performance
on Track I to the predicted rutting from MMLS3 laboratory
tests.

the rutting occurred (i.e., 0 – 66,000). Thereafter the
deformation rate trends matched relatively well during
the secondary phase of rutting.

There are two possible reasons for the discrepancy
in performance prediction. The MMLS3 rutting test
results presented in Figure 16 show that the rut depths
of the mixes after 100,000 load applications exceeded
the limit of 2.4 mm for rut depth that would proba-
bly apply for the trafficking conditions prevalent at
the test site according to the MMLS3 Test Protocol
(DPG1.2008). This would have categorized both the
SMA mix and theAC-20C mix as unsuitable. However,
these results were most likely exacerbated, if not pri-
marily caused by the temperature differences between
the field and the laboratory studies discussed above.
This appears to be the same conclusion reached by Wu
et al (2012).

7.5 Case study 5 conclusions

The following conclusions are made based on the
observations in this case study:

– The rutting performance predicted from the
MMLS3 tests (approximately 20 mm), did not

match full-scale performance (approximately
12 mm). It was concluded that the primary reason
for the discrepancy was related to the differences
in heated temperature of the laboratory tests (55
to 65 C) compared to those under the MLS66
trafficking (on average 53 to 56◦C).

– The independent downward rutting analyses
yielded comparative results that differentiated more
between Track I (4 mm) with controlled heat-
ing than Track II tested at ambient temperatures
(2.5 mm). This is ascribed to the differences in
upward heave on Track I during early trafficking
compared to Track II (Wu et al., 2012).

– The findings and related discussions on rates of
rutting by Wu et al (2012), who analysed in terms of
peak-to-peak rut, differ from those discussed in this
paper, which focussed on downward rutting only.

– The exclusion of the 150,000 load applications that
had not caused any rutting during the early traffick-
ing phase with supplement at the end of trafficking
appeared to have only minimal effect on the final
rut depth (11.3 mm vs. 12 mm). This was despite
the virtual increased rate of rutting during the early
trafficking phase.

– The results of the rutting study with the MLS66
on Chong-ming Island provided an opportunity
for further evaluation of the rutting limits set
for the MMLS3 Protocol (DPG1.2008). It also
served to compare “rates of deformation” under
MMLS3 and MLS66 trafficking particularly during
the secondary phase of rutting.

8 CONCLUSIONS FROM THE SYNTHESES
OF THE FIVE CASE STUDIES

The five APT case studies discussed in this paper
provided valuable information pertaining to the eval-
uation of performance and failure mechanisms of
asphalt pavements, including:

– The results from the APT on the bridge structure
demonstrated the benefit of evaluating solutions
for deck surfacing prior to embarking on full-scale
bridge construction.

– The case studies provided a better understanding of
the benefit of APT in evaluating design procedures
with materials not yet used in a region or country
such as China.

– Evaluation of response of asphalt through strain
measurements proved feasible with scaled and
full-scale MLS APT trafficking.

– Extraordinary strains arising from slow trafficking
and increased temperature in terms of longitudinal
and transverse strains observed under MLS APT
warrants investigation.

– Stiffness monitoring during APT and surveillance
of field performance of pavements was once again
confirmed as an invaluable tool.

– It is apparent that transfer of findings between
different APT systems is feasible and likely to be
cost beneficial.
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– The beneficial use of “rates of deformation” for
evaluating rutting was apparent both for full-scale
and scaled APT.
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ABSTRACT: The condition of Florida roadways is documented through annual surveys conducted by the
State Materials Office (SMO) of the Florida Department of Transportation (FDOT). This survey has shown that
the majority of the deficient flexible pavements are due to cracking. Based on these circumstances, FDOT’s
Accelerated Pavement Testing (APT) program has placed a greater focus on deficiencies in the evaluation of
crack development and crack resistance. As part of this effort, a computer based program has recently been
developed to assist with the identification and quantification of pavement cracks from digital images. A digital
camera mounted in front of the wheel carriage on the Heavy Vehicle Simulator (HVS) collects the images at
regular intervals during testing to document initiation and the progression of crack development. This paper
provides a description of the crack analysis system and offers an example of its use.

1 INTRODUCTION

The condition of Florida roadways is documented
through annual surveys conducted by the State Mate-
rials Office (SMO) of the Florida Department of
Transportation (FDOT).This survey has shown that the
majority of the deficient flexible pavements are due
to cracking. Based on these circumstances, FDOT’s
Accelerated Pavement Testing (APT) program has
placed a greater focus on deficiencies in the evalu-
ation of crack development and crack resistance. In
2005, FDOT developed an accelerated pavement aging
system (APAS) to better simulate the aging effect
on flexible pavements constructed for APT research.
Models and laboratory tests have been developed to
predict asphalt pavement cracking based on APT and
laboratory research performed in Florida (Roque et al.
2002; Roque et al. 2007). Validation of pavement
response models and the effectiveness/reliability of
pavement design methods rely on the accuracy of
distress measurements made on full-scale test sec-
tions constructed specifically for APT or in-service
pavements.

To better document crack initiation and develop-
ment, a camera system and computer program have
recently been developed to assist with the identifica-
tion and quantification of pavement cracks from digital
images.A digital camera mounted in front of the wheel
carriage on the Heavy Vehicle Simulator (HVS) col-
lects the images at regular intervals during testing to
document initiation and the progression of crack devel-
opment. This paper provides a description of the crack
analysis system and offers an example of its use.

2 OBJECTIVE

The objective of this paper is to provide information
on the development of a semi-automated method to
document crack initiation and development through
an image-based analysis method. This method has
been found to require less time than manual mea-
surements and provides accurate representations of
crack patterns, quantity of cracks, and types of
cracks.

3 FDOT’S HEAVY VEHICLE SIMULATOR

FDOT uses a HVS, Mark IV to apply accelerated
loading to pavement sections. The HVS is electrically
powered (using a external electric power source or
electricity from an on-board diesel generator), fully
automated and mobile. The HVS functionality has
been enhanced to include automated laser profiling
and test track temperature control capabilities.

The HVS can apply wheel loads between 7 and
45 kips (using dual or wide-base single tires) at speeds
of between 2 mph and 7 mph along a 26 foot test strip.
The effective test segment within this test span is
approximately 20 feet in length. The initial three feet
and final three feet allows for acceleration and decel-
eration of the test wheel.Testing is typically conducted
in a uni-directional mode. Tire wander can be applied
if desired. A complete description of the test facility
has been presented elsewhere (Byron et al. 2004). The
HVS is shown in Figure 1.
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Figure 1. FDOT’s Heavy Vehicle Simulator.

4 AUTOMATED PAVEMENT DISTRESS
COLLECTION SYSTEMS IN APT

Several commercial vendors and consultants offer
automated pavement distress analysis services and
collection vehicles. These techniques include sophis-
ticated sensors and analysis systems. The goal is to
collect network level distress data at highway speeds
and then process the data in the office. This method
has gained interest over the years since risk to the
pavement inspector and travelling public is minimized.
Currently the most common technique to collect pave-
ment distress data is through digital images and laser
profilers. This technology can also be leveraged for
APT. A laser profiler was added to FDOT’s HVS in
2001 to automate rut depth measurement (Byron et al.
2005). The system includes two 16 kHz laser profilers
mounted on either side of the HVS wheel. Collection
of profile data can be performed in less than 15 min-
utes and data analysis is automated. This enhancement
to the HVS has provided a highly accurate method
to determine a three dimensional profile of the entire
test section. Recently, a semi-automated image-based
crack analysis system developed and implemented as
part of HVS testing is expected to provide similar
benefits.

4.1 HVS camera system

The camera system used for crack measurements is a
National Instruments (NI) NI1742 GigE Smart Cam-
era and is mounted facing downward on a custom
fabricated bracket attached to the HVS load carriage.
The camera has a 533 MHz built-in processor, 128 MB
system memory, two gigabit Ethernet ports, 640 × 480
resolution (0.3 megapixel), two analog inputs and two
analog outputs. The distance from the pavement and
lens focal length were investigated to ensure adequate
coverage of the test section width. Despite the rela-
tively low resolution, this camera was selected for its
built-in processor, data storage capability and com-
patibility with the current NI software used in FDOT’s

Figure 2. NI Smart Camera and bracket.

HVS data collection system. These features greatly
assist with management of data over a limited network
bandwidth. Higher resolution cameras with these fea-
tures are available but were not considered at the time
due to cost. The camera and custom bracket are shown
in Figure 2.

4.2 Digital image collection process

Multiple images are necessary to capture the full test
section length. To automatically collect images, the
unloaded wheel carriage is moved from one end of the
test section to the other at 2 to 3 mph (3 to 5 km/h).
The camera includes input and output terminals that
can be used to trigger the image acquisition or trigger
other devices such as lights, valves, or other sensors.
A proximity sensor is used to detect targets installed
on the side rail of the HVS test beam and automati-
cally trigger the camera to collect images at predefined
distances. Camera scans are taken at regular pass
intervals in order to monitor crack development.

All HVS data is sent over one network and traf-
fic must be properly managed so that the network
is not overloaded. The digital images are stored in a
buffer on the camera and then split into smaller pack-
ets before they are sent over the network. The images
are then transmitted over a wireless bridge/router to
the main vehicle control unit (VCU) computer and
then to the host computer inside the HVS control room
for processing. The smaller packets are rejoined using
another program running on the host PC inside the
HVS control room and saved for further processing.

Since the camera is mounted in front of the tire, it
is not possible to obtain images representing the first
three feet of the test section. However, the first and last
three feet of the test section are typically excluded from
rut depth and crack measurements due to acceleration
and deceleration of the tire at these locations. At the
present time, cracks are marked with a silver paint
pen or light colored crayon prior to data collection.
It is anticipated that in the future, a higher resolution
camera will make fully automated analysis possible.
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Figure 3. Comparison of manual and image measured
simulated crack lengths.

4.3 Semi-automated crack analysis

All device control and image processing is done using
NI Vision Development software. NI software has pri-
marily been used for data acquisition, data processing
and machine control. The Vision Development soft-
ware was recently developed by NI as a result of the
growing need for automated inspection and image
analysis. It allows for quick and efficient program
development since it is a visual based programming
language.

Once the images are saved to a specified location on
the host computer the user can select all of the test track
images that will be pieced together to form a panorama
image of the tested area. During analysis the program
crops the outside edges of the image so that only the
applicable test track area remains. A grid of closely
spaced dots of known distance was used to correct
image distortion and also to programmatically trans-
form pixel coordinates to real world units.The program
applies a threshold to the image in order to detect the
cracks that are manually marked before the scan is
taken. The threshold identifies pixels within a defined
intensity range and selects them for further processing.
Since lighting is not controlled during the collection
of the images the threshold is manually set by max-
imizing the detected pixels and minimizing spurious
returns. Small objects that are smaller than a spec-
ified radius are filtered to minimize false positives.
Once the threshold is selected and applied, the pro-
gram recognizes detected adjacent pixels as a crack. A
subroutine joins adjacent crack endpoints if the cracks
are within 1 inch (25 mm) of each other and on the
same axis. Finally, the positions and lengths of the
cracks are determined. After processing, the image is
overlaid with position and length information for each
crack and the data is exported to an Excel spreadsheet.
Figure 3 shows a comparison of manual and image-
based measurements of simulated cracks. Lines were
painted on the test track to represent cracks oriented
in the transverse and 45◦ orientations. As the figure
suggests, the image-based measurements accurately
estimates the length of both sets of simulated cracks.

Figure 4. Crack progression due to different aging levels.

5 IMPLEMENTATION

Previous crack inspections of APT test sections con-
sisted of marking cracks with a paint pen or crayon,
measuring the location, length and direction of each
crack and then photographing the cracks. The crack
information was then manually entered into a spread-
sheet.This process becomes time intensive as multiple
cracks begin to develop and could be considered
potentially hazardous since the inspector has to crawl
under the HVS. Inspections of sections with advanced
cracking often took more than 30 minutes. In the semi-
automated technique, cracks are still highlighted with
a paint pen or crayon but a considerable amount of time
and effort required measuring the length and position
of cracks is no longer necessary. Furthermore, a sin-
gle panoramic image documenting the crack length
and position is provided.

The semi-automated crack analysis system was first
implemented during an experiment to investigate the
rate of cracking due to the effect of three different
aging levels. The APAS was used to apply accelerated
aging to these pavement sections. The effect of aging
on the asphalt material was characterized through lab-
oratory testing and APT. As each test was initiated
the test section was visually inspected for cracks in
the morning and in the late afternoon. Once an ini-
tial crack was observed the camera system was used
to document the crack location, length and direction.
During the remainder of the test the camera system
was used to analyze the crack development each morn-
ing after scheduled daily maintenance activities. At
this rate, cracks were typically imaged and analyzed
at increments of approximately 10,000 passes of the
HVS wheel load. Several hundred thousand passes are
often required for cracks to initiate and progress to
a sufficient level. Figure 4 shows the crack progres-
sion developed due to different aging levels. Aging
levels were defined by the total amount of time the
pavement was heated to 195◦F (90◦C) with the APAS.
Current crack initiation and propagation research has
focused on establishing appropriate pavement condi-
tioning levels in the laboratory and with the APAS to
represent aging levels seen in the field. Cores showed
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Figure 5. Material properties and crack initiation relation-
ships.

that the cracks generated from the bottom of the asphalt
and migrated to the surface. The asphalt material was
3 inches (7.5 cm) thick for all three sections. Figure 5
shows the relationships of laboratory tested material
properties and the initial observations of a crack on the
pavement surface. The brittleness index refers to the
ratio of the asphalt mixture’s indirect tensile strength
and failure strain. Recent research funded by FDOT
has suggested that ductile asphalt material has a brit-
tleness index of less than 1.0 while brittle material
has an index greater than 2.5 (Roque et al. 2012).
Figure 6 shows a portion of the panoramic image of
the test section conditioned using 1,000 hours of the
APAS. The crack position and length are overlaid on
the image.

6 OTHER IMAGE-BASED HVS APPLICATIONS

FDOT implemented a condition based HVS main-
tenance program to prevent failures and minimize
downtime.The primary focus of this program has been
to integrate additional sensors to the HVS to monitor
its “health” and performance. Following the success-
ful implementation of the image-based crack analysis
system, research has been initiated on the use of a
Matrox GatorEye camera to automatically inspect the
test track area. The camera, shown in Figure 7, is per-
manently installed at one end of the HVS test beam and
continuously collects images of the track. A program
developed with the NI Vision Development software
monitors the current test track image with a previ-
ously collected image for abrupt changes that might
be the result of a fluid spill or a test track obstruction.
Currently the program monitors the track for darker
areas that would represent spilled fluid. Lighting of
the test track is also being investigated to optimize the
monitoring program. Patches of sunlight on the track
throughout the day can interfere with the program’s
calibrations, so panels have been manufactured to help
ensure standard lighting.The future goal is for the pro-
gram to automatically detect significant changes in the

Figure 6. Processed image and information overlay.

Figure 7. Matrox GatorEye camera.

test track surface and activate an audible warning to
alert the HVS monitor for closer inspection.

7 SUMMARY AND RECOMMENDATIONS

FDOT has implemented an image based analysis sys-
tem to document the initiation and development of
cracks during APT research. The system provides a
method to accurately document the progression of
cracks throughout the accelerated loading period and
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reduces the manpower and time required to conduct
pavement inspections. Currently, cracks are still man-
ually highlighted with a paint pen or light crayon.
The crack analysis program determines the location,
length, and orientation of the highlighted cracks. To
eliminate manual inspection altogether, a higher reso-
lution camera is necessary to detect unmarked cracks.
It is anticipated that this process will continue to
improve with time and provide more accurate and
objective measurements of cracks.
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ABSTRACT: The Canterbury Accelerated Pavement Testing Indoor Facility (CAPTIF) has been measuring
elastic strain in unbound pavements for more than 40 years.This paper documents a brief history of the approaches
used at CAPTIF, the validation of the systems, the development of the latest system which has been built on
a scientific/industrial measurement platform from National Instruments (NI), and potential improvements into
the future.

1 INTRODUCTION

One of the fundamental measurements that have been
recorded at the Canterbury Accelerated Pavement
Testing Indoor Facility (CAPTIF) is elastic strains in
the subgrade and pavement. As New Zealand roads
consist primarily of thin surfaced, unbound granular
pavements, the sensors used for this measurement have
been inductive coil sensors because the free-floating
coils cause the least disturbance to the materials
compared with other strain-measuring devices. The
principal of operation involves the mutual inductance
coupling of two co-axial sensors embedded within
the subgrade or pavement layers. One of the coils
is excited with an alternating current signal (trans-
mitter coil). The other coil (receiver coil) returns an
induced alternating current signal due to the magnetic
coupling between them. The coupling is extremely
sensitive to axial spacing and hence can be directly
related to strain. CAPTIF has used and modified a vari-
ety of coil induction strain measurement systems, the
first reported measurements were published in 1972
(Patterson, 1972).The following is a summary of those
systems.

1.1 Bison system

CAPTIF started using the original ‘Bison’ equipment
in the early 1970’s. It had been developed by E.T Selig
at State University of New York at Buffalo (Selig,
1969). The Bison apparatus could measure one coil
pair at a time. A dial on the front of the device was
used to ‘null’ the signal before a voltage reading was
measured from an output using a voltmeter. It was

flexible in that it could be used at different spacing
ranges and could be used with different coil diame-
ters. By the early 1990’s, the Bison system at CAPTIF
evolved to include manual switching (multiplexing) of
coil pairs so that multi-coil pair installations could be
measured. A Hewlett-Packard datalogger was added
to record measurement values at high speed so that
resilient strains could be recorded.

1.2 Saskatchewan system

In the mid 1990’s a new coil measurement sys-
tem was purchased from DDR Technologies Ltd,
Saskatchewan, Canada. This system had been devel-
oped for the APT facility operated by Saskatchewan
Highways and Transportation Department. It used
coils produced by the Bison Company. The
Saskatchewan system had some advantages. It was
capable of measuring a vast number of channels by
daisy chaining together more electronic modules. The
system was controlled by a personal computer (PC)
with software written in the “C” language, which
could be altered to accommodate CAPTIF’s special-
ized requirements. The oscillation frequency of the
transmitter circuits was set to 150 kHz which caused
a fast generation and decay of the magnetic coupling.
This allowed a much faster switching time between
coil pairs and therefore many coil pairs could be mea-
sured in one pass of the vehicle. A disadvantage of the
system was that in order to enable the system to oper-
ate at higher frequencies each coil pair had to be tuned
to that frequency. Cable lengths (6 m) were critical to
achieve the ‘tuned circuit’ due to their capacitance.
Additional tuning circuitry was necessary to achieve
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the ‘tuned’ state. CAPTIF encountered a major prob-
lem with this system. The coils would tend to drift off
tune during a project and therefore did not match their
calibration equations. The Saskatchewan system was
abandoned when the Bison Company ceased operation
and production of Bison coils stopped.

1.3 Emu system

Around the year 2000, CAPTIF purchased the εmu
system developed by Nottingham University. The
εmu had manual controls and so in order to auto-
mate the system it was modified and a multiplexor
system developed to allow multiple channels to be
read. The multiplexor system and data acquisition was
achieved with the use of National Instruments (NI)
data acquisition cards installed inside a PC. Software
was developed using NI Labview. The NI hardware
and software proved to be both reliable and flexible.

Nottingham University provided instructions to
build the εmu system and its coils so CAPTIF was no
longer restricted to the use of Bison coils. The εmu
system employed a more traditional approach than
the Saskatchewan system and so avoided the tuning
problems. The CAPTIF implementation of this sys-
tem experienced electronic drift typically found with
custom built electronic designs of its era. The drift
did not effect the excellent capabilities of measuring
resilient strains; however, it limited it’s capability to
measure permanent (plastic) strains.

1.4 CAPTIF system

Since the NI hardware had proved reliable with the
εmu system, CAPTIF decided to investigate the use
of NI hardware for the coil excitation and signal con-
ditioning. The induction process occurring in the coil
pair functions in a very similar way to a common
displacement sensor known as the LinearVariable Dis-
placement Transducer (LVDT). NI produces a module
(SCXI-1540) specifically for controlling and measur-
ing LVDT’s and in 2006 this was trialed to assess
whether it would be suitable for strain coils. Initially
a selection of coils with different wire thickness and
numbers of coil turns was tested to determine which
coil design produced the best output. Once the coil
selection was determined, a high grade pre-amplifier
was developed to boost the signal from the receiver
coil to a range that was suitable for use with the SCXI-
1540. These trials were very successful. The system
proved very accurate, repeatable, and stable. The sta-
bility was such that CAPTIF felt confident that the
system could be used to measure permanent strains in
pavement tests, which was previously not possible in
previous systems because of the electronic drift.

Based on this successful trial, CAPTIF decided to
develop a complete system based on NI hardware.
This system comprised of an industrial NI PXI-SCXI-
chassis fitted with an embedded controller running a
Microsoft Windows operating system and NI Labview
software.

Figure 1. CAPTIF strain coil.

The chassis was also fitted with a multiplexor
switch, a data acquisition card and the SCXI-1540
LVDT module. A termination panel was designed for
connecting the coils and included the pre-amp cir-
cuitry. The industrial chassis and termination panels
are installed in a standard industrial cabinet.

2 HARDWARE

The CAPTIF system has been developed to measure
strains or displacements that occur between pairs of
inductive coils that are buried within pavement layers.
It can be used to measure the elastic strain generated
by moving vehicles and can detect permanent strains
caused by repeated vehicle loading.

2.1 Inductive coils

The inductive coils consist of a circular plastic disk
with a groove cut into the perimeter in which cop-
per wire is wound around to form an inductive circuit
(Figure 1).

The inductive coils are used as a pair. One of the
pair becomes the transmitter in which an alternating
current is driven from an electronic source. This has
the effect of generating an alternating magnetic flux
field around the coil. The receiver coil is placed within
this magnetic flux field and this causes an alternat-
ing current to be generated within the receiver coil.
This phenomenon is known as mutual induction. The
magnitude of the generated signal is proportional to
the distance between the coils. This relationship is
not linear (because the magnetic flux density gradi-
ent is not linear). The receiver coil output is measured
by electronic detection circuits. Thus a pair of coils
will provide a non-contact strain measuring device.
The magnetic flux occurring in the coil pair can be
influenced by metallic objects and external magnetic
radiation. It is advisable to keep moving metallic
objects at least 300 mm away. Where coils need to
be placed higher in the pavement large metallic mov-
ing objects will generate an additional response in the
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receiving coils which can be corrected for in later data
processing.

2.2 LVDT technology

LVDT’s are commonly used in scientific and indus-
trial applications. The electronic technology to mea-
sure LVDT’s has become very accurate and reliable.
LVDT’s use the same principle of operation as strain
coils, therefore it is possible to use the electronic cir-
cuits that have been devised to work with LVDT’s with
the strain coils. The NI SCXI-1540 is an electronic
module that has been specifically designed to measure
LVDT’s. It includes electronic circuits that generate
alternating current sources for excitation of sensors
as well as signal conditioning circuits for detecting
alternating current signals.The SCXI-1540 is the heart
of CAPTIF system.

2.3 Hardware main components

The CAPTIF system consists of the following
components:

1. An NI PXI-1050 chassis. This is a combination
chassis that is divided into two parts. The first
part accepts PXI format cards. The second part
accepts SCXI-format signal conditioning cards.

2. An NI PXI-8184 embedded controller, which acts
as a stand alone computer. It runs a real time oper-
ating system and controls the PXI and SCXI-buses.
It runs the data acquisition and control software and
communicates via Ethernet connection to external
computers. It has onboard memory and a hard drive.

3. An NI SCXI-1540 LVDT module (described
above).

4. An NI PXI-6221 data acquisition card (DAQ),
which converts the analog signal output from the
SCXI-1540 to digital data.

5. An NI PXI- 2576 multiplexor to enable switching
of the coil pairs to the SCXI-1540.

6. A CAPTIF designed termination panel, which
provides coil cable connectors and connects via
ribbon cable to the PXI-2576. It also incorporates
the CAPTIF designed pre-amplifier circuit that
boosts the receiver coil signal before entering the
SCXI-1540.

2.4 Hardware operation

The transmitter coil of each inductive coil pair is
routed from the termination panel via the PXI-2576
to the excitation terminals of channel zero on the
SCXI-1540. The excitation signal is a 10 kHz 3.5Vpp
alternating current signal. The transmitter coil induces
an alternating current signal in the receiver coil, which
outputs a very small voltage in the region of 30 mVrms
at 75 mm coil spacing. This signal is routed from
the termination panel via the PXI-2576 back to the
CAPTIF pre-amplifier on the termination panel which
feeds directly into the channel zero input terminals of
the SCXI-1540. The pre-amplifier has a fixed gain of

100. The SCXI-1540 has gain set to one. The output
from channel zero of the SCXI-1540 is read in the
PXI-6221 DAQ. The voltage range is set to ±5V for
plastic strain measurements.

To measure resilient strains, the static-loaded coil
voltage is first measured.An equivalent voltage is then
applied from an analog output to the non-referenced
single ended (NRSE) input on the PXI-6221. Then
the dynamically loaded coil voltage is measured with
respect to this NRSE input. Therefore the difference
between the initial static-loaded coil voltage and the
changing coil voltage generated by the transient load
can be measured. Because the voltage difference is so
small the range is set to±200 mV, which allows a much
higher resolution of the very small resilient strains.

The PXI-2576 is configured to be a dual 32 × 1
multiplexor. This allows up to 32 transmitter coils and
32 receiver coils to be routed to the SCXI-1540. A
coil pair sequence is pre-programmed into the soft-
ware. The multiplexor is set to the first coil pair and a
static-loaded coil voltage is measured (this is used as
the reference for the resilient strain measurement). As
a vehicle approaches it triggers a photo-electric sen-
sor (SUNX VF2-RM5-3). The photo-trigger is input
into the trigger terminal on the PXI-6221, which ini-
tiates a dynamic measurement to be taken. The coil
pair is sampled continuously at an appropriate speed
to enable a trace of the resilient strain to be recorded.
Once the measurement is taken the multiplexor is
set to the next coil pair.The process of taking an static-
loaded coil measurement and a triggered resilient
strain measurement repeats until all the coil pairs have
been measured. For a 32 pair coil array this will take
32 passes of the vehicle.

2.5 Resolution specifications

The NI PXI-6221 employs a 16 bit analog to dig-
ital converter (DAC). The CAPTIF system utilizes
the DAC in two modes. When taking a plastic strain
measurement the DAC is set to an input range of
±5V. Therefore the calculated resolution will be
10V/2ˆ16 = 152.6 uV. At a coil spacing of 75 mm
a 152 uV change in output is approximately equal
to 0.009 mm. This equates to 118 microstrain. When
taking a resilient strain measurement, the range of
the DAQ Card is set ±0.2V. The calculated reso-
lution will be 0.4V/2ˆ16 = 6.1 uV. This equates to
4.72 microstrain. However, due to electrical noise
these calculated resolutions cannot in practice be
achieved.

2.6 Practical resolution

All analog sensors and electronic devices have an
inherent electrical noise, which is superimposed on
the signal of interest. Electronic amplifier circuits
will also amplify the noise as well as the signal. The
CAPTIF system in the resilient strain measurement
mode records about 5 mV of noise at a 75 mm coil
spacing. In order to determine strain resolutions less
than 500 microstrain it is necessary to process the data
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Figure 2. CAPTIF test facility.

to remove the noise. This can be done in post pro-
cessing of the captured raw data or can be done by
using the inbuilt software filter. Using the inbuilt fil-
ter, resilient strains of less than 50 microstrain can
typically be resolved. It may be possible with the use
of more sophisticated hardware and software filtering
to remove more electrical noise and get resolutions
closer to the calculated hardware resolutions.

2.7 Improvements

CAPTIF is about to trial a higher specification data
acquisition card, the NI-PXI-6289. The analog to dig-
ital converter is an 18 bit device. The calculated
resolution would then be 29.5 microstrain for plastic
strain measurements.The smallest range on this device
is ±0.1V, which equates to a calculated resolution
of 0.59 microstrain for resilient strain measurements.
Practical limits due to electrical noise need to be
considered; however, some improvement is expected.
The PXI-6289 has onboard hardware filters to remove
noise, which will be experimented with.

3 SOFTWARE

The CAPTIF system uses custom software to provide
control, data acquisition, data storage, and commu-
nication. The software has been written using NI
Labview. The embedded controller runs a Windows 7
operating system. Drivers are loaded on to the con-
troller and allow operation of the PXI hardware by
the Labview software. The software was developed on
the PXI controller and runs remotely from a PC over
Ethernet.

3.1 A typical CAPTIF project and coil layout

The CAPTIF APT facility (Figure 2) consists of a
circular concrete tank in which a pavement is con-
structed. The circular pavement is normally divided
into six sections (Figure 3). Each section can be a
different pavement material. A test machine with a
rotating chassis and two loading vehicles is mounted
on a central pedestal. A photoelectric beam is used on
each section of pavement to act as a trigger for the data
acquisition when a vehicle passes through it.

A common coil layout (Figure 4) used at CAP-
TIF captures strains in thee dimensions. The main

Figure 3. Plan view of typical CAPTIF pavement layout.

vertical stack has seven pairs and will extend through
the basecourse and the subgrade material. Two fur-
ther stacks are arranged around the main stack so
that longitudinal and transverse strains can be mea-
sured. These ‘side’ stacks also measure the vertical
strains and act as a check against the main stack. Each
section of the pavement will contain at least one of
these arrays and measurements will be triggered by a
specific photo-detector for that array.

3.2 Software programs

CAPTIF has developed three software programs for
the system. All programs access a pre-configured lay-
out file. This file is resident on the hard disc drive and
has all the information pertaining to the coil pair array.
It includes a unique pair number, the transmitter and
receiver coil numbers, and what multiplexor circuits
they are connected to.

3.2.1 Calibration software
This software is used for calibrating the coils and is
used with the coil calibration jig (Figure 5). A pair is
selected from the layout file and then measurements
are recorded at pre-determined coil spacings (Table 1).
The relationship between the coil spacing and volt-
age output is logarithmic and the software calculates
a calibration equation that takes the form:

where: y = mm, and x = volts (Figure 6).

3.2.2 Static strain software
This software is used to log plastic strain measure-
ments from the coil sensors. It is normally left run-
ning continuously during the life of the project. At a
pre-determined lap or time interval a sequence is
initiated whereby all the coils in the array are measured
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Figure 4. Cross section of coil array used at CAPTIF.

Figure 5. Jig used to calibrate the strain coil pair.

and recorded. A plot of displacement values with load
cycles at each coil pair (Figure 7) is produced with the
data.

3.2.3 Dynamic strain software
This software records the resilient strains caused by
separate loading events and has been designed to suit
the operation of the CAPTIF test track facility. A typi-
cal resilient strain record for a single coil pair is shown
in Figure 8. In this case the coil data has been directly
converted to displacement (mm) and data has been
captured as a trace of 4,000 samples at a sampling
frequency of 3,000 samples/sec.

The user has control over a number of parameters:

• Rate: This is the number of samples per second that
the data acquisition system will record. A higher

Table 1. Typical calibration data.

Date: 12/09/2010
Pair: S
tx coil no: 1
rx coil no: 2
plane: V
tx mux: 19
rx mux: 52
80 3.4293
78 3.6624
76 3.9172
74 4.1955
72 4.5003
80 3.4286
78 3.6623
76 3.9165
74 4.1950
72 4.4989
80 3.4274
78 3.6635
76 3.9181
74 4.1973
72 4.5010

Cal curve equation mm =Aln(X) + b
A: b: scale: residue:
−29.286 116.029 0.01902 0.0014

Figure 6. Typical calibration curve.

Figure 7. Load cycles vs. change in coil pair spacing at coil
pair mid points.

sampling rate gives a higher temporal resolution to
the event.

• Samples per channel: Sufficient samples must be
recorded to capture the whole transient event.
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Figure 8. Output from dynamic strain software.

• Start delay: A time delay is normally entered so
that recording does not start immediately after
the photo-detector has been triggered. This vehicle
takes a finite time to reach the coil array after pass-
ing through the detector. Data collected during this
passage would be redundant.

• Laps: The number of vehicle laps to record in the
data file.

• Input range: Enables selection of high or low
resolution.

• Use photo-trigger?: The data capture can be initi-
ated by a photo-trigger or a software trigger.

• Save: Saves the data to a file
• Filter: Employs a software filter to remove

unwanted noise. This filter applies a 16th order
Butterworth filter with a pass-band of 0.45 Hz to
10 Hz. It is only used in this case to smooth the data
for viewing. The un-filtered data is saved to file for
later processing by the project researchers.

The dynamic strain software operates as follows:

1. The setup parameters for the test are entered on
the front panel.

2. The vehicle is run up to the required speed.
3. The software is ‘RUN’.
4. The software loads the coil layout file.
5. The software switches in the first pair of the array.
6. The software waits for a trigger.
7. Data is acquired for that pair.
8. The software plots a graph of the coil voltage

measured.
9. The software then switches to the next coil in the

layout file and waits for a new vehicle trigger.
10. The process is repeated until all the coil pairs have

been tested.
11. The full set of coils will be tested again a number

of times according to the number of LAPS set.
12. A data file is stored on the hard disk.

The data file is stored on the PXI machine disk.
The data is the raw displacement (mm) measured from
each coil pair. A peak strain value is also calculated
and recorded.

The dynamic strain software is run at pre-
determined ‘lap intervals’during the life of the project.

Figure 9. Load cycles vs. peak vertical strain at coil pair
mid points.

Figure 10. Depth vs. peak vertical strain at varying load
cycles.

After the resilient strains have been recorded the
dynamic strain software is stopped and the static strain
software is set running again to record the plastic
strains.

Figure 9 presents the peak vertical compressive
strain for a stack of coils during the early stages of
a project. The break in readings at 35,000 cycles indi-
cates where a thin surface was applied and the load on
the vehicles was raised from 40 kN to 50 kN.

A more traditional plot of strain with depth is pre-
sented in Figure 10. The brake in the plot illustrates
the change from the unbound basecourse layer to the
subgrade layer.

4 VALIDATION

4.1 Static strain validation with profilometer

Figure 11 presents a comparison of the change in coil
spacings against vertical surface deformation (VSD),
which was measured on the pavement surface with
a transverse profile beam. There is a strong rela-
tion between the surface measurements and the coil
changes, as expected. The relationship is not one to
one because the coil pairs do not extend fully to the
bottom of the concrete tank (pavement boundary), do
not extend fully to the surface of the pavement, and
are slightly offset from the peak VSD reported.
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Figure 11. Vertical surface deformation vs sum of coil
spacing changes.

4.2 Dynamic strain (Emu system) validation with
surface deflectometer and Falling Weight
Deflectometer (FWD)

In order to verify the accuracy of the εmu soil strain
system, the measured strains were integrated over
the depth of the pavement and compared against
the surface deflections measured with the CAPTIF
Deflectometer (a modified Benkelman beam with
continuous deflection readout) and a Dynatest FWD
(Steven, 2005). In order to reduce the effect that the
vehicle speed might have on the results, the strain
data for comparing the deflectometer results was cap-
tured when the loading vehicles were moving at a
steady speed of 6 km/h over the coils. The strain
data for the FWD results was captured as the FWD
was dropped over the coils. The pavement response
was measured under three different loading config-
urations for the deflectometer check and under four
different drop heights for the FWD check. These
checks were done on the pavement constructed for the
CAPTIF PR3-0404 research project after the applica-
tion of 600,000 load cycles. The pavement construc-
tion was 25 mm asphalt wearing course over 275 mm
premium aggregate basecourse over silty subgrade
with a California Bearing Ratio of 10%. In order
to integrate the measured strains over the full depth
of the pavement, several assumptions were made to
account for the sections of pavement that were not
monitored by the soil strain system.These assumptions
were:

– To calculate a linear regression for the basecourse
strains, the resulting line of best fit was extrap-
olated to the top of the basecourse and to the
basecourse/subgrade interface. A linear extrapola-
tion was chosen because the strains measured at
the three depths showed that the strains varied
linearly with depth;

Figure 12. Strain profile at Station 9 for 50 kN/850 kPa
wheel load at 6 km/h, PR3-0404 pavement.

– There was zero strain in the thin asphalt concrete
layer. This layer was 30 mm thick, therefore any
compression of the layer would be small com-
pared to the overall deflection/compression of the
pavement structure;

– To fit a straight line to the top two strain points
in the subgrade and to extrapolate this line up to
the basecourse/subgrade interface to determine the
strain at the top of the subgrade, and

– The strain decreased at a constant rate from the
measured value at lowest coil pair to a value of zero
at the bottom of the pavement tank (1,500 mm).

The different steps in the computations carried out
to integrate the strains are detailed below:

1. The as-constructed thicknesses of the asphalt
concrete and basecourse layers were determined
from the construction records.

2. The actual strain coil depths below the surface were
calculated from the construction records.

3. A straight line was fitted to the basecourse strains
(three values) using a least squares method.The fit-
ted line was extrapolated to the asphalt concrete/
basecourse and basecourse/subgrade interface
depths in order to determine the basecourse strains
at the top and bottom of the basecourse layer.

4. The extrapolated basecourse strains were inte-
grated over the thickness of the basecourse layer to
calculate the compression in the basecourse layer.

5. A straight line was fitted to the top two strain points
in the subgrade and this line was extrapolated up to
the basecourse/subgrade interface to determine the
strain at the top of the subgrade.

6. The subgrade strains were integrated over the
gauge length of the coil pairs and summed to
calculate the compression in the subgrade layer.

7. The calculated deflections were compared with the
measured deflection from the loading vehicle or
FWD.

A representative plot of the strain versus depth and
the lines that are fitted to the strains is shown in Fig-
ure 12. The area under the dashed line is calculated in
order to determine the surface deflection. A summary

119



Table 2. Results from strain integration calculations for a
rolling wheel.

Station 9
Load/Pressure (kN/kPa) 40/650 40/850 50/850
Integrated deflection (mm) 1.155 1.205 1.388
Deflectometer deflection (mm) 1.065 1.098 1.281
% Difference 8.5% 9.8% 8.4%
Absolute difference (mm) 0.090 0.107 0.107

Station 23
Load/Pressure (kN/kPa) 40/650 40/850 50/850
Integrated deflection (mm) 1.139 1.161 1.349
Deflectometer deflection (mm) 1.167 1.146 1.310
% Difference −2.4% 1.3% 3.0%
Absolute difference (mm) −0.028 0.015 0.039

Station 37
Load/Pressure (kN/kPa) 40/650 40/850 50/850
Integrated deflection (mm) 0.855 0.860 1.039
Deflectometer deflection (mm) 0.710 0.686 0.805
% Difference 20.5% 25.3% 29.0%
Absolute difference (mm) 0.145 0.174 0.234

of the calculations for the strain/deflections measured
by the deflectometer is shown in Table 2.

The calculated results for Stations 9 and 23 are
within the range of −2.4 to +9.8% of the measured
values. This is considered an acceptable result given
the various assumptions that were made. The calcu-
lated results for Station 37 show a greater variation
against the measured values, with calculated values
ranging from 20.5 to 29.0% of the measured values.
A possible reason for the bigger percentage difference
for the Station 37 results is that the actual deflection
and strain values are lower than the other two stations
(approximately 0.73 versus 1.18 mm and 1,151 versus
2,355 and 3,960 microstrain for the average strains at
the top of the subgrade), and any inaccuracies in the
assumptions will have a bigger effect on the computed
deflections.

The same procedure was followed for the FWD
measurements. In this test, the FWD weights were
dropped from four different heights and the response of
the strain coils was recorded for each drop height. The
FWD contractor carried out the testing in two visits to
the CAPTIF facility. Due to other work requirements,
the contractor was required to use two different FWD
machines for the two visits, even though the visits were
only three days apart.

A summary of the calculations for the strain/
deflections measured by the FWD is shown in Table 3.
The deflections obtained by integrating the strains
from the FWD loading show a greater difference with
the deflections measured by the FWD device. For this
comparison, the differences are up to 25%, although
most (13 of 16) of the differences are 15% or less and
14 of the 16 measurements have differences that are
less than 0.150 mm.

In conclusion, these measurements show that the
strains measured by the εmu soil strain system are
realistic, and that they can be verified against an
independent measurement method.

Table 3. Results from strain integration calculations for
the FWD.

Station 9 (FWD A)
FWD load (kN) 25.3 33.2 51.8 71.7
Integrated deflection (mm) 0.735 0.947 1.369 1.773
FWD deflection (mm) 0.642 0.837 1.200 1.426
% Difference 14.5 13.1 14.1 24.3
Absolute difference (mm) 0.093 0.110 0.169 0.347

Station 23 (FWD A)
FWD load (kN) 23.8 31.2 48.3 67.6
Integrated deflection (mm) 0.624 0.808 1.219 1.556
Deflectometer deflection (mm) 0.578 0.765 1.184 1.413
% Difference 8.0 5.7 3.0 10.1
Absolute difference (mm) 0.046 0.043 0.035 0.143

Station 9 (FWD B)
FWD load (kN) 20.3 42.5 57.1 70.8
Integrated deflection (mm) 0.603 1.129 1.424 1.658
Deflectometer deflection (mm) 0.502 1.023 1.324 1.550
% Difference 20.1 10.3 7.5 7.0
Absolute difference (mm) 0.101 0.106 0.100 0.108

Station 37 (FWD B)
FWD load (kN) 20.4 42.7 57.5 71.3
Integrated deflection (mm) 0.473 0.811 1.034 1.216
Deflectometer deflection (mm) 0.359 0.713 0.899 1.067
% Difference 31.8 13.7 15.0 13.9
Absolute difference (mm) 0.114 0.098 0.135 0.149

5 CONCLUSIONS

CAPTIF has used, evaluated and modified various
strain coil systems over many years. Each system
has provided useful and appropriate data accord-
ing to the state-of-the-art technology of the day.
This data has been validated with data output from
other measurement devices. Some coil systems proved
better suited for resilient strains and others for plastic
strains. CAPTIF’s new system, using ‘off-the-shelf’
electronic modules has excellent stability and reso-
lution. It provides the best performance to date for
combined resilient and plastic strain measurement.
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ABSTRACT: This paper presents an experiment conducted on the pavement fatigue carrousel of IFSTTAR.
Several defects (debonded areas or transverse vertical cracks) were intentionally incorporated during construc-
tion. Before the start of the loading planned in March 2012, different non-destructive test techniques were used
to detect and locate these artificial defects. Two different electromagnetic wave techniques were tested: Ground
Penetrating Radar (GPR) with horn or coupled antennas and a higher frequency system (step frequency radar).
Deflection basin measurements with a Falling Weight Deflectometer (FWD) were also taken. Another technique
based on Frequency Response Function (FRF) in intermediate frequency domain (100–10,000 Hz) to detect and
locate the defects showed interesting results. Further measurements will be made with these different techniques
during the experiment to assess the evolution of the defects. It will also allow comparison of the ability of each
technique to detect such damage, to precisely quantify their limits of application, and to optimize the survey
process of roads.

1 INTRODUCTION

The French road network mostly completed more than
30 years ago, and consists mainly of old bituminous
pavements. Some of them have also been maintained
several times with thin overlays (less than 8 cm thick).
On these pavements, considerable damage such as
potholes and alligator cracking has been observed
in recent years, in particular after periods of heavy
rain or freeze/thaw. Frequently, this type of damage is
assumed to be associated with moisture effects linked
to interface debonding between the overlays and the
old pavement. These debonding mechanisms have a
large influence on the residual life of the pavement,
and thus their early detection is a very important issue
for pavement maintenance (Savuth, 2006).

To detect such interface damage, selected non-
destructive techniques (NDT), such as electro-
magnetic techniques (ground penetrating radar,
step-frequency radar, or infra-red) or mechanical
techniques (from static deflection and radius of cur-
vature measurements to seismic wave propagation
methods), appear as promising approaches.They could
also be efficient to detect and survey internal cracks.

This paper compares measurements with differ-
ent NDT to detect and locate debonding and internal
cracks, performed before the start of an experiment
carried out on the large pavement fatigue carrousel of
IFSTTAR in Nantes. These techniques will be used
to survey the roadway during the planned loading
phase.

2 DESCRIPTION OF THE FULL SCALE
EXPERIMENT

2.1 Description of the accelerated testing device

The pavement fatigue carrousel of IFSTTAR (Fig-
ure 1) is a large scale circular outdoor test facility,
unique in Europe by its size (120 m long) and load-
ing capabilities (maximum loading speed of 100 km/h
equating to a loading rate of one million cycles per
month). Different to most ALT equipment, it is able to
test pavements to failure in a few weeks. The machine
comprises a central motor unit and four arms that can
be equipped with different wheel configurations. The
circular test track can be divided into several differ-
ent test sections, loaded simultaneously. The width of
the test track (6 m) allows for the application of traffic
loads on the same track at two different radii.

2.2 Description of the test site

This study is part of a full scale experiment started
on the test track in March 2011, investigating low
traffic pavements with two different thicknesses of
asphalt layer, namely 8 cm and 14 cm. A quarter of
the fatigue test track has been dedicated to this study
(Sector B). This 25 m long pavement section, consists
of two bituminous layers (8 cm thick base layer, and
6 cm thick wearing course), over a granular subbase.
Several types of defects were intentionally incorpo-
rated into the base layer or at the interface between the
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Figure 1. The pavement fatigue carrousel at IFSTTAR.

two asphalt layers. A vertical crack was also included
in a hydraulic pavement on another sector. The verti-
cal crack was made by sawing the hydraulic base layer,
and then covering it with a new 4 cm thick bituminous
overlay.

The experiment will be performed in two parts. The
first part consists of loading the outer radius (19 m),
during 1.2 million load cycles (Hornych et al., 2012).
This first part of the experiment is outside the scope
of this paper, and concerns mainly the testing of pave-
ments with geogrid reinforcement. The second part
will start in the spring of 2012, and will consist of
loading the inner radius (16 m), where the section with
defects is located. Before the start of the loading on
the inner radius, different non destructive techniques
were performed to evaluate the initial state of the pave-
ment, and to evaluate the capacity of the equipment to
detect the defects. The results of these initial tests are
presented in this paper. Similar tests will be performed
during the accelerated test, to characterize the state of
the different defects after different numbers of loads,
until the failure of the pavement.

2.2.1 Material characteristics and pavement
construction

The pavement structures were built on the existing sub-
grade of the test track, which is sand with 10% fines,
and sensitive to water. The modulus of this subgrade
is approximately 70 MPa.

The structure built on this subgrade includes the
following layers:

– A granular subbase consisting of 30 cm of
0/31.5 mm unbound granular material (UGM).
After construction, this base was covered with a
spray seal.

– A bituminous base layer, consisting of 8 cm of road
base asphalt material (RBA) (0/14 mm grading).

– A bituminous wearing course, consisting of 6 cm of
bituminous concrete (BC) (0/10 mm grading).

The main characteristics of the bituminous mate-
rials are given in Table 1. Complex modulus tests on
trapezoidal specimens (NF EN 12 697-31 2008) were
performed on the two bituminous mixes. The standard
elastic moduli obtained for the two materials at 15◦C
and 10 Hz are also given in Table 1.

Table 1. Composition and characteristics of the bituminous
mixes.

Fractions BC (Class 2) RBA (Class 3)

0/2 (%) 29.3 32.47
2/6 (%) 25.52 19.1
6/10 (%) 38.75 9.55
10/14 (%) – 33.43
Filler (%) 0.95 0.95
Bitumen 30/50 (%) 5.5 4.49
E Modulus (MPA) 11,320 12,670

Table 2. Different defects and characteristics introduced
into test track.

Dimensions, m Position, m,
Defect (length × width) R = 16 m
zones Type (m) along radius

I-1 sand 0.5 × 2.0 2.5, 3.0
I-2 geotextile 0.5 × 2.0 3.5, 4.0
I-3 tack coat free 0.5 × 2.0 4.5, 5.0
I-4-I-9 geotextile 0.5 × 0.5 6.5, 9.0
I-10 geotextile 3.0 × 1.0 9.5, 12.5
I-11 sand 1.5 × 2.0 13.5, 15.0
I-12 geotextile 1.5 × 2.0 17.0, 18.5
I-13 tack coat free 1.5 × 2.0 20.5, 22.0

2.2.2 Debonded interface
The construction of the pavements was carried out by
a road construction company, using standard equip-
ment. Rectangular debonded areas of different size
and longitudinal or transversal direction were created
artificially, using different techniques (sand, plastic
film, or absence of tack coat) and are summarized
in Table 2. They are located at the interface between
the two bituminous layers. Figure 2 presents a photo-
graph of the debonded areas before the wearing course
construction.

The debonded areas I-1, I-2 and I-3 are 2 m wide
and 0.5 m long, and centered on the radius of 16 m. I-4
to I-9 are small defects, 50 × 50 cm, with a geotextile
interface, located in and outside the wheel paths. I-
10 is a 3 m long by 0.5 m large defect, centered in the
wheel path. I-11 to I-13 are bigger debonded areas, 2 m
wide by 1.5 m long, with different types of interface
(sand, geotextile or without tack coat).

Figure 3 shows a map of the experimental sec-
tion, with the location of the different defects. These
defects were centered on the radius R = 16 m, which
corresponds to the centre of the wheelpath when the
pavement is loaded. The total width of the wheelpath
(with lateral wandering) will be approximately 1.0 m
(between 15.5 m and 16.5 m).

2.2.3 Artificial cracks
A transverse vertical crack was introduced by saw-
ing in another sector of the test track, where an
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Figure 2. Interface defects before wearing course construc-
tion.

older pavement structure was retained from a previ-
ous experiment (Figure 4). The structure included the
following layers:

– 20 cm of a granular subbase of 0/20 mm unbound
granular material;

– Part of an old bituminous base layer, consisting
of 4 cm of Road Base Asphalt Material (0/14 mm
grading);

– A base layer consisting of 13 cm of a Fiber Rein-
forced Cement Concrete (FRCC);

– A bituminous wearing course consisting of 4 cm of
bituminous concrete (0/10 mm grading).

The wearing course was milled off in a square area
of 2 m by 2 m. The FRCC base layer was then sawed

Figure 3. Map of the different debonded areas in sector B.

Figure 4. Sawing of a transverse vertical crack inside the
fiber reinforced cement concrete layer.

with a 2.5 mm thick disk to a depth of 40 mm. Finally,
a new wearing course was laid on this area to cover the
internal crack. Other vertical cracks may be created
during the experiment.

3 PAVEMENT INVESTIGATION

The main objective of the experiment is to compare dif-
ferent NDT techniques (FWD, inclinometer, Colibri,
radar) used to detect different geometrical characteris-
tics of artificial defects. Other objectives are to follow
the evolution of the defects during loading, and to eval-
uate their effect on pavement performance. This will
be helpful in optimizing pavement monitoring with the
different NDT methods.
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It is planned to:

– Characterize the initial state of the pavement (these
results are presented in this paper).

– Repeat the NDT tests after different load levels:

• After 10,000 loads, when the structure is consol-
idated;

• After 50,000, 100,000 and 150,000 loads to
survey the structure;

• When visual surveys indicate the start of distress
in the structure (e.g., cracking, rutting).

– Analyze in detail the final state of the pavements,
using NDT tests, and also by coring and excava-
tion of trenches, to compare the actual state of the
pavement with the NDT results.

The structure will be investigated using the follow-
ing methods:

– Three radar devices: two classical with a coupled
2.6 GHz antenna and a Horn 2.0 GHz antenna, and a
step frequency radar which uses a network analyzer;

– The Colibri apparatus, which is based on the fre-
quency response function (FRF) presented below;

– FWD tests, to estimate deflection basins under a
dynamic load;

– Inclinometer measurements, to estimate the radius
of curvature of the deflection basin under a rolling
load.

– Benkelman beam, to measure the deflection basin
under a rolling load.

The project will also consider evaluating other NDT
methods used in civil engineering such as impact echo,
pulse echo, wave propagation, infra-red methods, if
available technically feasible.

3.1 Radar probing techniques

Over the past few years, radar systems have emerged
as a powerful non-destructive testing (NDT) technique
for pavement surveys (Scullion, 1995; Saarenketo,
2000; Cardimonda et al., 2003; FHWA, 2010) includ-
ing assessing defects such as segregation, stripping,
and cracking (Forest, 2004). Radar systems have sev-
eral major advantages, such as a high data acquisition
rate and global monitoring through quasi-continuous
measurements. Radar systems take advantage of the
penetration capability of electromagnetic (EM) waves
to image any dielectric contrast within the subsur-
face. Within the scope of this paper, the capabilities
of the two existing radar techniques (i.e., pulse and
step-frequency radar) are compared on a qualitative
basis to detect debonding embedded in the pavement
section.

3.1.1 Radar measurement principle
As shown in Figure 5, the transmitting antenna (Tx)
sends a radar wavelet into the medium. Scattered
echoes are generated by any dielectric contrast within
the medium and propagate back to the receiving
antenna (Rx). The vertical structure of the pavement,

Figure 5. Radar principle and antenna configuration: The
zero-offset mode is the conventional radar configuration for
pavement survey, when Tx and Rx antennas are co-localized
at x=0; CMP radar configuration consists in moving Tx and
Rx apart at different x values (multioffset).

which provides a horizontally stratified medium, can
then be measured by the radar data through echo detec-
tion and amplitude analysis. At vertical incidence,
defining �t1 and v1 as the travel time and the wave
velocity, respectively, the thickness of a pavement layer
is given by the following equation:

Radar techniques typically require some core sam-
ples of the pavement structure to determine the wave
speed v1, with respect to the light speed cO. How-
ever, further amplitude analysis of successive echoes
enables the use of a coreless technique for which, the
wave speed v1 is retrieved from the echo amplitudes
A1 andA0, associated with the top surface echo ampli-
tude and the amplitude of the Tx pulse, respectively,
according to:

Radar data consists of vertical profiles of electro-
magnetic wave amplitudes (or A-scan) recorded at
each location along the track. The data vectors col-
lected along the track are gathered into a data matrix
which is called the B-scan image.

For detection purposes, data processing mostly aims
at selecting the maximum echoes from the vertical pro-
file (signal amplitude) and at performing accurate time
delay estimation. Layer thickness estimation is based
on the time delay of primary echoes.

3.1.2 Application to debonding
For the analysis of radar signals, a debonded interface
is considered as a thin layer with different electromag-
netic properties.A major limitation of radar techniques
remains in the size and thickness of this interface with
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respect to the wavelength as well as the time resolu-
tion. When the thickness of the defect is greater than
about half of the wavelength, (Derobert, 2004), two
separate echoes are generated, and the thickness of
the defect can be determined using Equation 1. When
defects are thinner than this limit, as is the case in
this experiment, the two echoes overlap each other,
merging into an apparent single echo with longer time
duration. According to (Gregoire, 2001), thickness up
to a tenth of the wavelength of the GPR pulses can still
be detected provided that accurate waveform analy-
sis at high signal to noise ratios can be completed.
The advanced signal processing techniques which have
been used to perform UTAS (ultra thin asphalt surface)
pavement survey in (LeBastard et. al., 2007) may over-
come the latter limitation by an additional approximate
factor of four.

Classical data processing used to date to detect
debonding in pavements consists of performing an
amplitude survey of the echo attached to the inter-
face between the wearing course and the base layer
(Simonin et al., 2012). Any spatial variation of that
echo amplitude along the radar profile (Bscan) with
respect to an intact zone would reveal debonded areas.
As shown in Section 3.1.4, the shorter pulses provided
by the step-frequency radar enhances the amplitude
variations due to overlapping echoes.

3.1.3 Pulse and step-frequency radar technologies
Impulse radar was the first technology used in the
GPR community. The pulse is usually a Ricker-type
with a smooth spectrum and without any zero within
the bandwidth, as shown in Figure 6 (bottom). In
the 1990s, step-frequency technology enabled larger
bandwidth and better measurement flexibility. Based
on a network analyzer, the Tx antenna successively
radiates monochromatic waves (i.e., one single fre-
quency at a time) into the road pavement. The received
signal is synthesized in the time domain by an inverse
Fourier transform. Network analyzers have increased
in speed and some commercial step-frequency radars
are now able to collect data at traffic speeds. Moreover,
step-frequency technology has moved a step further by
providing surface probing capability thanks to array
antenna technology and appropriate processing.

For the experiment, Tx and Rx antennas were set
20 cm apart and located 40 cm above the pavement
surface. Both systems have roughly the same footprint
on the pavement surface, i.e., the same spatial integra-
tion on the surface. A 2.6 GHz ground-coupled GSSI
antenna was also used for qualitative comparison. The
ground-coupled configuration insures better signal to
noise ratio and allows finer spatial resolution.

The first system uses GSSI impulse radar with
2 GHz air-coupled antennas. The antennas are fixed
to a trolley which is manually moved. A fine spatial
sampling is achieved (40 profiles per meter) and is
controlled by a survey wheel. A B-scan profile was
recorded along the radius 16 m (Figure 7a).

The second system is a step-frequency within a
bandwidth of 0.7 to 7.4 GHz and uses Vivaldi Rx and

Figure 6. Measured radar pulses in both the time (top)
and the frequency domains (bottom) for the two radar sys-
tems, i.e., the 2 GHz impulse radar (black line) and the
step-frequency system (thick gray line).

Tx antennas (Gibson, 1979; Langley et al., 1996).
The ultra-wide band antennas have been especially
designed for pavement survey application at the Elec-
tronics, Antennas and Telecommunications Labora-
tory (LEAT) at the Nice-Antipolis University. They
use the “stripline” technology, display a small lateral
dimension and yield a bandwidth of 800 MHz to 8 GHz
in a bi-static air-coupled configuration.This frequency
range induces a central frequency around 4 GHz and a
resolution about twice that of the impulse technique.
The antennas were mounted behind a car and the B-
scans were recorded over a smaller range from the I-13
defect to the end of the I-11 defect along the same
radius as before, i.e., 16 m. The B-scan profile in Fig-
ure 8b was collected at very low speed. The spatial
sampling only allowed four profiles per meter, due to
the data acquisition capacity, but plans are in place to
improve this sampling rate.

3.1.4 Experimental results on the carrousel
Figure 7a presents the radar Bscans which were
collected with the 2 GHz impulse radar along the
16 m radius. Qualitative comparison with the 2.6 GHz
ground-coupled radar is shown in Figure 7b.

Vertical white lines identify the different defect
zones shown in Figure 3. Four zones are labeled A
to D with the following defects: A – I-1 to I-3 (0.5 m
long defects), B – I-4 to I-9 (small square geotextile
defects), C - I10 (3 m long geotextile defects), D – I-
11 to I-13 (1.5 m large defects). Despite this marking,
data interpretation required further investigation.

The horizontal trace corresponds to the first echo
on the pavement surface.Vibrations of the trolley were
removed using conventional post-processing. The sec-
ond echo corresponds to the interface to detect distress
between the wearing course and the base layer. The
third echo corresponds to the bottom of the base layer.
The narrowest defects in RegionsA and B could hardly
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Figure 7. 2 GHz impulse air-coupled and 2.6 GHz impulse
ground-coupled B-scan radar images over the four defect
zones, A to D.

be detected.At the end of the B-scan, some hyperbolas
revealed embedded metal instrumentation within the
pavement.

For debonding detection, attention was focused on
the largest defects in Region D (I-11 to I-13 inTable 2).
Stronger echoes than expected were observed for I-
13 and will be investigated further with cores that
will be taken at the end of the experiments. Figure 8a
shows a magnified image of the I-11 and I-12 defects
to simplify the comparison with the step-frequency
Bscan shown in Figure 8b. Vertical white dashed lines
indicate the defect delimitations. The echo from the
interfaces between the wearing course and the base
layer are shown as white lines. This echo was auto-
matically detected by selecting the maximum of the
amplitude within an appropriate time window.

The amplitude variations of the echo along the dis-
tance are used to detect debonding. Then, taking the
echo on the zone with no distress between I-11 and I-12
as the reference signal, the two defects can be seen in
Figure 8 using both a smaller delay shift and some con-
trast in the signal amplitude.The variations of that echo

Figure 8. Bscan images obtained by the two radar technolo-
gies over the “D” zone shown in Figure 7, including sand
(I-11) and geotextile (I-12) interface defects; a) impulse radar
(zoom on Figure 7a); b) step-frequency radar.

Figure 9. Debonding detection on the Bscans shown on Fig-
ure 8: Variations along the longitudinal profile of the echo
amplitude attached to the wearing course interface.

along the longitudinal profile are shown in Figure 9.
For the 2 GHz impulse radar in Figure 9a, the location
of the defects is difficult because of both the noise and
the limited contrast amplitude over the defects (with
regards to the zone with no distress). In Figure 9b, the
shorter pulses provided by the step-frequency radar
enhance the amplitude variations over the debonded
areas. The amplitude variation is about five times
larger over the defects. Clearly, data interpretation of
the step-frequency Bscans is more intuitive and readily
reveals the location of the defects.

This first comparison of the different radar mea-
surement techniques shows the better efficiency of
ground-coupled antennas when locating small objects,
and the better capability of the step-frequency tech-
nique to detect debonded areas. However, the proposed
step-frequency procedure requires further optimiza-
tion to be used for routine measurements. Special
coring over the I-13 defect is planned at the end of the
experiments to investigate the origin of the stronger
than expected echo. Further data collection is also
planned over the embedded artificial crack (discussed
in Section 2.2.3).
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3.2 Impulse method based on frequency response
function

Several NDT methods use an impulse load to test struc-
tures. The characteristics of the impulse load lead to
different phenomena being observed, which are ana-
lyzed with different methods. A falling weight deflec-
tometer (FWD) impulse contains energy only in the
low frequency domain (<100 Hz). This method mea-
sures the deflection bowl from the centre of the load
to a distance up to 2 m. Other methods use measure-
ments further from the impulse position to estimate
propagation wave velocities (Rayleigh or Lamb) in a
higher frequency domain (several kHz). In the same
frequency domain, pulse echo or impact echo meth-
ods generate compression or shear waves close to the
impact point. These methods observe multiple reflec-
tions at layer interfaces to estimate bonding condition
or interface depth. Usually the load impulse is not mea-
sured. For intermediate frequency (100 to 10,000 Hz),
impulse loads can be measured and analyzed with a
modal testing theory (Ewins, 2000) to calculate the
Frequency Response Function (FRF). Based on IFST-
TAR experience, a methodology has been developed
to calculate a damage indicator sensitive to interface
damage or reflective cracking (Simonin et al., 2009a,c;
Simonin et al., 2012).

3.2.1 Principle of the method
Roadways constitute continuous structures on which
the complex frequency response function (FRF) can
be measured. The Colibri apparatus (Figures 10 and
11) is a completely automated system for dynamic
investigation of pavements. It includes:

– A hammer with a force-cell to measure the shock
application;

– An accelerometer placed at 0.10 m from the impact
to measure the surface response, held by a spring
mass system;

– An optical sensor to control the level of the impact.
– An engine to raise the hammer and produce the

impact.
– An electric jack enabling the lowering and raising of

the system on the road surface as well as the place-
ment of the sensors when the Colibri is mounted on
a vehicle;

– Electronics, data acquisition systems, and a com-
puter to manage the measurement sequences and to
store the data.

During a measurement sequence, the system is posi-
tioned on the road surface. The engine raises the
hammer to the appropriate level and then drops it,
applying a wide-band dynamic impulse to the pave-
ment to determine the inertance FRF, A(f ), at each
test point. The FRF is the ratio between the harmonic
acceleration response and the harmonic force. Signals
(force and acceleration) are recorded by the computer.
Usually, the test is repeated three times to achieve sat-
isfactory signal processing. If the system is mounted
on a vehicle, the computer controls the vertical dis-
placements of the Colibri system using the electric

Figure 10. Principle of dynamic investigation test.

Figure 11. The Colibri prototype.

jack, allowing automatic measurements at different
locations.

For a healthy structure, the impulse generates vibra-
tions of the whole pavement.When a structure includes
a defect (interface or crack), low frequency vibration
modes appear which correspond to the vibration of a
part of the structure (above the delamination or close
to the crack). The inertance modulus estimated for the
delaminated structure is higher than that of the healthy
structure, increasing at each eigen frequency. Thus, a
difference of inertance can be observed in a sensitive
frequency band. This band and particularly the lowest
frequency, depends on the characteristics of the defect
(extension, depth, nature).

3.2.2 Application to pavement investigation
Application to pavement investigation (Simonin et al.,
2009a,c) entails collecting the inertance function along
a roadway section. The process then compares the
FRF modulus by defining a reference FRF represen-
tative of the healthy structure and then identifying an
FRF which is significantly different from this refer-
ence function. It should be noted that the reference
function is related to the investigated roadway. Struc-
ture (materials and layer thicknesses) is assumed to be
homogeneous. The measurement variations are then
representative of the presence of damage, which lead
to a weaker structure.
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For each measurement point, i, a spectral analysis
of a series of tests is used to calculate the inertance,
A( f , i), and the coherence function, γ ( f , i), between
the pavement response and the applied solicitation.
These functions depend on the frequency, f , and on
the measurement point. The coherence function esti-
mates the dependence of the output signal compared
to the input signal. It is a real value ranging between 0
(no dependence) and 1 (full dependence). A minimum
threshold of coherence (usually 0.8) is chosen to val-
idate the calculation of the inertance. This threshold
can be adapted according to the specifics of the study.
For each frequency and each measurement point, the
FRF is validated if the coherence value is higher than
this threshold. Thereafter, the analysis is restricted
to the population of validated measurements. In a
homogeneous zone, data are then processed in two
steps:

– Estimation of a reference function representative of
the healthy structure;

– Calculation of a normalized damage.

To estimate the reference function modulus, it is
assumed that a part of the test was carried out in a zone
with no distress. This can be achieved by investigat-
ing an un-trafficked zone such as an emergency lane.
In practice the set of modulus, |A(fk , i)|, measured at a
fixed frequency, fk is usually considered.The reference
value at this frequency, |Aref (fk )|, is defined as a per-
centile of the selected population. The 20th percentile
is usually adopted, which allows obtaining a low value
representative of the healthy structure and eliminating
abnormal measurements. This set of reference val-
ues is used to build the reference transfer function
representative of the healthy structure, |Aref (fk )|.

Inertance modulus increases with frequency. The
FRF modulus, |A(fk , i)|, is normalized using the mod-
ulus of the reference function. For each frequency and
each measurement point, the damage, D(fk , i), is cal-
culated using Equation 3. This value varies between
0 and 1. The matrix, D, represents the damage on the
road section for the different frequencies. It can be
presented as a “damage map” where:

– The X-coordinate is the abscissa along the road
section;

– The Y-coordinate is the frequency band;
– Colors or level of gray represent the level of

damage.

3.2.3 Application on the test site
The Colibri prototype was used to investigate the
experimental pavement section with the different
debonded areas. A longitudinal profile at the 16 m
radius and several transverse profiles were investi-
gated. Measurements were made at points spaced at a

Figure 12. Results of Colibri measurements on the pave-
ment with defects (longitudinal profile).

distance of 0.05 m, and each individual measurement
included three impacts. A 2 m long profile was also
recorded above the internal crack.

Figure 12 shows the analysis of a longitudinal
profile at the 16 m radius. The picture shows the dam-
age level, as a function of the distance (X) and the
frequency (Y). The level of gray represents the dam-
age level from 0 (black) to 1 (white). The designed
debonded areas are indicated at the top of the picture.
The dynamic investigation method allows reasonably
accurate detection and location of the areas with
defects. The frequency range of the response also
appears to provide an indication of the nature of the
defect. Areas without tack coat, for instance, (I-3 and
I-13) are only sensitive to the higher frequencies. It
should also be noted that there is some difference
between the designed and measured position of the
defects.Three reasons could explain these differences.
First, they could be due to construction, as positioning
such objects during construction is always difficult.
Second, during construction, the geotextile or sand
could have been displaced by the finisher. Third, it
is difficult to position the Colibri system along the cir-
cular track with 1.0 cm accuracy. Measurement results
confirm that the Colibri system is able to detect and
locate the debonded areas and to make a distinction
between them.This confirms previous experience with
this methodology.

Figure 13 shows a longitudinal profile above the
vertical internal crack (2.5 mm wide, 40 mm deep) in
the FRCC base layer. A clear influence of this inter-
nal crack can be observed in the frequency range (500
to 2,500 Hz). Colibri results were also affected at high
frequency ranges (>1,500 Hz) at the end of the profile
(Distance > 0.5 m). A poorly bonded interface during
the construction explains this result. Colibri measure-
ments are therefore sensitive to vertical and horizontal
internal cracks.

3.3 Deflection basin measurements

Several devices are used to measure deflection basins.
Falling weight deflectometer, Benkelman Beam or
Lacroix Deflectograph are the most commonly used.
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Figure 13. Results of Colibri measurements on the pave-
ment with internal crack.

The load application is the main difference between
these devices. FWD applies an impulse dynamic load
and measures deflection at different distances from
this load while other systems use a rolling load and
measure the deflection bowl in a fixed point. If the
maximum deflection is a common indicator, other
deduced parameters cannot be compared. For example
the radius of curvature close to the maximum deflec-
tion can be estimated with a Benkelman beam or a
Deflectograph. It can’t be compared with the differ-
ence in deflection between the central sensors and
those at different distances form the load.

Measurement of radius of curvature is current prac-
tice in France. This parameter is more sensitive to
internal defects such as interface debonding than max-
imum deflection (Savuth, 2006; Simonin, 2009b).
An accurate measurement of the radius of curva-
ture usually uses an inclinometer (Queroy and Brun,
1974) which can be placed on the road surface or be
attached to the beam of a Lacroix deflectograph. FWD,
Benkelman beam and inclinometers are commonly
used to survey pavements on the fatigue test track.
Evolution of deflection and also radius of curvature
with time and distance will be estimated during the
experiment.

FWD tests were performed along a longitudinal
profile at the 16 m radius, on the pavement section
with defects. Four load levels were applied and the
test was repeated four times at each level. Figure 14
compares FWD measurements at the highest load level
(≈74 kN) along the profile. The first graph shows the
maximum deflection at each measurement point. The
second graph locates the debonded areas (and their
type) and the measurement points. Deflections varied
from 500 µm to 1,136 µm depending on the mea-
surement point. High deflection values were clearly
obtained above or close to the biggest debonded areas
(I-11, I-12, I-13). Small debonded areas were much
more difficult to detect, with deflection values close
to those obtained on areas without defects, except per-
haps for the measurement point situated between the
small defects I-4 to I-9. It is also difficult to precisely
locate the position of the defect, and to make a clear dif-
ference between the different defect types using only

Figure 14. Results of FWD measurements on the pavement
with defects (longitudinal profile).

Figure 15. Results of inclinometer measurements used for
crack detection.

the maximum deflection. The deflection bowl from
the seven sensors will be analyzed in detail later in
the study to try to identify other differences between
the measurement results. This will include spatial and
time analysis of the response of each sensor.

Another measurement technique that will be inves-
tigated in this experiment is the measurement of the
deflection bowl with an inclinometer under a rolling
load. A small measurement interval will be used with
this method to estimate the variation of the deflection
bowl in the presence of interface defects.

Some tests with the inclinometer method have
already been performed in a previous full scale exper-
iment, and gave interesting results. In that experiment,
a transverse crack was sawn in the base layer (bitumi-
nous material) and covered with a bituminous wearing
course 5 cm thick. The radius of curvature was esti-
mated with an inclinometer. Tests were performed
every 10 cm along a 2 m long longitudinal profile.
Figure 15 shows the measured values of the radius
of curvature. The internal crack is located close to the
abscissa 0.The level of measurement clearly decreases
at the distance 0 and 0.10 m which correspond to the
influence zone of the internal crack.
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In future experiments, use of the inclinometer is
planned for monitoring the evolution of cracks.A com-
parison with other techniques will be made.The results
could also be helpful to define a suitable methodology
for continuous deflection measurements, in relation
to prototypes which have already been developed
(Simonin, 2009b; Rasmussen, 2002).

4 CONCLUSION AND OUTLOOK

This paper presents the first part of an experiment
performed on the IFSTTAR APT facility to evaluate
the use of different NDT techniques for the detec-
tion of different defects (debonding, cracks), and their
evolution under traffic.

A pavement section with different artificial defects
(debonding, cracks) has been built and tests performed
using different investigation methods, before the start
of loading of the pavement. These first results show
some potential and limitations of the different meth-
ods, and will help to define adequate monitoring
procedures, with each apparatus. They also point out
some research needs.

Radar measurements are easy to perform even at
traffic speed to continuously detect layer interfaces and
calculate thicknesses. They can also give an indication
of the probability of interface debonding. The antenna
choice (central frequency) is of primary importance.
The SFR technique, which allows increasing the fre-
quency band, gives a high resolution picture which is
useful to detect internal debonding. It has also been
shown that contact antennas, analyzing a smaller sur-
face area, are more useful for detecting small defects.
Radar techniques are adapted to a first estimation of
interface state along a long itinerary. Some research is
still needed to optimize the individual signal or image
processing, to obtain an interface damage indicator.

Dynamic investigation with the Colibri prototype
confirms that the method is able to detect and locate
interface debonding or internal cracks, but at a much
slower measurement rate.A new apparatus will be fin-
ished in 2012, and will improve this aspect (about 5
seconds per measurement, compared with 40 seconds
presently). It will be possible to investigate several
hundred meter long sections to provide the road engi-
neer with a picture of the internal damage of the road
base and wearing course. The good results obtained
with this method have led to an interest in evaluat-
ing other mechanical methods in the dynamic domain.
The impact echo method or Rayleigh or Lamb wave
propagation methods could give absolute values of
the mechanical properties of the materials (Rayleigh
or compression wave velocity, mechanical impedance
of interfaces). However, measuring equipment would
need to be improved before these methods could be
satisfactorily used in pavement applications.

Maximum deflection measurements show sensitiv-
ity to the presence of debonding. However, this method
measures the global response of the whole pavement

structure, and consequently the measurements are sen-
sitive to the performance of all the pavement layers,
and not only to the specific defect being investi-
gated. A limitation of the FWD is that it applies an
impulse-dynamic load at fixed points and measures the
response at the surface and thus cannot be used to make
quasi-continuous measurements (i.e., every 10 cm for
example) to detect small debonded areas even if it
is sensitive to such defects. However, FWD remains
necessary to backcalculate the modulus of pavement
structures, including the subgrade.

Tests on theAPT section show that radar devices and
Colibri are able to detect and locate interface defects.
Colibri and inclinometer devices could be used to
detect internal cracks. During the loading phase, the
test site will be surveyed with the different methods to
evaluate the evolution of the defect with loading, and
to estimate when a method can be used to accurately
detect a defect (a damage level). Other methods such
as pulse echo and impact echo methods will also be
considered.
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ABSTRACT: The FAA developed and modified a truss profiler, which is independent of pavement profiles,
that is used to monitor rutting of flexible pavements at the NationalAirport Pavement Test Facility (NAPTF). The
truss profiler was developed to replace the more labor-intensive and time-consuming straightedge measurements.
Transverse profiles corresponding to the cumulative number of load repetitions applied during traffic tests were
measured using a laser displacement sensor mounted and running on a customized 20 m (66 ft.)-long aluminum
truss. The profiler is capable of measuring ruts caused by 10-wheel aircraft gear configurations having dual-
wheel spacing of 137 cm (54 in.) in two traffic lanes. Maximum transverse measuring width is 18.3 m (60 ft.)
and upheaval outside the wheel track areas is included in all rutting measurements. The profiles reported in this
paper were measured on a flexible pavement test track with a single 12-ft.-wide traffic lane. The collected profile
data was processed using an FAA developed computer program to calculate the maximum rut depth, upheaval,
and straightedge-simulated rut depth measured relative to the initial transverse (baseline) profiles. Trafficked
profiles were shifted vertically (and/or horizontally), and rotated to compensate for differences in the setup of
the profiler. The method of rut depth measurement is presented and the accuracy of the profiler is reviewed.
Possible errors in measurements such as truss fluctuations in temperature, structural curvature, and cross slope
of the pavement are identified. Detailed descriptions of the adjustment methods used to correct for the identified
errors are presented. The geometric changes of the transverse profiles are shown with increasing number of
load repetitions superimposed on the untrafficked baseline profiles. Analysis of the profiles shows the effects of
lateral wander, loading induced stress, and tire pressure on a Hot Mix Asphalt (HMA) pavement surface layer.
The processed rutting performance data obtained from the NAPTF test pavements are presented and discussed.
Specific discussions include characterization of HMA failures showing tertiary flows from the collected data.

1 INTRODUCTION

The Federal Aviation Administration (FAA) operates
the National Airport Pavement Test Facility (NAPTF),
a full-scale airport pavement test facility located at
the William J. Hughes Technical Center near Atlantic
City, New Jersey. Both flexible and rigid pavements
are constructed and tested at the facility. Permanent
deformation test results collected from flexible pave-
ments are presented in this paper. The procedures for
data collection and processing by an FAA developed
profiling system were used. Monitored accumulation
of the permanent deformation corresponding to the
number of repeated wheel load passes is analyzed.

The FAA’s profiling equipment, which runs on
rails at the sides of the test pavement, is operated
independently of the test pavement surface and was
developed to measure the permanent deformation from
wide aircraft gear configurations and wandering under
typical airport pavement loading conditions. The rut
depths with increasing load numbers, based on the

untrafficked baseline profiles at different test con-
ditions, are computed using geometric straightedge
simulations on the collected profile lines. The com-
puted rut depths from the simulation showed typical
HMA pavement performance, including tertiary flow.

2 TEST CONDITIONS

The flexible pavement was constructed on a CH clay
subgrade known as DuPont clay. The pavement struc-
ture consists of 43 cm (17 in.) of econocrete as a
stabilized base (P-306) (FAA, 2011) and a 13 cm
(5 in.) HMA surface layer (P-401). The HMA layer
was placed with two different mix designs. The mixes
used the same aggregate and aggregate grading, but
different asphalt binders. One mix had a straight PG
64-22 asphalt binder and the other had a polymer
modified PG 76-22 binder. A hydronic heating sys-
tem was embedded in the econocrete at its base to
control the temperature of the HMA at a temperature
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Figure 1. Trafficking conditions for the high tire pressure test area (a) foot prints for wander pattern with 7 in. spacing;
(b) loading conditions. The dotted blue lines show the position of the transverse profile measurements.

representative of high temperature airport operations.
The as-constructed dimensions of the high tire pres-
sure (HTP) test pavement structure are 35 m (115 ft.)
long and 3.7 m (12 ft.) wide.

Dual tires with 137 cm (54 in.) spacing mounted
on one of the loading modules on the NAPTF test
vehicle were used for the test loading. The tires were
inflated with the dead weight of the module on the
tires and with the tires at ambient temperature. Inflated
tire pressures were 1.45 MPa (210 psi) and 1.69 MPa
(245 psi) for the North and South wheels respectively.
Higher tire pressures up to approximately 1.5 MPa
(218 psi) and 1.75 MPa (254 psi) were reached during
testing.

Wheel loads were 23.8 MT (52,500 lbs) and
27.8 MT (61,300 lbs) with the load application pattern
as indicated in Figure 1.The wander pattern of +18 cm
(7 in.) (toward the south), 0 (equal distances from the
centerline to each tire), and −18 cm (7 in.) (toward the
north) is shown in Figure 1a and the loading pattern is
shown in Figure 1b. The loads were applied at a traf-
ficking speed of 0.305 m/s (1 ft./s) from west to east.
The module was unloaded at the east end and returned
to the west end at 1.22 m/s (4 ft./s), after which the
wander position was changed and the loading pattern
repeated.

3 DATA COLLECTION

Transverse profiles were measured during trafficking
at the middle of each test item, 6.1 m (20 ft.) apart, as
shown in Figure 1b. The measurements were made at
approximately every 21 passes or whenever significant
changes were observed.

Since traffic testing at the NAPTF is conducted on
a pavement area 18.3 m (60 ft.) wide, the transverse
profiles were measured with the FAA’s 20 m (66 ft.)
long truss profiler equipped with a non-contact ver-
tical displacement transducer as shown in Figure 2.
The profiler runs on the rail system which is used for
supporting and guiding the NAPTF test vehicle. The
supporting points of the transverse profiler located
on the rail are capable of maintaining the same ver-
tical reference points for the transverse profiles with
pavement surface condition changes. This vertical ref-
erence point minimizes any possible profile distortions
from the lateral locations of the profiler placed within
the depression or upheaval areas.

The truss profiler is operated by moving an infrared
laser to monitor the vertical displacement of the pave-
ment, and an incremental rotary encoder as a distance
measuring instrument (DMI) on a trolley rolling along
the steel flange of an aluminum truss type beam. The
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Figure 2. Laser mounted truss type FAA transverse profiler.

laser footprint is oval in shape and the size is approx-
imately 2.5 mm (0.1 in.) × 5 mm (0.2 in.). The laser
adopted for the profiler has a measuring range of
100 mm (4 in.) to 1,024 mm (40.4 in.) with a stand-off
distance of 390 mm (15.4 in.) to 1,200 mm (47.3 in.)
(LMI, 2011). The signal acquisition box is assembled
to collect data using a USB digital data acquisition unit
and software (MCC, 2011).

4 DATA PROCESSING

The collected profile data is processed using software
developed by the FAA. A screen shot of the program
is presented with an example transverse profile in
Figure 3.

Reference profile lines were taken at a designated
calibration section without any load applications.They
were used as an input parameter for a subroutine
in the program to compensate for any unexpected
vertical deformations from environmental condition
changes. The pavement profiles before loading were
used as base profile lines for each pavement test sec-
tion to compute rut depth. The rut depth accumulation
started from the baselines is mathematically computed
to depict HMA pavement performance. The straight-
edge simulation is performed on each profile line
to compute the amount of maximum depression and
upheaval in the pavement section. Specific sections
of the profiles were cut and rotated for geometric
comparisons.

4.1 Calibration of beam curvature for baseline
profiles

Since the FAA customized truss profiler is made from
a steel rail on an aluminum truss structure, the different
metal expansions at the top and bottom of the profiler
leads to a “sagging” shape as shown in Figure 4.

The δT in Equation 1 is the thermal deformation due
to the thermal expansion coefficient, α, metal length,
L, and temperature changes, �T , from a reference

Figure 3. Screenshot of the FAA profile processing soft-
ware with a transverse profile example.

Figure 4. Temperature induced profiler shape changes.

point. In general, the thermal expansion coefficient
is approximately 13.0 × 10−6 m/m K (7.3 × 10−6 in/in
◦F) and 22.2 × 10−6 m/m K (12.3 × 10−6 in/in ◦F)
for steel and aluminum respectively (TET, 2011).
The thermal deformation is defined as follows:

A calibration profile line showing consistent trans-
verse profiles independent of ambient temperature
changes is selected inside the NAPTF facility. The
calibration line profile measured at the same time of
profile measurement on the test pavement becomes
a reference point to adjust the amount induced by
ambient temperature changes. Equation 2 compen-
sates the vertical discrepancies of the data points
along the full length of the profiler. The compensa-
tions are performed for every profile data point at
each pass number, n. This equation makes an ideally
perfect straight truss profiler and is set as an initial
(base) profile line before the start of trafficking to
monitor permanent deformation relative to the initial
conditions:

where Pi,n = the processed profile data at pass number
n; ri,n = the reference profile data at pass number n;
xi,n = the profile data at pass number n, and i = the
profile data sequences from the 1st to the ith.

Figure 5 shows an example of the beam curvature
corrections in the program before test pavement pro-
filing. Notice the change in the reference profile when
the beam curvature correction function is activated.
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Figure 5. Beam curvature correction function in the FAA
profile data processing software (a) without beam curvature
correction; (b) with beam curvature correction.

4.2 Sectioning transverse profile

Traffic wandering was considered in the full-scale
pavement testing to simulate, in some measure,
in-service runway traffic conditions. For the purpose
of computing rut depth and upheaval, horizontal traf-
fic zones were divided based on test conditions such
as loading and pavement materials or specific analy-
sis purposes. The sectioned profiles were first shifted
vertically and rotated to make both start and end eleva-
tions equal to zero. A vector rotation can be conducted
in terms of a typical linear transform matrix. The vec-
tor A in Equation 3 rotates each vector by an angle θ
in the counterclockwise direction. The matrix A repre-
senting the transformation will have (cos θ , sin θ )T as
its first column and have (sin θ , cos θ )T as its second
column:

The procedures are depicted in Figure 6.The portion of
the profile to be sectioned is marked by dashed vertical

Figure 6. Transverse profile processing (a) sectioning;
(b) shifting and rotation for rut depth calculations.

lines. The sectioned profile is shifted vertically and
rotated so that the end points have values of zero.

4.3 Straightedge simulation

Straightedges are widely used to measure pavement
depressions because of their simple and easy meth-
ods of use. Standards for their use are specified in
(ASTM, 2011) and in FAA Advisory Circular (AC)
150/5370-10F (FAA, 2011). However, the measure-
ment process is time consuming and the accuracy
is questionable due to the procedures to identify the
measurement location of maximum deviation between
straightedge and pavement surface. The profiler with
2.5 mm (0.1 in.) sample spacing was developed to
replace the more labor-intensive and time-consuming
straightedge measurements, especially for in-service
airfield runways.

Song and Hayhoe (2006) have written about
straightedge simulation in their paper. As they dis-
cussed, a certain length of straightedge moves along
the pavement surface profiles and the maximum verti-
cal distance between the straightedge and the pavement
surface profiles is calculated for each location along
the profile. There are two methods in common use for
the measurement of maximum deviation.As illustrated
in Figure 7, the first one is to measure the maxi-
mum distance to the pavement surface between the
straightedge support points and the other is make the
measurement over the full length of the straightedge.

Straightedge simulation methods were utilized to
determine the maximum depression, rut depth, and
upheavals at pre-determined longitudinal locations as
marked in Figure 1. Figure 8 illustrates the change
in maximum rut depth with increase in traffic by
overlaying transverse profiles in the same figure and
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Figure 7. Straightedge calculation methods.

Figure 8. Maximum rut depth determination utilizing the
straightedge simulation method.

by application of the straightedge simulations on the
gathered profiles. In the simulation, as seen in Fig-
ure 8, the rectangle, representing a 5 m (16 ft.)-long
physical straightedge, was shifted horizontally to find
the locations corresponding to the maximum pavement
depression with increased traffic numbers.

4.4 Rut depth measurement

Since permanent deformation in asphalt pavements is
one of the most significant distresses affecting perfor-
mance of the pavement, the procedures to calculate rut
depth are critical for HMA pavement evaluation.

The rut depth occurring either through consoli-
dation or through plastic flow was monitored with
increasing traffic numbers. As described above, the
HMA surface depression from the peak elevation to the
bottom elevation was measured through straightedge
simulation procedures. Rutting is caused by the pro-
gressive movement of materials under repeated loads
either in the asphalt concrete layer or in the underlying
layers. Hence, geometric analyses were also added to
monitor the upheaval mostly caused by lateral shear
flow of the materials under the surface.

The gathered rut depth data were of downward
and upward elevation changes relative to initial (base)
profile lines. This step is to determine the relative rut
depth and upheaval at given locations as the maximum
difference between the two profiles at given intervals
during the traffic test.

5 RESULTS AND ANALYSIS

The data processing and research results are presented
and discussed. Only the results of temperature induced

Figure 9. Measured maximum vertical displacement
changes in the profiler with ambient temperature changes.

truss beam curvature changes in the data processing
steps are presented because the other processing steps
have been presented earlier as examples. Rut depth
progress from the HMA test sections at the NAPTF
with different loading conditions such as load level
and tire pressures are also presented.

5.1 Profiler movements by temperature changes

The different thermal expansion coefficients for steel
and aluminum affect the vertical movements of the
truss beam. This movement causes errors in the rut
depth calculations. To avoid these errors, measured
profiles were adjusted based on the comparisons
shown in Figure 9. Ambient temperature changes
from approximately 15.0◦C (59◦F) to 22◦C (72◦F)
were monitored and are shown as the top line in the
chart. The relative temperature changes from the ref-
erence temperature, 24.3◦C (75.8◦F), are marked with
squares in the figure. Maximum vertical movements
of the beam are shown with triangles and varied up to
approximately 2.5 mm (0.1 in.) over the ambient tem-
perature range.

Thermal deformations of the two metals were com-
puted using Equation 1 and are plotted in Figure 9 with
asterisk shapes. The thermal expansion coefficient, a,
is the only parameter affecting thermal deformation,
δT , because the total length of metal, L, and tempera-
ture changes, �T, are the same for the two materials.
The computed discrepancy also follows the ambient
temperatures, although it is not as good as measured.
The coefficient of determination, R2, value between
measured and computed thermal deformation discrep-
ancy was 0.6229 by linear regression curve fitting
as shown in Figure 10. One of the reasons for the
relatively low R2 value could be related to the com-
putations based on the assumptions that each of the
materials is continuous and has equal volume. How-
ever, the truss profiler has 4 separate bolted truss
sections and the steel is placed only on the top of the
truss to provide a guide rail to operate the profiling
system trolley.
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Figure 10. Correlations between measured maximum
vertical displacement and computed thermal displacement.

Figure 11. Transverse profiles at increasing traffic repe-
titions from the 1.5 MPa (218 psi) and 1.75 MPa (254 psi)
wheel paths at 27.8 MT (61,300 lbs) wheel load.

5.2 Rut depth

When asphalt concrete is subjected to repeated load-
ing, it hardens with accumulating plastic deformation
causing consolidation. If there are no other mainte-
nance activities, or the material heals rapidly, it will
reach a point where it is sufficiently stiff for micro-
cracks to initiate and grow. The asphalt concrete starts
accumulating more plastic deformation after the ini-
tiation of microcracks, which is commonly called
“tertiary flow” (Song, 2004).The accumulated stresses
from traffic loads after completing the consolidation
stages in pavement sub layers, causes these materials to
move laterally to the non-trafficked zones depending
on their adhesion strengths.

The measured transverse profiles were processed
to simulate measurements made with a straightedge.
Figure 11 illustrates transverse profile comparisons
between 1.50 MPa (218 psi) and 1.75 MPa (254 psi)
contact tire pressures at increasing traffic repetitions.

The graphical illustrations in Figure 11 show sig-
nificant increase in upheaval rates from 735 and 840
load repetitions for higher and lower tire pressures
respectively.

Figure 12. Rut depth changes with different tire pressures at
27.8 MT (61,300 lbs) wheel load in the PG 64-22 test sections.

The increases in computed rut depths for differ-
ent tire pressures are plotted versus traffic repetitions
in Figure 12. Similar results to those shown in Fig-
ure 11 were observed from rut depth computations
utilizing straightedge simulations. Figure 12 shows rut
depth changes with different tire pressures at 27.8 MT
(61,300 lbs) wheel load in the PG 64-22 test section
also indicates inflection points at 735 and 840 load
repetitions for tire pressures of 1.75 MPa (254 psi)
and 1.50 MPa (218 psi) respectively. Both inflection
points match well with the findings from geomet-
ric analyses. The shear stress after consolidation of
the pavement materials induced lateral movement of
the sublayer materials at the two inflection points. The
accumulated plastic flow is expressed as exponential
rut depth increases for traffic applications after the two
inflection points.

The pavement test sections using PG 76-22 binder
have not been completed, and trafficking will continue
until they show tertiary flow similar to the PG 64-22
test sections.

6 CONCLUSIONS

An infrared laser operated truss beam profiler used for
monitoring pavement transverse profiles was devel-
oped. Using the profiler, data processing protocols
for collecting transverse profile data to compute rut
depth simulating field straightedge measurement were
developed. The procedures include beam curvature
corrections caused by different thermal expansion
coefficients of the steel and aluminum components
in the truss profiler and/or structural irregularity.

The vertical movements of the transverse pro-
filer beam caused by ambient temperature changes
were quantified and used for compensating the col-
lected transverse profile data. A reference profile line
concept was introduced and utilized to subtract the
measured data at each pavement condition.

The transverse profiler was successfully used to
measure the performance of flexible pavement test
sections with the transverse profile line shape changes
monitored at increasing pass numbers. The traditional
hot mix asphalt failure stages of primary, secondary,
and tertiary flow based on the rut depth charts and
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stacked profile lines from the full-scale traffic testing
were seen in the results.
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ABSTRACT: The current Federal Aviation Administration design procedures for airport concrete pavements
do not directly consider top-down cracking. However, this distress has been repeatedly observed in full-scale tests
conducted at FAA’s National Airport Pavement Test Facility (NAPTF) and AIRBUS in Europe. Generally, the
maximum load stress related strain near the slab bottom is mostly higher than the strain near the surface.Therefore,
the cause of early appearance of top-down cracks remains unknown. Neither minimizing the curling nor increasing
the slab thickness could effectively control cracks initiated from the surface. For top-down cracking, the total
stress is considered a key factor. This is the sum of residual stress that exists in the pavement before a load is
applied and the load induces any stress. Therefore, direct measurement of residual stress appears to be a new
approach towards a better estimation of the total stress. Two testing methods, coring and saw-cutting, have been
investigated, improved upon, and evaluated through a number of FAA sponsored research projects. Some residual
stress measurements using both methods are presented. Future work will focus on the effects of residual stress
on top-down cracking risk for field practice.

1 INTRODUCTION

Current concrete pavement design specifications use
the maximum tensile stress as the failure indicator
to predict service life and pavement performance.
It must be noted that this is the total stress on the
concrete slab causing the rupture. The AC150/5320
6E (FAA 2008) design method uses the load associ-
ated stress as the total stress, while the Mechanistic
Pavement Design Guide (MEPDG) (AASHTO, 2002)
predicts the total stress using mechanistic models. In
the mechanistic models, upon certain assumptions, the
maximum stresses are typically calculated using labo-
ratory measured material properties and approximate
loading configurations. However, the residual stress,
which exists in concrete slabs even before traffic loads
are applied, is one factor that has not been adequately
considered in any design procedures.

Residual stresses in concrete pavements diminish a
pavement’s ability to sustain its designed load. When
capacity is reduced by residual stress, a pavement is
vulnerable to premature failure necessitating costly
repairs or replacement. While ASTM E837 (2001)
presents a test method for measuring residual stresses
in steel, no similar testing method exists for concrete.

An innovative means of measuring the residual
stress in concrete slabs was recently developed at

the FAA’s National Airport Pavement Test Facility
(NAPTF) (Pecht et al., 2008) and built on by work
at the University of Illinois under the FAA Center of
Excellence for Airport Technology (CEAT) program
(Mark and Lange, 2010). In this procedure, a surface
strain gauge is glued to the slab. Then saw cuts are
made on both sides of the gauge to a sufficient depth
to release the residual stress. After allowing sufficient
time for the heat generated by the saw cutting opera-
tion to dissipate, the difference between the initial and
final strain gauge readings is proportional to the resid-
ual stress. A conceptual relationship between the total
strain, load induced strain, and residual strain is given
in Figure 1.

As shown in Figure 1a, during the measurement, the
initial reading of the strain gauge was set to zero.After
a wheel load was applied at the slab corner, the strain
gauge recorded about 40 microstrains.A total of seven
core drills were then made. If the drilling completely
releases the normal stress, the true normal stress at the
circle edge should be zero (Kirsch, 1898). Since the
drill bit cannot be set exactly at the edge of the strain
gauge, only a portion of the stress was released. The
strain reading was reduced after each drilling operation
as the gauge was pushed to one side by the gener-
ated heat. During the waiting period the heat effects
diminished gradually and the strain readings became
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Figure 1. Typical residual strain measurements.

steady. The difference between two successive read-
ings indicates the stress related strain released by each
drilling. The drilling was stopped when the sixth and
seventh readings were close to each other, about −7
microstrains. Consequently, the residual strain would
be 0 – (−7) = 7 microstrains in tension. Another
typical residual stress measurement is given in Fig-
ure 1b. For this case, since no load was applied, the
total strain was simply the measured residual strain,
i.e., 8 microstrains. Note that the magnitude of residual
strain is independent of load application.

2 BACKGROUND

2.1 Residual stress in concrete

Residual stresses exist in concrete pavements and
structures due to material volume changes, temper-
ature, and moisture gradients, changes in support
conditions and structural restraints. Unlike stresses
associated with live and dead loads, residual stresses
are neglected by pavement and structural design pro-
cedures and are routinely unknown and overlooked.
Yet, in some circumstances, the magnitude of residual
stress can rise to a significant fraction of the strength,
thus diminishing the ability for the concrete to sustain
its design load. Unfortunately, there is no method to
quantify the magnitude of the residual stresses which

lead to the much earlier appearance of top-down cracks
compared to bottom-up cracks. The early appearance
of top-down cracks has been repeatedly observed
in all construction cycles (CC) at the NAPTF (Guo
and Marsey, 2001; Guo, 2005; Stoffels et al., 2008;
Guo and Hayhoe, 2011) and full-scale tests at Airbus
(Fabre and Balay, 2008).

2.2 Top-down cracking in airport concrete
pavements

Early top-down cracks appear to be more caused by
high moisture gradients than from temperature gradi-
ents (Bissonnette et al., 2007; Daiutolo, 2008). This
type of distresses cannot be rationally explained using
load induced strain because the measured maximum
tensile strains near the bottom are mostly higher than
those near the slab surface (Guo, 2005, 2008, 2010).
However, consideration must also be given to the total
stress operating on the concrete slab, and which leads
to the rupture.This is the sum of the load-related stress
and the residual stress. The total stress at the slab sur-
face could be higher than that at the bottom of slab.
It is impossible to estimate the total stress based upon
the total strain because, as a pavement deteriorates,
distresses will manifest themselves as a result of the
altered stress state.Therefore, the relationship between
deflection and the stress related strain is not valid
(Guo et al., 2009).

Small airports occasionally need to accommodate
aircraft movements heavier than that for which the
pavement was designed. For these thinner concrete
slabs, the risk of top-down cracking becomes a major
concern for allowing or denying the limited operations.
Field surveys of medium and large airports have also
shown that top-down cracks have to be considered for
terminal pavements where heavy airplanes irregularly
move near the slab corners.

3 PROBLEM STATEMENT

3.1 Early top-down cracks cannot be controlled by
minimizing curling

As mentioned in the previous sections, top-down
cracking risks appears to be appreciable higher than
bottom-up cracking if the measured cracking strains
are assumed to be close to the strains induced by the
total critical stress. Since 2002, most concrete test
pavements at NAPTF have been routinely watered
for curling control (Daiutolo, 2008; Stoffels et al.,
2008). Consequently, the appearance of cracks was
significantly delayed compared to CC1 tests (Brill,
2009). Even so, detailed distress maps (example in
Figure 2) show that top-down corner cracks occurred
much sooner than the bottom-up and top-down cracks
longitudinal. During CC4, similar observations were
obtained (Stoffels et al., 2008). Even though the
curling of both CC2 and CC4 had been carefully
controlled, top-down cracks still developed in the
non-trafficked areas.
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Figure 2. Top-down cracks (Number 1 to 6) were observed
much earlier than the bottom-up cracks (Number 19, 20, 21,
and 95) in CC-2 (Ricalde and Daiutolo, 2005).

3.2 Early top-down cracks cannot always be
avoided by increasing slab thickness

All of the above observations were obtained from test
sections with a thickness between 6 and 12 in. Dur-
ing full-scale tests conducted in France (Fabre and
Balay, 2008), large numbers of corner cracks were
observed in slabs as thick as 15 in. Full length lon-
gitudinal cracks were also observed in non-trafficked
areas due to heavy gear loads applied on both sides
of the slab. Similar full depth longitudinal cracks were
also observed in the transition section with 17-in. thick
slabs at the FAA’s NAPTF (Guo and Pecht, 2007).
An 830 psi concrete flexural strength still did not
preserve the slabs.Although efforts were made to con-
duct mechanistic analysis for calculating load induced
stress at all possible trafficked positions, the calculated
values were never close to the flexural strength. How-
ever, field distress surveys revealed that corner cracks
do not frequently occur on thick (16 in.) runways.

3.3 Early observed top-down cracks cannot be
adequately investigated using mechanistic
analysis

Several mechanistic models are available for pre-
dicting “temperature induced” (non-traffic) critical
stresses (Mohamed and Hansen, 1997; Ioannides and
Khazanovich, 1998; Liang and Niu, 1998; Bissonnette,
2007). One such model utilizes the “built-in curl-
ing” concept and deflection measurements (Rao and
Roesler, 2005). Assuming that the following nonlin-
ear factors of temperature gradient through the slab,

moisture gradient through the slab, built-in tempera-
ture gradient, differential drying shrinkage, and creep
are independent of each other, the total amount of curl-
ing can be represented as a temperature difference,
or the total effective linear temperature difference
(TELTD). Guo et al. (2009) demonstrated that it is not
always a reliable procedure to use deflection to calcu-
late stress with the linear elastic assumption. Yu et al.
(1998) also observed the disagreement of deflection
and stress relationship from measurements and mech-
anistic analysis. In addition, variability in material
properties (Bazant and Planas, 1997), localized envi-
ronment (Grasley, 2006), creep effects (Nilson et al.,
2004), and interface condition (Guo et al., 2009) could
also contribute to the prediction errors when using
mechanistic analysis.

4 OBJECTIVE

As presented in the previous sections, mechanistic
approaches cannot always adequately explain why
top-down cracks occur earlier than bottom-up cracks.

Theoretically, the total stress can only be obtained
by selecting a reference point at which the stress is
“zero”. From an experimental point of view, both
coring and saw cutting can reduce the stress to
zero perpendicular to the drilling/cutting line. Then,
the reading after drilling/cutting subtracted from the
reading before drilling/cutting is the “total stress
related strain”.

The objective of this research work was to investi-
gate, evaluate, and improve the direct measurement of
residual stress in concrete. This would allow top-down
cracking risks in airport concrete pavements to be
better assessed and design procedures to be improved.

5 DEVELOPEMENT OF RESIDUAL STRESS
MEASUREMENT PROCEDURES

5.1 Coring method

A series of residual stress measurements using the cor-
ing method were initially conducted on beams, single
slab, and multiple slabs (Guo et al., 2008). In addition,
the reliability of the testing procedure was thoroughly
evaluated (Guo and Pecht, 2007). The relative effects
for stress release on beams were investigated by 3D
FEM model (Li, 2009). For demonstration purposes,
two examples of residual stress measured using the
coring method are given in Figures 3a and 3b.

The coring method introduces minimal damage to
existing pavements. Test results have proven to be
repeatable and reliable (Guo and Pecht, 2007, Pecht
et al., 2008). In addition, the coring method can be
further improved by two-sided drilling.

5.2 Saw-cut method

The coring method was replaced by a two-sided
saw-cut method. The saw-cut procedure minimizes
the heat released and significantly reduces the time
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Figure 3. Residual stress measured using coring method.

required to drop the temperature back to the initial state
(Mark, 2009; Mark and Lange, 2010). Since 2009,
numerous laboratory and field tests have been con-
ducted by the Engineering Research and Development
Center (ERDC), USArmy Corps of Engineers, to eval-
uate the two test methods (Bianchini and Gonzalez,
2011).

Practically, the saw-cut procedure can be completed
in a few seconds but core drills may take up to several
minutes. In addition, the saw-cut procedure requires
much shorter waiting periods for the gauge response
to steady. Since strain gauges are very sensitive to
environmental changes, such as wind, the test must be
completed as quickly as possible in the field. There-
fore, the saw-cut (notch) procedure was selected for
full-scale tests at NAPTF.

At the NAPTF, measurements of residual stress
using the saw-cut procedure were conducted on June
30, 2011. Since all existing cracks initiated from the
slab edge and only critical stress at the joint is con-
sidered in current design specifications (FAA, 2008),
all gauges were installed at the transverse joints. Two
cuts on each side of the gauge were made to a depth
of 1.0 to 1.2 in. To better understand the effect of
each cut, a waiting period was proposed between two
successive cuts. It is critical that the “zero reference
point” for the strain reading is recorded at the same
stress state, before and after the saw cut. This ensures
that the difference between the two readings is the
desired “total stress related strain”. Cutting generates

Figure 4. Residual stress measurements using saw-cut
method.

heat and induces new stresses. This additional stress
must be controlled to a negligible level. Readings
from two strain gauges are presented in Figure 4. It
is clear that most stress was released by the first cut.
However, significantly different strain gauge readings
(about 40 microstrain variation) are present between
gauge A and F. While small discrepancies of the layer
material properties and subgrade support resulting in
dissimilar results on the same slab are common, it is
unclear whether these factors can range widely enough
to produce the strain responses depicted in Figure 4.

As illustrated in Figures 3 and 4, the released
strains exhibit three distinguishable characteristics:

1. During each core drill or saw cut, the strain reading
decreases sharply due to the heat being generated
on one side of the gauge;

2. After each core drill or saw cut, the strain reading
increases because of the cooling from the other side
of the gauge. The reading rises smoothly and then
gradually tends toward a steady state;

3. The strain reading will not change when the saw
cutting depth reaches a certain point, which indi-
cates all stresses that could have been released are
released.

The advantages of direct measurements of residual
stresses can be summarized as follows:

1. Direct measurement avoids dealing with variabil-
ity in material properties, localized environment,

144



creep effects, and interface conditions, which are
extremely difficult to accurately address in any
mechanistic analysis;

2. A common practice for estimating load induced
response is to subtract the initial gauge reading
from the peak value. However, it can be theoret-
ically proven that the normal stress perpendicular
to the saw cut (notch) must be zero along the cut-
ting line. Thus, it is possible to measure residual
strain, total strain, and then further estimate related
stresses.

3. Though the residual stress can not be entirely
released, most of it can be released if a double
(two-side) cutting procedure is followed and the
spacing between the cut and the gauge is small
enough (e.g., less than 0.5 in.).

6 CRITERIA FOR RELIABLE RESIDUAL
STRESS MEASUREMENT

The strain readings in Figure 4 are considerably higher
than previous results (Figure 3). Some very high strains
were also reported in Castaneda (2011), and Bianchini
and Gonzalez (2011). Castaneda (2011) measured a
load induced strain of 380 microstrains in an uncracked
single slab. Given that related stress would be up to
2,000 psi, the existence of microcracks on the concrete
surface could be one explanation of such high residual
strains.

It is known that measured pavement responses are
not as stable and precisely repeatable as analytical
solutions. A qualitatively sound and acceptable pre-
cise range of residual stress on slab surfaces (i.e., 0–50,
50–100, or 100–150 psi) rather than exact values, is of
importance for practical applications.

To ensure reliable measurements of residual stress,
four criteria are proposed:

1. The concrete surface needs to be carefully prepared
so that micro cracks are minimized.

2. Strain gauges need to be correctly installed and
gauge readings must be carefully evaluated (Guo
and Pecht, 2007).

3. Saw cuts must be made one at a time. The second
cut should not be made until the strain reading has
steadied. A waiting period is required for each cut.

4. The strain curve must follow the pattern, as previ-
ously shown in Figures 1, 3, and 4.

7 CONCLUSIONS AND RECOMMENDATIONS

High surface stress induced early top-down cracks
have been repeatedly observed in full-scale tests at
FAA’s NAPTF and Airbus in Europe. Neither the
measured load stress related strains nor mechanistic
analysis can reasonably explain this phenomenon.

The total stress is the sum of pre-existing resid-
ual stress and the load induced stress. Therefore,
direct measurement of the residual stress is an inno-
vative means towards the better estimation of the

total stress. Testing procedures have been investigated,
improved upon, and evaluated through a number of
FAA sponsored research projects. Based on residual
stress measurements from the NAPTF, both coring
and saw-cut methods showed promise as viable tech-
niques for measuring stresses in plain airport concrete
pavements.

It is important to note the nonlinearity of resid-
ual stress, which results from differential drying and
improper compaction in the plastic state of the freshly
cast concrete. In addition, a given measurement of
residual stress only indicates the surface stress state
at the time of testing. The stress state changes over
time as the pavement experiences daily and seasonal
temperature cycles. Thus, it is prudent to repeat the
testing over time in order to better understand the
residual stress state.

Assessing the top-down cracking risk in airport
concrete pavements is challenging due to complex
environmental conditions, slab geometry, and pave-
ment use. Field practice calls for a standardized testing
procedure to measure residual stress.
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A modular data acquisition system for heavy vehicle simulator tests
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ABSTRACT: This paper describes the design and fabrication of a Data Acquisition (DAQ) system that uses
the latest hardware and software technology. Two systems were built to work with two active Heavy Vehicle
Simulators (HVS) at the University of California Pavement Research Center (UCPRC). The new DAQ systems
replaced the old ones that were built in 2005. The upgrade was considered necessary because the data acquisition
hardware used in the old systems were no longer actively supported by the vendor. The new system maintains
the ability to measure temperature, displacement, strain, pressure (voltage) and surface profile. In addition, the
new system can also measure resistance and current. A modular design was adopted to facilitate future upgrades
without having to replace all of the components. It also allows sharing and balancing of the DAQ needs between
the two HVS units. It is believed that the design of the new DAQ system is sufficiently generic and can provide
useful information for other accelerated pavement testing programs.

1 INTRODUCTION

Data collection is an essential part of any accelerated
pavement testing (APT). It collects data on pavement
condition and responses that are required for analysis
and drawing conclusions from the tests. The software
and hardware that are used for data collection are
herein referred to as a data acquisition (DAQ) system.
Depending on the specific needs of an APT program,
the DAQ system used can be very different and is
typically custom built.

This paper presents a modular DAQ system that has
been developed for the HeavyVehicle Simulators at the
University of California Pavement Research Center
(UCPRC). Although the specific details of the system
may not be readily applicable to other APT programs,
it is believed that the general design will be helpful for
institutions that are starting an APT program, or for
other APT programs that are considering upgrading or
replacing their DAQ systems.

Data of potential interest to researchers in a typical
HVS test can be divided into three categories based
on the parameter being measured: (1) pavement con-
dition and response; (2) loading parameters such as
tire pressure and wheel load; and (3) ambient environ-
ment conditions such as rainfall and air temperature.
The DAQ system discussed in this paper is focused
on data related to pavement only. At UCPRC, loading
parameters are obtained by monitoring network traffic
on the private HVS local area network (LAN), while
an automatic weather station is installed next to the
test tracks for logging on-site weather conditions.

The UCPRC has been actively running HVS tests
since it first acquired two machines and the associated
DAQs in 1994 (Harvey, et al. 1996).The DAQ systems

Table 1. List of sensors and instrumentations that can be
connected to the old UCPRC DAQ system.

Sensor or Measurement Sensor
instrumentation type type

Thermocouple Temperature Type-K
Road Surface De Displacement AC LVDT
flectometer (RSD)
Multi-Depth Displacement AC LVDT
Deflectometer (MDD)
Joint Deflection Displacement DC LVDT
Measurement Device
(JDMD)
Strain gauge Strain Wheatstone bridge
Pressure cell Pressure Wheatstone bridge
Laser profilometer Distance Laser
(PRF)

were upgraded once in 2005 to a DAQ board based
system and has since been incrementally enhanced
without changing the overall structure. The system
is able to measure temperature, displacement, strain,
pressure, and to drive a laser profilometer. A list of the
sensors and instrumentation that can be connected to
the old UCPRC DAQ system is shown in Table 1.

Although still functional, problems with the 2005
DAQ systems include:

– Issues with the DAQ hardware:

• The DAQ boards are no longer supplied by the
vendor

• The DAQ boards are not supported by the latest
version of hardware driver and consequently the
software can not be upgraded
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• The DAQ boards require a very old technology
that is no longer available in modern PCs, which
makes it impossible to upgrade the controller PC

– It is difficult to transfer the DAQ capacity between
the two systems because too many functions are
packed into the signal conditioning box. Adding a
component to the box requires considerable wire
re-routing. There is also insufficient space in the
box for additional components.

– The current DAQ software does not record HVS
wheel speed along with deflection and strain
measurements.

To address these issues, two new DAQ systems were
designed and built that use the latest hardware and
software platform available. The new system has a
modular design so that components can be indepen-
dently removed, replaced and added, and the software
uses the most current hardware driver, and adds the
capability to record wheel speed to the DAQ software.

This paper presents the design of the new DAQ
hardware including demand analysis, hardware selec-
tion and implementation, and describes the methods
used in the software to collect synchronize pavement
responses and HVS wheel speed.

2 HARDWARE DESIGN

This section describes how the decisions were made
about the hardware components as well as the overall
modular design of the system.

The components of a DAQ system can be divided
into four groups:

– A controller, typically a personal computer (PC),
that runs the DAQ software and drives the DAQ
hardware;

– The DAQ hardware that converts analog signals into
digital values that can be read by the controller;

– The signal conditioners that convert the raw sig-
nal from sensors or instrumentation into quantities
readable by the DAQ hardware; and

– The sensors or instrumentation that measure pave-
ment response or conditions.

One of the key objectives for the new system
was to be able to replace each one of the above
components without significantly affecting any of
the other components. Also, it was decided to use
off-the-shelf components wherever possible so that
individual components can be replaced with minimal
downtime.

2.1 Demand analysis

Determining the demand requirements of a new DAQ
system before designing it is critical. There is consid-
erable variability in terms of data collection capability
in the hardware offered by various vendors. A clear
demand analysis allows one to reach the balance
between system capability and budget.

The first aspect of demand covers the kind of sen-
sors that the new DAQ should support. As mentioned
above, the 2005 DAQ system measured temperature,
displacement, strain, and pressure through a range of
sensor types, and drove a laser surface profilometer.
The new system would thus need to accommodate the
same measurements, all of which are routinely used in
UCPRC studies, as a minimum requirement, as well as
be able to accommodate additional sensor types, such
as those based on resistance and current. For example,
certain pressure cells provide a temperature reading
with a thermister, which is essentially a sensor with
resistance varying with temperature.

Another critical aspect of demand analysis for
the new DAQ system is the sampling rate of each
quantity being measured. Different quantities need to
be sampled at different rates depending on whether
they are static or dynamic. From an HVS testing
perspective, dynamic quantities are those that vary
with position of the wheels while static quantities
do not. Dynamic quantities include deflection, strain
and pressure, while static quantities include pavement
temperature and permanent deformation.

Dynamic quantities were sampled at every 7.4 mm
of wheel movement in the 2005 DAQ system, which
is believed to be sufficiently fast for the HVS, which
can run at a speed of up to 20 km/h. This implies a
sampling rate of:

where RDynamic,Hvs is the required sampling rate or
dynamic quantities during HVS tests.

The second consideration for dynamic quantities is
the need to measure pavement response from a falling
weight deflectometer (FWD). A typical FWD load
pulse is 0.025 seconds. Assuming a minimum of 20
samples per load pulse, the sampling rate required for
recording FWD responses is:

where RDynamic,FWD is the required sampling rate for
dynamic quantities during FWD testing.

Combining the requirements for recording
pavement response under HVS trafficking and FWD
loading, the overall required sampling rate was
rounded off to 1,000 Hz to allow for some redundancy.
In addition, the raw data sampling rate was increased
by a factor of 10 to 10,000 Hz. This allows resampling
at 1,000 Hz by taking an average of every 10 readings
to filter out noise.

Another important consideration for the HVS DAQ
system is that it has limited needs for real time hard-
ware control. In fact, the only device it needs to control
is the laser profilometer.
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Table 2. DAQ modules selected for each system.

Signal Quantity Sampling Rate Available Number of
Module Type Type (kS/s/Ch)* Channels Modules

NI cDAQ-9401 Digital I/O, Counter Control N/A 8 1
NI cDAQ-9221 Voltage (+/−60V) Dynamic 100 8 1
NI cDAQ-9205 Voltage (+/−10V) Dynamic 15 16 2
NI cDAQ-9237 Strain, Pressure Cell Dynamic 50 4 1
NI cDAQ-9203 Current Dynamic 25 8 1
NI cDAQ-9213 Temperature Static 0.075 16 1
NI cDAQ-9219 Universal Static 0.1 4 1

*: kS/s/Ch = 1000 samples per second per channel

2.2 DAQ hardware selection

Once the demands are determined, the actual DAQ
hardware can be selected to satisfy these demands.
The decision involves selecting: (1). individual DAQ
modules for each parameter to be measured; and (2).
the hardware platform that combines all of the DAQ
modules into a synchronized system.

National Instrument (NI) products were selected for
building the DAQ system because they provide a com-
plete solution that allows fast software development
and hardware integration. NI products are divided into
various form factors, among which PXI and Compact-
DAQ are the two most versatile options based on the
number of modules they support.After comparing PXI
and CompactDAQ systems, a decision was made to use
the CompactDAQ system because it satisfies all of the
demands and is less expensive than the PXI system.
An NI cDAQ-9178 8-slot USB chassis was selected
along with eight modules (see Table 2). Note that the
NI cDAQ-9188 8-slot Ethernet chassis was initially
selected but was replaced because its communication
with the PC controller was not fast enough for driv-
ing the profilometer.The maximum sampling rates for
the modules measuring dynamic parameters are all
faster than 10,000 Hz per channel.

2.3 Modular design

In order to achieve a modular design, the following
components were separated from each other:

– The controlling PC
– The DAQ hardware
– The signal conditioners, and
– The sensors and instrumentation.

A hardware diagram of the new DAQ system is
shown in Figure 1, with shading inside the text box
indicating each of these components. Most of the
sensors can be directly connected to the DAQ hard-
ware because the CompactDAQ modules provide the
required signal conditioning for strain, temperature,
and resistance. Alternating current (AC) LVDTs such
as those used in MDDs and RSDs require a signal con-
ditioner to convert the AC output into standard direct
current (DC) output that can be connected to the NI
cDAQ-9205 that reads voltage. DC LVDTs such as

Figure 1. Hardware diagram of the new DAQ system,
shading in each text box indicates component type.

those used in JDMDs require voltage excitation, which
needs to be supplied in a separate conditioner box.

The modular design shown in Figure 1 allows
replacement of any component without affecting the
other components, and the DAQ hardware can be
upgraded relatively easily if the CompactDAQ system
becomes obsolete.

3 IMPLEMENTATION

This section describes how the design discussed in
Section 2 was physically built. All of the hardware
shown in Figure 1 was designed to be connected
to a centralized location where the DAQ PC drives
the DAQ hardware during data collection. The signal
conditioners, DAQ hardware, DAQ PC and network
hardware are all mounted in an open-frame standard
48 cm rack. The sensors and instruments connect to
the rack-mount system using cables. Figure 2 shows a
schematic of the rack-mount system.

The DC LVDT stack shown in Figure 2 contains
only a power supply unit to provide the necessary
excitations. Each of the AC LVDT stacks contain five
AC LVDT conditioner circuits and a power supply
unit. The CompactDAQ stack contains only the DAQ
hardware, i.e., the 8-slot chassis and its modules.
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Figure 2. Schematic of the new rack-mount DAQ system.

4 SOFTWARE DESIGN

The 2005 DAQ software did not require a complete
rewrite. Instead, it was upgraded to use the latest
device driver and then enhanced to incorporate new
features that were considered useful. This section dis-
cusses the overall framework and features added to the
software.

4.1 Overall framework

The HVS DAQ software records pavement responses
and status during both trafficking and data collection
breaks. Static quantities such as pavement temper-
ature are sampled at slow rates (such as 1 Hz for
temperature) and the sampling of different quanti-
ties does not require synchronization. On the other
hand, dynamic quantities are sampled at a much higher
rate (around 1 kHz depending on the wheel speed)
and consequently the sampling needs to be synchro-
nized so that all quantities correspond to the pavement
responses at exactly the same time.

For collecting dynamic quantities, signals provided
by the HVS are used for timing and triggering in order
to synchronize the data collected. Figure 3 shows a
schematic of the driving mechanism for the HVS and
some of the sensors related to HVS wheel movements.
The HVS carriage unit is connected to a chain that is
in turn driven by a rotating sprocket at one end of the
machine. An encoder is installed on the shaft of the
driving sprocket to record the shaft rotation. A prox-
imity sensor is installed at each end of the HVS to
control start, stop and turn around actions.

Figure 4 shows how the signals from the HVS sen-
sors are used during data collection. A single pulse
is generated by the proximity sensors whenever the
wheels return to or leave the section ends. This pulse
is used to trigger data collection. The DAQ software
also keeps track of these proximity sensor signals and
determines the direction of the wheels. The shaft
encoder outputs a series of signals in the form of a pulse

Figure 3. Schematic of HVS driving mechanism and layout
of sensors related to wheel movement.

Figure 5. Triggering and timing of synchronized data
collection for dynamic data parameters.

train with a resolution of 1,000 pulses per shaft rotation
that indicates direction and amount of shaft rotation.
This pulse train is referred to as the HVS Clock, and
data collection is synchronized by triggering at the
same time and using the same sampling clock. In the
2005 DAQ system, the HVS Clock was subdivided
into 125 pulses per shaft rotation before it was used
as the sampling clock. The new DAQ software has the
same triggering and timing mechanism, but does not
subdivide the HVS Clock. Consequently, eight times
more data is collected compared to the 2005 system.
The raw data are then re-sampled at 1/8 of the HVS
Clock rate by taking an average of every eight read-
ings resulting in better quality data, especially if noise
levels are high.

4.2 Recording HVS wheel speed

Compared to the 2005 system, one of the major
enhancements to the DAQ software is the ability to
record a synchronized instantaneous wheel speed for
the pavement responses collected. This allows stud-
ies of the effect of wheel speed on pavement response
and performance.

The key to measure wheel speed is the digital
counter in the NI-cDAQ 9178 chassis that can be
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Figure 4. Screenshot of the web-interface for UCPRC HVS database.

accessed using digital modules such as NI cDAQ-
9401. A digital counter can measure the frequency
of a given pulse. Given that the HVS wheel moves
a distance of 7.4 mm for each pulse in the HVS Clock,
HVS wheel speed can be calculated by measuring the
frequency of the HVS Clock.

4.3 Data storage and access

The data collected are stored in text format to allow
effective revision control. They are loaded into a Post-
greSQL database server (Lea and Popescu, 2003) using
a loader program that is written as an Excel® spread-
sheet. The loader program conducts various quality
checks before accepting the data. Once loaded, the
data can be accessed through a web interface that pro-
vides various built-in plots (example of screenshot in
Figure 5). The data can also be queried and exported
using standard database engines that are available
in various programming languages such as Matlab®,
Java® and Visual Basic®.

5 SUMMARY AND CONCLUSIONS

This paper describes the design and fabrication of a
new data acquisition (DAQ) system for accelerated
pavement testing devices. The hardware of this DAQ
system follows a modular design that separates the
DAQ hardware from the other components. The main
goal is to have a system that allows each of the key
components to be independently repaired and/or
upgraded without affecting the other components. The
new system also allows for relatively easy transfer
of DAQ capacity between two APT units, which is

important because different HVS tests can have very
different DAQ needs.

Although the discussion presented in this paper is
specific to Heavy Vehicle Simulators, it is believed
that the ideas are sufficiently generic to be applicable
to other accelerated pavement testing programs.
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Simulating the effects of instrumentation on measured pavement response
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ABSTRACT: Asphalt strain gauge installation procedures have typically used hot mix sieved through a 4.75 mm
screen, hand placed over the gauges and hand compacted prior to roller compaction which has led to a high
gauge survival rate. This finer mix in the immediate vicinity of the gauge could theoretically yield lower moduli
and higher strains. The objective of this study was to evaluate the potential effect of using a finer mix as gauge
cover on pavement response. Finite element analysis was used to simulate a three-layered pavement structure
containing a patch of sieved material at the bottom of the asphalt concrete layer. Tensile strain responses were
calculated at the bottom of the asphalt concrete layer under a single load for all structures with and without the
finer mixture. The results were compared to a previously defined benchmark of 30 µε which was more likely to
be exceeded with layers thinner than 5 in. and moduli between 200 and 500 ksi.

1 INTRODUCTION

Mechanistic-empirical (M-E) pavement design relies
on the accuracy of mechanistic models to compute
critical pavement responses and predict pavement
performance. As researchers continue to develop and
refine models, gauges embedded in pavement sec-
tions at accelerated pavement test (APT) facilities
have proven useful in providing measured responses
as a basis of comparison. One such APT facility, the
National Center for Asphalt Technology (NCAT) Test
Track, has been using embedded gauges since 2003
in so-called “structural” pavement sections (Timm
et al., 2004,Timm, 2009).Though asphalt strain gauge
installation procedures have evolved incrementally
with each successive reconstruction cycle at the Test
Track, they all have used hot mix sieved through a
4.75 mm screen, hand placed over the gauges and hand
compacted prior to regular roller compaction. This
procedure protects the gauges during construction and
has lead to a high gauge survival rate. However, this
process introduces finer mix in the immediate vicin-
ity of the gauge which could yield lower moduli and
higher strain. Therefore, the level of significance of
the potential error induced by the use of finer mix as
gauge cover needed to be determined.

2 BACKGROUND

Pavement instrumentation is an important tool to mon-
itor in situ pavement material performance and critical
structural responses under environmental and loading
conditions. The NCAT Test Track is a facility where
instrumentation is used to study many issues pertain-
ing to mechanistic-empirical (M-E) design. Inclusion

of instrumented sections started in 2003 (second cycle)
where eight sections were utilized for a structural
experiment. Currently, that number has been doubled
to sixteen sections.

A typical structural section at the Test Track con-
tains 12 strain gauges and two pressure cells (Figure 1).
One earth pressure cell is placed at the top of the base
material layer and the other on top of the subgrade
material layer.The strain gauge array is centered along
the outside wheel path of the pavement structure. The
array consists of two rows of three longitudinal gauges
and two rows of three transverse gauges. Each asphalt
gauge has an offset of 2 ft. from the next closest gauge
(Timm et al., 2004). All these devices are connected
to a data acquisition system. During gauge installa-
tion, trenches for the conduits containing the cables
and cavities for pressure cells were excavated. Prior to
the placement of the next layer these elements were
hand-backfilled and hand-compacted. Finally, all the
asphalt strain gauges were covered with the respective
mix sieved through the No. 4 sieve prior to compaction
by rollers (Figure 2).

Information obtained from the last two Test Track
research cycles related to the installation of gauges,
methodology for data collection, and data analysis
has been well documented (Timm et al., 2004, Timm,
2009). This information includes full details of not
only gauge installation but also analyses of variability
on gauge response (Willis and Timm, 2009). Gauges
placed in different areas and tested under the same
loading conditions can return different measurements
based on material property (i.e., density) variability.
A 30 µε difference was previously set as the bench-
mark for the Test Track for between-gauge precision
under live traffic (Willis and Timm, 2009). In addi-
tion, it was noted that almost 75% of the data points
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Figure 1. Sensor arrangement.

Figure 2. Procedure followed to protect the gauges during
construction.

fell below the 5% within-gauge repeatability standard
set by the gauge manufacturer and that 100% of the
data points fell below 10% within-gauge repeatabil-
ity under falling weight deflectometer loading. Other
studies have indicated that a ±30% to ±35% differ-
ence in measured strains from a single gauge could
be expected due to traffic loading on thin (less than
3 in.) asphalt concrete layers (Siddharthan et al., 2005,
Howard et al., 2008).

The entire installation process incorporates com-
plexity during construction which may involve time

delays and additional difficulty in quality control
(Llenin et al., 2006). Inclusion of objects with lighter
density (asphalt strain gauges made out of nylon coated
with a Teflon polymer) that do not belong to a typical
pavement structure, and the use of finer material to
cover them, may provide a localized zone of low den-
sity and higher binder content. One study suggested
that settlement over the gauge array due to poor com-
paction has led to premature failure in terms of fatigue
cracking (Hugo et al., 1997). Another study suggested
that variation in construction techniques seemed to
have a significant effect on rutting performance
(Mulvaney, 2004). A recent study (Leiva-Villacorta
and Timm 2011) performed at the NCAT Test Track
indicated that the presence of pavement instrumen-
tation and the construction process had no effect on
the uniformity of the density of the mat. However, the
effect of gauge installation (finer mix in the immediate
vicinity of the gauge) on measured pavement response
has yet to be evaluated.

When linear elastic materials are considered in
flexible pavement modeling, stresses and strains can
be calculated using multilayer elastic theory (Huang,
2004). In this approach, the wheel load is circular and
the pavements are considered infinite in horizontal
extent. Thus, displacements, stresses and strains are
axisymmetric in relation to the center of the load. The
superposition principle can be used to determine the
influence of all wheel loads because the problem is
considered linear. However, there is a trend in the pave-
ment industry to substitute flexible pavement analysis
based on the multilayer elastic theory by analysis based
on the finite element method (NCHRP, 2004).Axisym-
metric modeling calculates pavement behavior using a
two-dimensional mesh revolving around a central axis
by assuming identical stress states exist in every radial
direction; therefore, loading is circular. An axisym-
metric configuration has been utilized successfully
by different researchers (Cho et al., 1996, Thompson
et al., 1985, Helwany et al., 2000) for simulating
pavement structure and traffic loading interaction.

Finally, different studies have reported significantly
different simulated tensile asphalt strains (±100 µε)
compared to asphalt strain measurements obtained
from accelerated pavement testing facilities (Timm
et al., 2006, Taylor and Timm, 2009, Howard and
Warren, 2009). This has been observed as a common
behavior either when multilayer elastic theory was
used (Timm et al., 2006, Taylor and Timm, 2009) or
when a finite element method was used (Howard and
Warren, 2009). However, this behavior has yet to be
attributed to the presence of asphalt gauges and the
gauge installation process.

3 STUDY OBJECTIVE

The objective of this study was to evaluate the potential
effect of using a finer mix as gauge cover on pavement
response.
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Figure 3. Parameters used in FEA simulation.

4 SCOPE

To accomplish the objective, a three-layered pave-
ment structure containing a 12 in. diameter by 1 in.
thick patch of sieved material at the bottom of the
asphalt concrete (AC) was simulated using finite ele-
ment analysis (FEA). The total AC thickness and the
modulus were varied while the thickness of the base
layer, the base modulus, and subgrade modulus were
fixed parameters. The moduli of the unsieved mix-
ture and sieved mixture/patch were varied following
the complex modulus master curve of a 19.0 mm mix-
ture and 9.5 mm Superpave mixture with an extra
10% reduction, respectively. Tensile strain responses
were calculated at the bottom of the AC layer under
a simulated falling weight deflectometer load for all
structures with and without the finer mixture. The
results were compared to a previously defined bench-
mark of 30 µε for between-gauge precision. Finally,
critical scenarios that could potentially have a nega-
tive effect on pavement response were incorporated
into a simulated NCAT Test Track section subjected to
a dual tire load on a single axle.

5 METHODOLOGY

Figure 3 shows the material properties and load uti-
lized in the FEA simulation. The depth of examined
pavement section was fixed to 50-times the radius of

the loading area and the investigated length of horizon-
tal direction was fixed at 20-times the loading radius.
These boundary conditions were fixed in accordance
with the findings of several researchers (Cho et al.,
1996, Thompson et al., 1985, Helwany et al., 2000)
using a combination of finite elements and infinite
elements. Materials were assumed to be linear-elastic
and the FE analyses were performed under an axisym-
metric condition. The software ADINA 7.5 – 900 node
version was utilized to perform the analyses for all
structures with and without the finer mixture. The
selected moduli of the unsieved AC layers were 50,
100, 200, 500, 750, 1,000, 1,500, 200 and 2500 ksi.
These values were selected from the complex modulus
master curve of a 19.0 mm Superpave mixture. Since
no master curve was available for a 4.75 mm mix-
ture containing the same aggregate source and asphalt
binder of the previous mixture, the moduli of a 9.5 mm
mixture was reduced by 10% to simulate the finer
4.75 mm mixture. The 19.0 mm mixture and 9.5 mm
mixture were selected from the control mixes utilized
in the 2009 Test Track.

The selected thicknesses for the AC layer were 3, 5,
7, 9 and 12 in. Tensile strain responses were calculated
at the bottom of the unsieved AC layer for all struc-
tures and compared to layered elastic analysis results.
Tensile strain responses were then calculated at the
bottom of the AC layer for all structures with the
finer mixture. Relative differences were analyzed in
terms of AC modulus and thicknesses and conclusions
were made based on observed trends and benchmark
analysis.

6 RESULTS AND DISCUSSION

One key element to build the finite element model was
to determine the moduli of the unsieved and sievedAC
mixtures. First, 19.0 mm mixture and 9.5 mm mixture
master curves were selected from the control mixes
from the 2009 Test Track. Second, specific moduli
were selected from the 19.0 mm master curve to rep-
resent the unsieved AC mixture moduli. Third, each
selected unsieved AC layer modulus was paired (same
frequency/temperature) with a 9.5 mm mixture modu-
lus. Finally, an extra 10% reduction was applied to the
paired 9.5 mm mixture moduli to create the moduli of
the sieved mixture (4.75 mm mixture). An example of
this process can be seen in Figure 4. For this example,
a 1,000 ksi modulus was first selected for the 19.0 mm
mixture and then the corresponding modulus for the
9.5 mm mixture was found to be 757 ksi. Finally, to
obtain the modulus of the 4.75 mm mixture, a 10%
reduction was applied to 757 ksi resulting in 688 ksi.

The application of the extra 10% reduction of the
moduli was based on previous observations that the
air void content of the hand-compacted sieved mix-
ture was 1% to 2% higher (Leiva-Villacorta andTimm,
2011) and that the voids in the mineral aggregate
(VMA) should also increase (AASHTO, 2007) for
finer mixtures (1% to 2%).The Hirsch model shown in
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Figure 4. Process used to obtain 4.75 mm E* values from
Control mixtures.

Equation 1 (Christensen et al., 2003) was used to deter-
mine how much the modulus of the 9.5 mm mixture
should decrease based on the increment in air voids
content and VMA for binder properties obtained at
three frequencies (0.1, 1 and 10 Hz) and at three tem-
peratures (40, 70 and 100◦F). The end result indicated
that, on average, a 10% reduction in modulus could
be expected from the 9.5 mm mixture to a 4.75 mm
mixture.

Table 1 shows the moduli of the unsieved and sieved
mixtures used in the FEA simulations. The differences
in moduli varied from 12% to 43% and were higher at
intermediate moduli (of the 19.0 mm mixture) in the
range of 200 ksi and 750 ksi. In order to explain why
the differences in moduli were not constant, a com-
parison plot of the moduli of the 19.0 mm mixtures
versus the moduli of the 9.5 mm mixture is shown in
Figure 4. Note how the 19 mm vs. 9.5 mm curve is
close to the equality line for lower moduli and then the
curve separates from the line as the modulus increases
to finally approach the equality line at higher mod-
uli. This indicates that differences in moduli between
mixtures were not only variable but higher at interme-
diate moduli (of the 19.0 mm mixture) in the range of
200 ksi and 750 ksi and lower at the extremes.

where

Table 1. Simulated mixture moduli.

Mixture Modulus (ksi)

Unsieved Sieved % Difference

50 32 36.0
100 58 42.0
200 114 43.0
500 300 40.0
750 465 38.0
1,000 688 31.2
1,500 1,140 24.0
2,000 1,640 18.0
2,500 2,200 12.0

Figure 5. Verification of FEA results using LEA.

| E*| = dynamic modulus of the mix (psi); VMA =
voids in the mineral aggregate; VFA = voids filled
with asphalt and

∣
∣G∗

b

∣
∣ = dynamic shear modulus of

the binder (psi).
Another important step taken prior to evaluating the

potential effect of using a finer mix as gauge cover
on pavement response was the verification of the FEA
simulation and making sure the calculated results were
consistent with layered-elastic analysis (LEA). The
results obtained from the FEA simulation for the struc-
ture with the unsieved AC layers (without the finer
mixture patch) were compared and verified with the
software WESLEA. Figure 5 shows that a good match
was obtained between computed FEA and LEA strain
responses. This also indicates that the key elements
used to build the FE model (number of nodes and
mesh configuration) were properly selected to produce
reliable pavement responses.

Figure 6 shows the plot of the longitudinal and
transverse microstrain calculated along a horizontal
distance from the center of the applied load for a struc-
ture with and without the finer mixture. The modulus
of the unsieved mixture for this exercise was 500 ksi
with an AC thickness of 7 in. Only a small section of
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the calculated longitudinal and transverse strain val-
ues, within 10 in. from the center of the load, was
affected by the presence of the finer mix (Figure 6.a).
A closer look indicated this small section was mostly
located in the tensile portion of the simulated strain
trace (Figure 6.b). It is important to mention a dis-
continuity seen at the edge of the patch (6 in.) in the
longitudinal strain series. This is due to the modulus
ratio Esieved/Eunsieved being less than 1.0. The sieved
mixture has lower resistance to deformation than the
unsieved mixture. The effect is a discontinuity at the
edge of the patch. Beyond the patch, in a radial dis-
tance, the tensile strain tended to follow the same path
observed for the case without the sieved mixture. For
this example, the maximum calculated tensile strains
for the unsieved and sieved mixture conditions were
216 µε and 240 µε, respectively and were located at
the center of the load. A relative difference of 24 µε
between these conditions could potentially produce an
erroneous pavement response of 11.0%. An analysis
of the level of significance of the relative differences
and errors are discussed later in this paper.

Figure 7 shows a comparison between calculated
strain responses with and without the sieved mix-
ture for all the scenarios (variable AC modulus and
variable AC thickness). The overall effect on pave-
ment response was to always increase the tensile
strain. This conclusion was obtained from the slope
of the curve which indicates that on average, simu-
lated strain responses using the finer mixture tended
to be around 6.3% higher than the simulated strain
responses without the finer mixture. An average abso-
lute error (AAE) of 7.542% was also calculated, using
Equation 4, to have an analytical/statistical parameter.
This value of AAE was below the previously reported
10% strain variability under FWD testing (Willis and
Timm, 2009) and it was significantly below the 30%
difference due to traffic loading (Siddharthan et al.,
2005). In other words, the theoretical differences are
significantly smaller than testing variability in the
field.

where Strains = sieved mix strain, Strainu = unsieved
mix strain and n = number of data points.

A one sample T-test was performed to evaluate the
overall effect of the computedAAE.The results shown
in Table 2 indicated that there is enough evidence to
conclude that on average the percent difference (error)
was lower than 10% at a significance level of 0.05.
Thus, the potential error introduced by the use of a
finer mix as gauge cover on measured response can be
considered insignificant.

The effect of the variables AC total thickness and
AC modulus of the unsieved mixture on the rela-
tive difference in strain responses were analyzed and
the results are shown in Figure 8. When varying the

Figure 6. Effect of the finer mixture.

Figure 7. Overall effect on pavement response.

AC modulus of the AC layer with the unsieved mix-
ture (Figure 8.a), the relative difference was found
to have a peak value for intermediate moduli (200
and 500 ksi). These results were expected to show a
peak value because the higher differences in moduli
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Table 2. One Sample T-test (% Error).

95%
Std. SE Upper

Mean Dev. Mean Bound T-value P-value

7.54 3.59 0.54 8.44 −4.60 <<0.05

Figure 8. Modulus and thickness effects on microstrain
differences.

between sieved and unsieved mixtures ranged from
100 ksi to 750 ksi as shown in Table 1. Above 500 ksi
the relative difference tended to decrease rapidly for
the structure with a total AC thickness of 3 in. As the
thickness was increased the sensitivity of the results
due to the change in the AC moduli tended to reduce
(lower slopes for thicker AC layers).

Figure 8.b shows that the relative difference tended
to decrease as the total AC thickness was increased. In
general, it was found that the thicker the AC layer the
lower the relative difference. Relative differences were
as high as 75 µε and as low as 1.0 µε. The 200 ksi,
500 ksi, 750 ksi and 1,000 ksi curves seemed to be
more sensitive to the change in thickness due to the
higher observed slope. These results were expected

Figure 9. Analysis of relative difference.

because the higher gaps in moduli between sieved
and unsieved mixtures were obtained for these sce-
narios (see Table 1). On the other hand, the 1,500 ksi,
2,000 ksi and 2,500 ksi rapidly converged to differ-
ences of 1.0 µε because of the smaller gap in moduli
between sieved and unsieved mixtures. Finally, the
50 ksi and 100 ksi curves do not follow the general
trend and the results were smaller at 3 in. compared
to 5 in. of AC. These results can be explained by the
so-called critical thickness for thinner AC layers. An
increase in tensile strains is expected as the thickness
of the AC layer decreases. At this critical thickness
a maximum tensile strain is obtained and for thinner
layers, below it, smaller tensile strains are obtained.

The cumulative distribution plot of relative differ-
ences, shown in Figure 9, indicates that 25% of the
relative differences were above 30 µε (Siddharthan
et al., 2005). This value was previously set as the
benchmark for the Test Track for between-gauge pre-
cision. Further investigation showed that 25% of the
results exceeding the benchmark were due to AC lay-
ers thinner than 7 in. with moduli between 200 and
500 ksi. Once again these results were expected to be
in this range because the higher differences in moduli
between sieved and unsieved mixtures ranged from
100 ksi to 750 ksi as shown in Table 1. Therefore,
errors in pavement response tended to increase as the
differences in moduli between sieved and unsieved
mixtures increased. Errors in pavement response also
tended to increase for thinner AC layers.

A benchmark analysis of the combined effect of
totalAC thickness and modulus on pavement response
was performed and the results are shown in Fig-
ure 10. When considering the factor “thickness”, the
average relative difference for the simulated structure
with a thickness of 3 in. was the only scenario that
exceeded the benchmark of 30 µε and had a percent
error larger or equal to 10%. When considering the
factor “modulus” of the unsieved mixture, the average
relative difference for simulated structures with mod-
uli between 200 and 500 ksi also had a percent error
larger or equal to 10%. Therefore, special attention
is needed during the data screening process for these
critical scenarios (structures with AC layers below
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Figure 10. Benchmark analyses.

5 in. and moduli between 200 and 500 ksi). However,
based on previous studies where errors were found to
be about 30% for thin AC layers (Siddharthan et al.,
2005, Howard et al., 2008), a benchmark of 30% would
not be exceeded by any of the scenarios shown in this
study. Furthermore, no sections have been placed at
the Test Track with less than 5 in. of AC.

The results obtained up to this point were used to
evaluate the effect of traffic on the finer mixture on
the control section built at the NCAT Test Track in
2009. A single dual tire load of 10,000 lb (5,000 lb per
tire) at 100 psi pressure was simulated as the traffic
load. The moduli of the unsieved AC layer were set to
50, 100, 200, 500 and 750 ksi which could potentially
have a significant effect on strain responses. The mod-
uli of the base and subgrade layers were set to 10 ksi
and 20 ksi, respectively. A higher subgrade modulus
compared to the base modulus is a unique character-
istic of the Test Track (Taylor and Timm, 2009). The
Test Track control section was designed to have 7 in.
of total AC and 6 in. of unbound base. Two cases were
simulated using the FE method: Case 1 with the sieved
mixture patch directly below one tire and Case 2 with
the center of the patch located at mid distance between
the tires. Figure 11 shows a schematic of the two cases.
Tensile strain responses were evaluated at two critical

Figure 11. Schematic of simulated dual tire load.

locations: directly below the center of one tire and at
mid-distance between the tires to obtain the maximum
tensile strain. The same critical locations were used in
a control case (with no patch). The maximum tensile
strains were also obtained for this simulated condition.

The differences in maximum tensile strain responses
considering the structure with and without the sieved
mix patch are shown in Table 3. The maximum tensile
strain for these conditions was obtained from either
the midpoint between the tires or directly below one
tire. It was found that AC layers with moduli equal or
below 200 ksi could potentially exceed the benchmark
of 30 µε. In addition, the maximum microstrain differ-
ence did not occur at the highest difference in mixtures
moduli as observed for the single 80 psi load. Instead,
the maximum difference in microstrain was found at
lowest AC modulus and the trend was to decrease as
the AC modulus was increased. The load magnitude
(100 psi) and dual load configuration maybe respon-
sible for this trend. In addition, modeling a granular
base material with lower modulus than the subgrade
may also be responsible for this trend.

The relative errors shown in Table 3 were for all
cases below the previously discussed 10% benchmark
and consequently can be considered as insignificant.
Therefore, the differences higher that 30 µε which
were obtained at relatively high strain responses could
be considered insignificant for practical purposes.
Nevertheless, special consideration is needed during
the data screening process for these critical scenarios.

7 SUMMARY

Based on the results of this study, the following
observations were made:

– Simulation of a finer mixture patch located at the
bottom of the AC layer produced higher tensile
strains with differences ranging from 1 to 70 µε
and errors ranging from 0.5 to 15%.
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Table 3. Simulated strain responses under dual tire load.

Unsieved % Diff. between Diff.
mix modulus sieved & in pavement %
(ksi) unsieved moduli response (µε*) Error

50 36 41.5 5.0
100 42 37.8 6.5
200 43 31.5 8.3
500 40 17.1 8.5
750 38 12.0 8.0

*Maximum tensile strain considering the patch for either case
minus maximum tensile strain without the patch.

– Simulated thinnerAC layers showed higher relative
differences and as the thickness was increased the
difference tended to decrease.

– The relative differences were found to be higher at
intermediate moduli (100 to 750 ksi).

– A benchmark of 30 µε was more likely to be
exceeded with AC layers thinner than 5 in. and
sections with moduli between 200 and 500 ksi.

– A benchmark 10% error was more likely to be
exceeded with AC layers thinner than 5 in. and
sections with moduli between 200 and 750 ksi.

– Benchmarks of 30 µε and 10% error were obtained
for gauge repeatability under FWD testing. Relative
differences and errors below these limits can be
considered insignificant.

– A benchmark of 30% error due to traffic load-
ing on thin AC layers was not exceeded (less than
3 in.). Errors below this limit can be considered
insignificant.

– For the control section from the NCAT test
track benchmarks of 30 µε could potentially be
exceeded for AC layers with moduli equal or less
than 200 ksi.

8 CONCLUSIONS AND RECOMMENDATIONS

Based on the analyses performed in this study, the
following conclusions and recommendations can be
made:

– The use of a finer mix as gauge cover can potentially
produce higher measured strain responses. These
results are more likely to occur when differences in
moduli between sieved and unsieved mixtures are
the highest.

– This effect seemed to be more evident for thinner
AC layers (less than 5 in.) and intermediate to low
moduli (50 to 750 ksi).

– From a practical point of view, ensuring that the
gauge is seated and placed properly is very impor-
tant for response measurement. By using the same
mixture (after removing the coarse portion), a fair
degree of uniformity can be expected.

– Given that the sieved mix truly had lower modulus,
the use of stiffer binders with fine mixes designed
to protect the gauges could offset the reduction in
modulus.

– The applicability of the results found in this study
is limited to the analyzed materials and structures.
Further investigation is needed to analyze the effect
of the base and subgrade materials properties, the
effect of moving loads, and the environment.
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ABSTRACT: The use of Warm-Mix Asphalt (WMA) has increased substantially in recent years and consider-
able funding has been allocated to research on the topic. Some road authorities have implemented its use based
only on results from limited testing, while other states have adopted a more conservative approach. Given the
significant differences to Hot-Mix Asphalt (HMA) practice and fears of a moratorium on the use of the tech-
nology if unexplained problems occur, the California Department of Transportation decided to follow a more
conservative approach, by designing and implementing a phased comprehensive study. Phase 1 investigated
rutting behavior of three different WMA technologies against an HMA control in an accelerated loading test
with associated laboratory testing assessing rutting and fatigue performance and moisture sensitivity. A number
of controlled pilot studies were also constructed during this phase. Phase 2 investigated the effects of the same
three WMA technologies on moisture sensitivity in an accelerated loading test. Phase 3 investigated the use of
seven different WMA technologies in rubberized asphalt following the same testing program used in Phase 1.
The findings have been used to prepare a WMA technology approval process and a framework for statewide
implementation that resulted in over one million tonnes of warm-mix asphalt being placed on state highways
in the 2011 paving season. This paper provides an overview of the California WMA study and summarizes the
results of the accelerated load and laboratory testing completed to date.

1 INTRODUCTION

The California Department of Transportation (Cal-
trans) has an interest in warm-mix asphalt with a
view to reducing stack emissions at plants, to allow
longer haul distances between asphalt plants and con-
struction projects, to improve construction quality
(especially during nighttime closures), and to extend
the annual paving season. However, the use of a warm-
mix asphalt technology requires the addition of addi-
tives (including water) into the mix, and changes in
production and construction procedures, specifically
related to temperature, which could influence perfor-
mance of the pavement. Therefore, Caltrans and the
University of California Pavement Research Center
(UCPRC) initiated a phased research study includ-
ing laboratory testing, accelerated load testing and
full-scale field studies to assess concerns related to
these changes before statewide implementation of the
technology was approved. This is a somewhat more
cautious approach compared to some other states, but
was implemented to ensure that performance is fully
understood and that any future pavement failures on
projects using warm-mix asphalt are explainable and
do not lead to a moratorium on the use of warm-mix
asphalt. History has shown that potentially promising

technologies are abandoned simply because of a poor
understanding of changed design, production and/or
construction procedures. Accelerated pavement test-
ing was an integral component in understanding the
effects of long-term truck traffic, and reducing the
risk of implementation on routes with high truck vol-
umes.This paper describes the study phases completed
to date (Jones, et al., 2008, 2009, 2011a, 2011b), the
findings of which have been used to prepare a warm-
mix asphalt technology approval process and to guide
statewide implementation.

Warm-mix technology names are used in this
paper for clarification purposes only. Caltrans and
the UCPRC do not endorse the use of any specific
warm-mix technology.

2 PROJECT OBJECTIVES

The objectives of the California warm-mix asphalt
study are to:

– Determine whether the use of additives (includ-
ing water), introduced to reduce production and
construction temperatures of asphalt concrete,
influence mix production processes, construction
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procedures, and the short-, medium-, and/or long-
term performance of hot-mix asphalt.

– Use research findings to guide the implementation
of warm-mix asphalt.

A workplan (Jones, et al., 2007) was prepared
for meeting these objectives. Research tasks included
monitoring the production of different warm mixes
and hot-mix controls; monitoring the construction of
test tracks with the mixes including the measure-
ment of emissions; sampling of raw materials during
production and specimens from the test tracks for lab-
oratory testing; laboratory testing to assess rutting
and fatigue cracking performance, and moisture sen-
sitivity; accelerated load testing to assess rutting and
fatigue cracking performance, and moisture sensitiv-
ity; monitoring the construction and performance of
a series of pilot projects on in-service pavements;
and preparing specifications and other documenta-
tion required for implementing the use of warm-mix
asphalt in California. Research has been undertaken
in phases. This paper describes the first three phases,
which included:

– Phase 1: A laboratory and accelerated load test to
assess the performance of three different warm-
mixes and a hot-mix control in a conventional
dense-graded mix. A test track was built for the
study. Laboratory testing on both plant-mixed,
field-compacted and laboratory-mixed, laboratory-
compacted specimens included assessments of
rutting performance, fatigue/reflective cracking
performance, and effects on moisture sensitivity.
Technologies assessed includedAdvera®, Evotherm
DAT®, and Sasobit®.The test track was constructed
at the Graniterock Company’s Aromas quarry and
asphalt plant.

– Phase 2:An accelerated load test to assess moisture
sensitivity, using the same test track used in the
Phase 1 study.

– Phase 3: A laboratory and accelerated load test to
assess the performance of seven different warm-
mixes against two hot-mix controls in a gap-graded
rubberized asphalt mix. A new test track was built
for the study. Paving emissions were also mea-
sured. Laboratory testing protocols were the same
as those followed in Phase 1.Technologies assessed
included Advera®, Astec Double-Barrel Green®,
Cecabase®, Evotherm DAT®, Gencor Ultrafoam®,
Rediset WMX®, and Sasobit®. Mixes were pro-
duced at two different asphalt plants (Granite
Construction’s Sacramento plant and George Reed
Construction’s Marysville plant) to accommodate
the two different water injection technologies.
Mix designs were prepared for each plant. The
test track was constructed at the University of
California Pavement Research Center (UCPRC) at
the University of California, Davis.

The field testing phase, which was undertaken con-
currently with the other phases, is described in another
paper. More than 20 test sections were constructed

around the state on roads covering a range of traf-
fic volumes and climate regions. Most field studies
were on thin overlays including open-graded friction
courses. Ongoing research includes studies on binder
aging in warm-mix asphalt and the use of warm-mix
technologies in mixes containing high percentages of
reclaimed asphalt.

3 TESTING PROTOCOLS

3.1 Laboratory

Plant-mixed, field-compacted laboratory testing was
conducted on specimens sawn or cored from
500 mm × 500 mm slabs sawn from the test track
approximately six weeks after construction.
Laboratory-mixed, laboratory-compacted specimens
were prepared using aggregates and binder collected
on the days that the mixes were produced for the test
tracks. Tests included shear (AASHTO T-320 [Perma-
nent Shear Strain and Stiffness Test]), beam fatigue
(AASHTO T-321 [Flexural Controlled-Deformation
Fatigue Test]), and moisture sensitivity (AASHTO
T-324 [Hamburg Wheel Track Test] and Caltrans
CT-371 [Tensile Strength Retained, similar to
AASHTOT-283]). In addition to the above, laboratory-
mixed, laboratory-compacted specimens were sub-
jected to an open-graded friction course durability
test (Cantabro [ASTM D-7064]).Typical experimental
plans used in previous UCPRC studies were adopted
for this study to facilitate later comparison of results.

3.2 Accelerated load testing

Accelerated pavement testing was undertaken with
a Heavy Vehicle Simulator (HVS). The test section
layout, test setup, trafficking, and measurements fol-
lowed standard UCPRC protocols (Jones, 2005). The
pavement temperature at 50 mm was maintained at
50◦C ± 4◦C in all phases to assess rutting potential
under typical pavement conditions. Infrared heaters
inside a temperature control chamber were used to
maintain the pavement temperature. In the moisture
sensitivity study, each section was presoaked with
water for a period of 14 days prior to testing.A 150 mm
high soaking dam was constructed around each test
section and a row of 25 mm diameter holes was drilled
to the bottom of the upper lift of asphalt (i.e. 60 mm),
250 mm away from the section and 250 mm apart.
During testing, a constant flow of preheated water
(50◦C) was maintained across the section at a rate of
15 L/hour to induce moisture damage.

All trafficking was carried out with a dual-wheel
configuration, using radial truck tires (11R22.5- steel
belt radial) inflated to a pressure of 720 kPa, in a chan-
nelized, unidirectional loading mode. Loads started at
40 kN and were increased to 60 kN after 150,000 load
repetitions and to 80 kN after a further 100,000 load
repetitions. Load was checked with a portable weigh-
in-motion pad at the beginning and end of each test as
well as after each load change.
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Table 1. Phase 1 and Phase 2 test track data.

Parameter Control Advera Evotherm Sasobit

Binder content (%)1 5.3 5.1 5.2 4.5
Prod temp (◦C) 155 120 120 120
Pave temp (◦C)2 135 105 105 117
Ambient temp (◦C) 20 20 20 20
Air voids (%) 5.6 5.4 7.1 7.0

1Target 5.2%; 2Behind screed

Table 2. Phase 3 test track data (Mix Design #1).

Parameter Control Gencor Evotherm Cecabase

Binder content (%)1 7.7 7.9 7.7 7.7
Rubber content (%) 18 18 18 18
Prod temp (◦C) 160 140 125 130
Pave temp (◦C)2 154 128 120 128
Ambient temp (◦C) 10 10 10 10
Air voids (%) 4.9 6.3 6.2 6.4
Hveem Stability3 27 28 27 27

1Target 7.3%; 2Behind screed; 3Immediate, no curing

Table 3. Phase 3 test track data (Mix Design #2).

Parameter Control Sasobit Advera Astec Rediset

Binder content (%)1 7.7 8.0 7.6 8.4 10.0
Rubber content (%) 19 19 19 19 19
Prod temp (◦C) 166 149 145 145 140
Pave temp (◦C)2 137 137 130 125 126
Ambient temp (◦C) 10 10 10 10 10
Air voids (%) 11.6 8.5 10.7 9.1 8.4

1Target 8.3%; 2Behind screed

Rutting was measured with a laser profilometer
and pavement temperatures were monitored using
thermocouples imbedded in the pavement. Dedicated
nearby weather stations monitored ambient temper-
ature, rainfall, relative humidity, wind speed and
direction, and solar radiation.

4 TEST TRACK DESIGN AND
CONSTRUCTION

Test tracks were designed and constructed using con-
ventional techniques and equipment and in confor-
mance to Caltrans specifications. The Phase 1 and 2
test track consisted of two 60-mm asphalt concrete lay-
ers, over 300 mm crushed stone base, over 250 mm of
crushed stone subbase, over bedrock. The Phase 3 test
track consisted of a 60 mm rubberized asphalt concrete
layer, over a 60 mm hot-mix asphalt layer, over 400 mm
of crushed stone base, over compacted subgrade.

The Phase 1 test track was constructed in late sum-
mer with mild ambient temperatures. The Phase 3 test

track was constructed in early spring with low ambi-
ent temperatures and a cold wind. This was intentional
to quantify the potential benefits of using warm-mix
asphalt for early season paving.

Haul distance for the Phase 1 test track was approx-
imately 1.0 km and consequently there was no heat
loss during the haul. Haul distances from the two
asphalt plants for the Phase 3 test track were 60 min-
utes and 120 minutes respectively. Key data for the
asphalt concrete on the two test tracks are provided in
Tables 1 through 3.

5 SUMMARY OF LABORATORY TEST
RESULTS

5.1 Air void content

Air-void contents were higher and more variable on
the specimens removed from the test track compared
to the specimens prepared in the laboratory. There was
a bigger variation in the rubberized mixes compared
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Figure 1. Air void content for Phase 3 test track (Average
determined from 65 specimens per mix).

to the dense-graded mixes. This was attributed to a
number of reasons including better compaction con-
trol and more consistent temperatures in the laboratory
compared to the field. The higher air-void contents
recorded during construction of Mix Design #2 in the
Phase 3 study (Figure 1) were attributed to difficulty
with compaction due to higher than expected tem-
perature loss during the longer haul, which resulted
in compaction temperatures being lower than opti-
mal. This was expected on the Control section, but
should have been better considered by the technology
providers when setting production temperatures on the
warm-mixes.

5.2 Rutting performance

Rutting performance on the specimens removed from
the test tracks showed similar trends to the acceler-
ated load test results (discussed in Section 6), with
no significant differences between the hot-mix con-
trols and the warm-mixes (example for Phase 1 in
Figure 2). Results varied on laboratory prepared speci-
mens, depending on whether the mix was conditioned
(four hours at 135◦C) prior to specimen preparation
or not. On unconditioned specimens, rutting perfor-
mance on the warm mixes was generally poorer than
the controls. This was attributed to less oxidation of
the binder and consequent lower initial stiffness of the
mixes. On conditioned specimens (typically four hours
at compaction temperature), performance was closer
to the test track specimens.

5.3 Fatigue/reflective cracking performance

There was no significant difference in fatigue cracking
performance between the warm-mix and hot-mix spec-
imens in any of the studies, except the Sasobit speci-
mens with low binder content from the Phase 1 study,
which showed reduced performance, as expected (Fig-
ure 3). Laboratory prepared specimens at the correct
binder content performed similar to the Control spec-
imens. A limited study to assess small reductions in
binder content to counter lower mix stiffness as a

Figure 2. Phase 1 shear test results for specimens removed
from test track (PSS = Permanent Shear Strain).

Figure 3. Phase 1 fatigue test results for specimens removed
from test track (Tested at 200 microstrain at 20◦C).

result of reduced binder aging resulted in a reduction
in fatigue performance.

5.4 Moisture sensitivity

In the Phase 1 study, Hamburg Wheel Track and ten-
sile strength retained results were generally poor for all
mixes (Figure 4), with unconditioned laboratory pre-
pared specimens having lowest performance. In the
Phase 3 study, only results for specimens removed
from the test track were available at the time of prepar-
ing this paper, with results similar for all specimens
with little evidence of moisture sensitivity (Figure 5).

5.5 Open-graded friction course durability

There was no significant difference in durability
between the warm-mix and hot-mix specimens in tests
conducted on the Phase 1 aggregates, despite slightly
higher drain-down on the warm-mix specimens.

6 SUMMARY OF ACCELERATED LOAD TESTS

6.1 Phase 1: Early rutting performance on
dense-grade

Testing on the four sections was started in October
2007 and ended inApril 2008.The duration of the tests
on the four sections varied from 170,000 to 285,000
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Figure 4. Phase 1 Hamburg Wheel Track test results
for specimens removed from test track (C = Control,
A =Advera, E = Evotherm, S = Sasobit).

Figure 5. Phase 3 Hamburg Wheel Track test results for
specimens removed from test track.

load repetitions.A range of daily average temperatures
was experienced; however, the pavement temperatures
remained constant throughout HVS trafficking.

Rutting behavior (average maximum rut) for the
four sections is compared in Figure 6. The duration
of the embedment phases on the Advera and Evotherm
sections were similar to that of the Control; however,
the depth of the ruts at the end of the embedment
phases on these two sections was slightly higher than
the Control. In both instances, this was attributed to
less oxidation of the binder during mix production
because of the lower plant temperatures and is unlikely
to relate to early rutting on in-service pavements with
typical California traffic volumes. However, it remains
a concern on thick warm-mix pavements with very
high truck traffic. Additional binder testing to study
effects of the additives and aging at different pro-
duction temperatures on binder properties is currently
being undertaken in Phase 4 to better understand the
issue. Rutting behavior on the warm-mix sections fol-
lowed trends similar to that of the Control in terms of
rut rate (rutting per load repetition) after the embed-
ment phase. Note that the performance of the Sasobit
section cannot be directly compared with the other
three sections given that the binder content of this mix
was 0.7 percent lower than the other mixes.

Figure 6. Phase 1 rutting (C = Control, A =Advera,
E = Evotherm, S = Sasobit).

6.2 Phase 2: Moisture sensitivity on dense-grade

Testing on the four sections was started in June 2008
and ended in May 2009. The duration of the tests on
the four sections varied from 352,000 to 620,000 load
repetitions. A range of daily average temperatures was
experienced during the four seasons of testing; how-
ever, the pavement temperatures remained constant
throughout HVS trafficking.

Rutting behavior (average maximum rut) for the
four sections is compared in Figure 7. The duration
of the embedment phases on the warm-mix asphalt
sections were shorter than the control, opposite to
the behavior in the first phase. Binder extractions
and testing is currently being undertaken to better
understand this observation. Embedment phases were
noted at each load change on all sections.

There was a distinct difference in rutting perfor-
mance of the Advera and Sasobit sections compared
to the Control and Evotherm sections, in that the latter
two sections rutted at a notably faster rate than the for-
mer two sections. The Control and Evotherm sections
were predominantly shaded by an adjacent structure
for much of the day, while the Advera and Sasobit
sections had sun for most of the day. Binder testing
is being undertaken to determine if different aging
played a role in this behavior, and the findings will be
reported in a separate publication. Trafficking was ter-
minated on the Advera and Sasobit sections before the
failure criterion was met in the interests of completing
the study. In forensic investigations undertaken after
testing, none of the sections showed any indication of
moisture damage, which contradicted the laboratory
Hamburg Wheel Track and Tensile Strength Retained
test results.

6.3 Phase 3: Early rutting performance on
rubberized asphalt

This phase was considered as two sub-projects given
that mixes came from two different asphalt plants
with different mix designs (7.3% binder content on
Mix Design #1 compared to 8.3% on Mix Design
#2). Load testing was conducted concurrently on both
mixes using two Heavy Vehicle Simulators. Testing
was started in June 2010 and ended in December 2010.
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Figure 7. Phase 2 rutting (C = Control, A =Advera, E = Evotherm, S = Sasobit).

Figure 8. Phase 3, Mix Design #1 rutting (C = Control,
E = Evotherm, G = Gencor, CB = Cecabase).

On the first project (Control, Cecabase, Evotherm
DAT, and Gencor UltraFoam), the duration of the tests
varied between 85,000 and 225,000 repetitions; with
performance generally better on the warm-mix sec-
tions compared to the Control. On the second project
(Control,Advera,Astec Double-Barrel Green, Rediset,
and Sasobit), the duration of the tests varied between
225,000 and 375,000 repetitions with most sections
performing in a similar way, but with two sections
showing some load sensitivity at higher loads. This
behavior was later attributed to subgrade moisture
conditions identified during a forensic investigation.

Rutting behavior (average maximum rut) for the two
projects is compared in Figures 8 and 9 respectively.
In the first project, the embedment phases on two of
the warm-mix sections were shorter than the Control.
Embedment on the third warm-mix was the same as
the Control. In the second project, embedment phases
were similar for all mixes.

Differences in performance were related to air-void
content, actual binder content, and lift thickness which
varied slightly between the mixes. The binder content

Figure 9. Phase 3, Mix Design #2 rutting (C = Control,
A =Advera, DBG =Astec DBG, R = Rediset, S = Sasobit).

Figure 9. Portable flux chamber for measuring emissions
during paving.

of the Rediset mix was significantly higher than the
other mixes (i.e., 1.7 percent higher than the design
binder content). Compaction on the second project
was generally poor, which was attributed to the longer
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Figure 10. Reactive organic gas emissions during Phase 3 paving.

haul (approximately 2.5 hours) and cold temperatures
during placement.

7 EMISSIONS TESTING

The purpose of the emissions study was to develop
and assess equipment for accurately measuring sur-
face emissions during hot- or warm-mix asphalt paving
operations. A transportable flux chamber (Figure 9)
was fabricated to obtain direct measurements of reac-
tive organic gas (ROG) emissions and to estimate
the fluxes of volatile organic compounds (VOCs) and
semi-volatile organic compounds (SVOCs) for dif-
ferent asphalt mixes and production temperatures. A
comprehensive validation study was carried out dur-
ing the Phase 3 study to verify the applicability of
the method in characterizing organic compounds in
emissions during construction (Farshidi, et al., 2011).

Although trends in emission reduction from the
time of placement until after final compaction were
similar for all the mixes tested, significant differences
were noted in the alkanes’ concentration of the emis-
sions from the Control mixes from the two asphalt
plants and from the different warm mix technologies
(Figure 10). In some instances, the warm mixes had
higher concentrations than the control. For example,
the second highest emission concentration recorded
was on one of the warm-mix sections placed at the
lowest temperature recorded of all the sections. Con-
sequently, any generalization with regard to emissions
reduction during the placement of asphalt through the
use of warm-mix technologies is inappropriate and
should be restricted to comparisons of specific WMA
technologies against HMA controls.

Preliminary results from this study indicate that
the method developed is appropriate for accurately
quantifying and characterizing VOC and SVOC emis-
sions during asphalt paving. Based on the results

obtained to date, the study is being extended to
assess other gaseous and particulate polycyclic aro-
matic hydrocarbons (PAH) emissions during paving.
Collection of PAHs through a fine particulate filter
followed by a sorbent-backed filter with further gas
chromatographic/mass spectrometric (GC/MS) anal-
ysis is being investigated. The results will be used
to quantify the potential benefits of using warm-mix
asphalt technologies in reducing reactive organic gas
emissions, and to more accurately assess the contri-
bution of emissions from asphalt paving to total ROG
emissions for specific areas.

8 KEY OBSERVATIONS

The following key observations have been made from
the study results to date:

– Smoke and haze typical on construction projects
using hot-mix asphalt are significantly reduced
on warm-mix projects. However, actual emissions
during paving vary between technologies and the
temperatures at which they are placed. Conse-
quently, generalizations about reduced emissions
from warm-mix asphalt when compared to hot-mix
asphalt should not be made.

– Compaction on warm-mix sections is similar to that
on hot-mix sections if similar rolling patterns are
followed and the temperatures do not drop too low.
Warm-mixes cool at a slower rate than hot-mixes
and consequently there is a longer time window
to complete compaction. However, periods of mix
tenderness are also generally longer and breakdown
rollers may need to be held back to accommodate
this.

– In the Phase 1 experiment, production and com-
paction temperatures were set. Two of the tech-
nologies showed considerable tenderness during
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breakdown rolling, indicating that the placement
temperatures were on the high side and conse-
quently the breakdown and intermediate rollers
were held back until the mix had cooled down to
an appropriate level. Contractors may be inclined to
reduce the binder content to minimize this problem.
This is NOT advised; rather the approach of delay-
ing the start of breakdown rolling by a few min-
utes should be followed. Reduced binder content
could lead to a stiffer mix that is more susceptible
to raveling and early reflection cracking, especially
in thin overlays.

– In the Phase 3 experiment, production and com-
paction temperatures were set by the individual
warm-mix technology provides in discussion with
the asphalt plant operator. In certain instances,
compaction temperatures may have been a little
low, which resulted in poor compaction on some
sections. Ambient temperatures and haul time need
to be closely monitored in the setting of these tem-
peratures to ensure that adequate compaction can
still be achieved. The focus should not be solely on
trying to reduce production temperatures.

– Laboratory rutting performance of warm-mix
asphalt specimens prepared according to standard
procedures with no additional conditioning is gen-
erally poorer than hot-mix specimens prepared in
the same way, indicating that some early rutting is
possible until the binder oxidizes to the same extent
as that of hot-mix asphalt. This implies that early
rutting is possible in the first few months after con-
struction on thicker warm-mix asphalt projects that
carry heavy truck traffic. Longer rut embedment
phases on the warm-mix sections compared to the
hot-mix section in the Phase 1 accelerated loading
study support this observation. No difference in rut-
ting was observed on any of the other accelerated
loading tests or on any of the field sections moni-
tored to date, indicating that the problem is probably
limited to applications in thicker pavements (the
Phase 1 test track was 120 mm thick, whereas
all other experiments varied between 38 mm and
50 mm). Reductions in the binder content should
not be considered to counter this effect.

– No increase in moisture sensitivity was noted on
any of the warm-mix sections assessed in this study.
However, measurements at the asphalt plants indi-
cated that the moisture contents of the warm-mixes
were generally higher than the hot-mix controls,
although all were within Caltrans specification
(i.e., 1.0 percent by mass of mix), indicating that
the potential for moisture related problems does
exist if aggregate moisture contents are not closely
monitored.

9 CONCLUSIONS

A comprehensive, phased research study has revealed
that warm-mix asphalt will provide equal performance
to hot-mix asphalt in most instances. Reduced binder
aging as a result of lower production temperatures

appears to have a short-term influence on rutting per-
formance, which could result in a faster initial rut rate
on thicker pavements under heavy truck traffic for the
first few months in hot climates.Accelerated pavement
testing was beneficial in understanding this rutting
behavior and in assessing the potential for increased
moisture sensitivity due to the lower production tem-
peratures. Based on the results and conclusions from
the research conducted to date, coupled with training
and workshops for district staff, Caltrans is imple-
menting the use of warm-mix asphalt statewide on
pavements in all traffic classes, with over a million tons
of warm-mix placed in a full spectrum of applications
in 2011. Results from the research, and specifically
the accelerated pavement testing, were considered a
fundamental component in understanding potential
risks of implementation, especially on high truck traf-
fic routes and in those areas with moisture sensitive
aggregates.
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I. Khoury, S.M. Sargand, A. Al-Rawashdeh & W. Edwards
Ohio Research Institute for Transportation and the Environment, Ohio University, Athens, Ohio, US

ABSTRACT: A controlled environment study of perpetual pavement was conducted at the Ohio Research
Institute forTransportation and the Environment’sAccelerated Pavement Load Facility (APLF).The surface layer
of each section consisted of one of the Warm Mix Asphalts (WMA), Aspha-min, Sasobit, and Evotherm, or a
hot-mix control.The test sections were divided into northern and southern halves, with the northern halves having
a full 16 in. (400 mm) perpetual pavement; the southern halves had intermediate layer thicknesses decreasing in
1.0 in (25 mm) increments, which was compensated for by increasing the thickness of the dense-graded aggregate
base. Instrumentation in the southern half was used to measure temperature, subgrade pressure, deflections, and
longitudinal and transverse strains at the base of the fatigue resistance layer. The temperature was set to 40◦F
(4.5◦C), 70◦F (21◦C), and 104◦F (40◦C), in that order. At each temperature, Rolling Wheel Loads (RWL)
of 6,000 lb (26.7 kN), 9,000 lb (40 kN), and 12,000 lb (53.4 kN) were applied at selected lateral shifts and the
sensor responses measured before and after being subjected to 10,000 passes of 9,000 lb (40 kN) RWL at ∼5 mph
(8 km/h). Profiles were measured after 100, 300, 1,000, 3,000, and 10,000 passes to assess consolidation of each
surface.

1 INTRODUCTION

Warm MixAsphalt (WMA) is a relatively new technol-
ogy which was introduced in 1995 in Europe. WMA
is gaining attention all over the world because it offers
several advantages over conventional asphalt concrete
mixes. The benefits include (1) Reduced energy con-
sumption in the asphalt mixture production process;
(2) Reduced emissions, fumes, and undesirable odors;
(3) More uniform binder coating on aggregate, which
should reduce mix surface aging; and (4) Extended
construction season in temperate climates.

WMA requires the use of additives to reduce
the temperature of production and compaction of
asphalt mixtures. It offers an alternative to hot-mix
asphalt (HMA), which is produced at temperatures
between 280◦F (138◦C) and 320◦F (160◦C). Warm
mix asphalt is compacted at a temperature range
of 250◦F (121◦C) to 275◦F (135◦C). Several tech-
niques have been used to improve the workability of
asphalt mixes at a lower temperature. These include
(www.warmmixasphalt.com/WmaTechnologies.aspx):

– Aspha-min, the addition of sodium aluminum sil-
icate or zeolite to the asphalt mix (www.aspha-
min.de/en/html/overview.html).

– Sasobit, the addition of a paraffin-wax compound
extracted from coal gasification (www.sasolwax.
com/Sasobit_Technology.html)

– Evotherm, the addition of an emulsion to improve
the coating and workability of WMA mixes
(www.meadwestvaco.com/Products/).

A fourth common technique is WAM Foam, which
uses a foaming action to reduce the working temper-
ature. This technique was excluded from the study
at the request of the project sponsor. WMA tech-
niques were used to reduce the viscosity of asphalt
binder at certain temperatures and to dry and fully
coat the aggregates at a lower production temperature
than conventional hot-mix asphalt. The reduction in
mixing and compaction temperatures of asphalt mix-
tures can lead to a 30 percent reduction in both fuel
energy consumption and emissions, depending on the
WMA technology used and the moisture content of the
aggregates (APAO, 2003).

“Perpetual pavement” is the term given to the
unique design of a long-life flexible pavement. The
structural integrity of the pavement is intended to last
at least 50 years, while only the top wearing sur-
face would periodically be milled and replaced to
eliminate surface distresses. This relatively quick fix
reduces user delays and rehabilitation costs, offsetting
the higher initial cost. The removed surface layer can
also be recycled, saving material resources.

The main focus of the perpetual pavement concept
is to eliminate bottom-up fatigue cracking while still
providing a durable product.When pavements undergo
cyclic traffic loading, the bottom layer of the pavement
structure becomes fatigued from induced strain, where
cracks begin to develop and then propagate into the
upper layers, eventually making their way to the sur-
face. To combat this problem, the perpetual pavement
design is thicker than conventional designs. As the
pavement structure becomes thicker, the strain under
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Figure 1. APLF test section profile view diagram showing pavement structure build-up in each 8 ft. (2.4 m) lane. The 3 ft.
(0.9 m) pave margins at the outer edges of Lane 1 and Lane 4 are not shown.

load at the bottom of the hot-mix asphalt (HMA) pave-
ment layer decreases, thus reducing damage due to
loading and increasing the fatigue life of the pave-
ment. It is believed that once the strain is lowered
below some threshold, known as the endurance limit,
then fatigue cracking as a result of tensile strain at
the bottom of the HMA will never occur (Brown
and Timm, 2006). The endurance limit is currently
accepted as 70 microstrains (µε) for most perpet-
ual pavement designs, though some claim a higher
endurance limit of 100 µε is suitable. Perpetual pave-
ments are normally comprised of three distinct layers;
a rut and wear resistant top layer, a rut resistant inter-
mediate layer, and a special fatigue resistant bottom
layer.

The fatigue resistance layer, or “rich” bottom layer,
is the main difference between conventionally thick
asphalt pavement designs and the perpetual pavement
design. This layer has slightly higher asphalt binder
content and lower air voids, making it more flexi-
ble. Given the appropriate thickness, this layer can be

designed so that the endurance limit is never exceeded.
The higher asphalt content is also designed to improve
the layer’s resistance to moisture.

The Ohio Department of Transportation (ODOT)
tested the perpetual pavement concept on the west-
bound lanes of the US Route 30 bypass of Wooster
in Wayne County, Ohio (WAY-30), which was con-
structed in 2005. The pavement consisted of 16 in.
(400 mm) of asphalt in four layers built on 6 in.
(150 mm) of dense-graded aggregate base (DGAB).
Two test sections were instrumented by the Ohio
Research Institute for Transportation and the Envi-
ronment (ORITE). A weather station was also used
to monitor environmental conditions. Controlled vehi-
cle tests with single axle and tandem axle loads and
other monitoring, such as falling weight deflectometer
(FWD) measurements and gathering of environmen-
tal data, were conducted during different seasons
over the next four years. The perpetual pavement
performed well over this period, and the critical stress
at the base of the fatigue resistance layer (FRL) was
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exceeded only by the heaviest loaded vehicles trav-
elling at extremely low speeds that were expected to
rarely, if ever, occur in practice (Sargand et al., 2008;
Sargand, 2010).

ODOT then decided to sponsor a second research
project that would test different thicknesses of
perpetual pavement in ORITE’sAccelerated Pavement
Load Facility (APLF), along with selected formula-
tions of warm-mix asphalt (WMA) on the surface
layer. The project also included a field study of a road
resurfacing project using the same formulations of
WMA, along with analyses of the energy consump-
tion and cost savings, and laboratory testing of the
material properties. These aspects are reported sepa-
rately (Sargand, 2009; Hurley et al., 2009). In order to
maintain continuity with the WAY-30 study, the same
endurance level of 70 µε, was used.

2 OBJECTIVES

The following are the primary objectives of this
research:

– Examine the influence of pavement thickness on
the tensile strain developed at the bottom of the
perpetual pavement layer.

– Document the performance of perpetual pavements
containing three types of WMA and one conven-
tional wearing course, and to monitor pavement
response in the form of deflections, strains, and
pressures in and under perpetual pavements.

3 ABOUT THE APLF

ORITE’s APLF at Ohio University’s Lancaster
Campus is a state-of-the-art indoor test facility for
road pavements. A full-scale two-lane test road (24 ft.
[7.3 m] wide, 45 ft. [13.7 m] long) can be built from
the soil layer up inside the building. The environment
can be temperature controlled from 10◦F (−12◦C) to
130◦F (44◦C); humidity is also controlled and mois-
ture can be added to test its effect on subgrade soil.
A rolling tire load from 9,000 lb (40 kN) to 30,000 lb
(133 kN) can be applied to simulate a passing truck, up
to 500 times per hour. The wheelpath can be adjusted
±10 in. (250 mm). The pavement test section can be
fully instrumented so that deflections, strains, and
pressures in all layers under the wheel load can be
measured, along with longer term responses such as
curling and warping of concrete pavement slabs. The
APLF allows for testing road materials and construc-
tion techniques on a small scale with a full-width
installation under extreme conditions, without having
to risk experimentation on in-service pavements.

4 CONSTRUCTION AND INSTRUMENTATION
OF THE TEST PAVEMENTS

The test pavement constructed for this project at the
APLF included a total of eight pavement sections

containing three types of WMA and one conventional
wearing course placed on two thicknesses of per-
petual pavement cross sections along each lane, as
shown schematically in Figure 1. The 38 ft. (11.6 m)
width of the APLF was divided into four 8 ft. (2.4 m)
wide lanes, one for each surface treatment, with 3 ft.
(0.9 m) borders at the edge of the pit. Each lane was
divided into a north and south half of 22.5 ft. (6.9 m)
length. The northern pavement sections each had the
same profile with perpetual pavement thickness 16 in.
(405 mm), with the only difference between each being
the type of warm- or hot-mix asphalt used in the
1.25 in. (32 mm) surface layer.The perpetual pavement
was constructed in the same manner as that con-
structed on the US Route 30 test road in Wayne County
(Sargand et al., 2008).

The four southern sections had progressively thin-
ner perpetual pavement depths of 16 in. (400 mm),
15 in. (380 mm), 14 in. (355 mm), and 13 in. (330 mm).
The different section thicknesses in the southern part
of the APLF were designed to provide data useful to
future verifications of perpetual pavement analysis and
design procedures. The different surface mixes had
negligible impact on the perpetual pavement behavior
and stresses in the lower layers of asphalt.

The 16 in. (400 mm) perpetual pavements were built
up from the bottom in the following layers, as shown
in Figure 1: 12 in. (300 mm) coarse aggregate topped
by ∼5 ft. (∼1.5 m) of type A6-A7 subgrade soil, a
6 in. (150 mm) dense-graded aggregate base (DGAB,
ODOT Item 304), a 4 in. (100 mm) fatigue resistant
layer, a 7.75 in. (200 mm) intermediate AC (ODOT
Item 448) layer, a 3 in. (75 mm) AC leveling layer of
ODOT Item 446 Type II, and a 1.75 in. (32 mm) sur-
face layer of ODOT Item 446Type I HMA or one of the
WMA mixes. For the southern half of each WMA lane,
the intermediate layer (ODOT Item 448) was reduced
by 1 in. (25 mm), 2 in. (50 mm), or 3 in. (75 mm) and
the DGAB increased a corresponding amount to keep
the surface of each pavement structure at the same
elevation.

The conventional asphalt mixes were delivered to
the APLF from the Shelley and Sands Asphalt Plant
located in Logan, Ohio, while the WMA mixes were
brought in from the plant site established near the
GUE-541 project, and are the same as used at the
field site. All sections were supported on a uniform
dense-graded aggregate base (DGAB) and subgrade.
Subgrade moisture was not varied throughout the
project in an effort to limit the number of variables
to be monitored and used in the analysis. Figure 2 has
photographs of the sensors and the paving operations
in the APLF.

The southern sections of the APLF were instru-
mented to measure dynamic response to load in the
form of strains, pressure, and deflections. Figure 3
shows the sensor layout along the centerline of the
lane. The instrumentation consisted of four Dynatest
PAST II AC strain gauges oriented to measure lon-
gitudinal and transverse strain 1.0 in. (25 mm) above
the bottom of the fatigue resistant AC layer, two
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Figure 2. Views inside the APLF: (a) placement of sen-
sors; (b), paving test sections; (c), load wheel behind beam;
(d), using ORITE profilometer to measure a pavement
surface profile.

Micro Sensors GHSD 750 LVDTs and one Geokon
Earth Pressure Cell, all spaced 18 in. (450 mm) apart
longitudinally along the lane centerlines to measure
the dynamic response of the four perpetual pavements
of different thickness. The two LVDTs were installed
so that one measured surface deflection referenced
to the top of the subgrade and the second deflec-
tion to a depth of approximately 5 ft. (1.5 m) below
the pavement surface. A hole for the deep LVDT was

Figure 3. Profile view showing sensor locations along
centerline in southern section of each APLF lane (not to
scale).

drilled about 3 ft. (0.9 m) into the 304 aggregate, lined
with PVC pipe, capped to keep it clean, and ref-
erenced for future drilling through the pavement to
install the LVDT. Thermocouples were also placed
1.0 in. (25 mm) below the surface, at the center and
1.0 in. (25 mm) above the bottom of the AC to monitor
pavement temperature during the tests.

Installation proceeded as follows: The pressure cell
was placed on the finished subgrade before place-
ment of the aggregate for the DGAB layer. Upon
completion of the DGAB layer, strain gauges were
installed by sieving out large particles from a por-
tion of the hot fatigue resistant mix, placing a 1.0 in.
(25 mm) thick pad of the sieved material on the aggre-
gate, laying the gauge on the pad, covering it over
with another in. (25 mm) of sieved material, hand
compacting the asphalt encasing the strain gauge,
and then letting the paver complete placement of the
fatigue resistant layer. Thermocouples were held in
place with loose AC ahead of the paver. After all
paving was completed, holes were drilled through the
AC and the two LVDTs were installed as shown in
Figure 3. An infrared camera was used during the
APLF test section construction to document WMA
cooling throughout the placement and compaction
processes.

Each specific section was tested at low, medium,
and high temperatures of 40◦F (5◦C), 70◦F (21◦C),
and 104◦F (40◦C), respectively, applied in that order
to the pavement. Once the temperature of the asphalt
had stabilized and initial sensor measurements taken,
10,000 passes were applied using a 9,000 lb (40 kN)
single-axle dual-tire load moving at a constant speed
of 5 mph (8 km/h). A second set of sensor readings
under loads was taken after the set of passes was com-
pleted. During the 10,000 passes of the load, periodic
visual condition surveys were performed to document
the development of distress as the number of loads
applied to the pavement increased. Surface profile sur-
veys were also obtained with a profilometer (traveling
laser instrument) that monitored rutting development
as the loading of the pavement sections progressed
under the three planned temperature levels. If rut-
ting under the constant 9 kip (40 kN) single axle load
equaled 0.5 in. (12.5 mm), testing was discontinued on
that strip.
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Figure 4. Example data for longitudinal and transverse
strain as function of time during loaded rolling wheel pass
in Fatigue Resistance Layer (FRL) in APLF.

5 RESULTS

5.1 Strains under Fatigue Resistance Layer (FRL)
in perpetual pavements

Rolling wheel loads (RWL) of 6,000 lb (27 kN),
9,000 lb (40 kN), and 12,000 lb (54 kN) were applied
by the speed-controlled tire at 5 mph (8 km/h) before
and after the set of 10,000 runs (load wheel passes)
with a 9,000 lb (40 kN) load rolling in a bidirectional
mode at 5 mph (8 km/h) with no wheel wander applied
at each temperature. It required about one week to
apply the 10,000 bidirectional loading cycles. During
each measurement session, each load was applied four
times across the section along four different parallel
tracks laterally shifted by the following amounts from
the sensor line: 1.0 in. (25 mm), 3 in. (75 mm), −4 in.
(−100 mm), and −9 in. (−225 mm), where positive is
east (left) of the sensor line. The rolling wheel and
associated beam can be seen in Figure 2c.

Figure 4 shows the longitudinal and transverse
strains under the fatigue resistance layer (FRL) of the
13 in. (330 mm) perpetual pavement section at 40◦F
(4.5◦C) as the load wheel ran from north to south.
As the wheel approached the first longitudinal strain
gauge (DYN-016 in Figure 4) a compression strain
developed on that gauge, indicated by the negative
value at approximately time = 4.7 seconds. When the
wheel was directly over the gauge at time = 5 seconds,
a tensile strain developed on the same gauge. Then,
a compression strain developed as the wheel left the
gauge, signified by the negative strain at time = 5.8
seconds. For the transverse strain gauge (DYN-015
in Figure 4), only a tensile strain is observed, peak-
ing at about time = 5.3 seconds. The other two traces,
DYN-014 and DYN-013 in Figure 4 for the second lon-
gitudinal and second transverse strain gauge mimic the
curves of the other gauges. This process was repeated
every time the axle load passed over the pavement.
The repeated compression and tension strain in the
longitudinal direction caused a permanent deforma-
tion in the asphalt layer, which manifests as rutting
and fatigue cracking after sufficient repetitions.

Figure 5. Longitudinal strain in Fatigue Resistance Layer
(FRL) in APLF after 0 runs (top) and 10,000 runs (bottom).

The data collected from the graph in Figure 4 were
recorded as follows: the two peak values of the longi-
tudinal strains were determined (time = 5 seconds for
DYN-016 and time = 5.3 seconds for DYN-014 in the
figure) and these two values averaged for entry into
the appropriate place in the appropriate table as a lon-
gitudinal strain. Similarly, the two peaks for the other
two sensors (DYN-015 and DYN-013) were averaged
to obtain the transverse strain values for the tables.

Figures 5 and 6 show the longitudinal and transverse
strains in microstrains (µε), respectively, in the fatigue
resistance layer before applying the rolling wheel load
(top) and after 10,000 runs of the wheel with a 9,000 lb
(40 kN) load (bottom). The longitudinal strain for the
conventional mix increases with increasing load and
ambient temperature. The data indicate that the trans-
verse strains observed in the FRL under the thinner
pavements are considerably higher than in the FRL
under the full-depth 16 in. (400 mm) pavement. This
trend holds at all temperatures and under all loads,
and is most pronounced under the highest load at the
highest temperature. That said, the magnitude of the
longitudinal strains remained below the critical design
parameter of 70 µε at all times, with a few exceptions
under the 12 kip (54 kN) test load at the high tempera-
ture. Because theAPLF conditions represent a uniform
high temperature of 104◦F (40◦C) without a gradient,
these results represent extreme conditions not likely to
occur in the field. In addition, the full-depth section
with the thickest intermediate layer performed about
as well as the other sections. This suggests that it may
be possible to maintain perpetual pavement conditions
in a thinner pavement structure compensated for by a
thicker and stiffer base.
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Figure 6. Transverse strain in Fatigue Resistance Layer
(FRL) in APLF after 0 runs (top) and 10,000 runs (bottom).

Figure 7. Pressure under base with load on wheelpath after
0 runs (top) and 10,000 runs (bottom).

5.2 Pressure under base layer

Figure 7 shows the pressure under the wheelpath
under the base layer (304) after zero runs (top) and
10,000 runs (bottom) at ambient temperatures of 40◦F
(4.5◦C), 70◦F (21◦C), and 104◦F (40◦C). The high-
est pressure was measured under the base layer of the

Figure 8. Deflection of subgrade layer after 0 runs (top) and
10,000 runs (bottom) along the wheelpath.

thinnest AC section. As with the strain measurements,
the RWLs applied during measurement were 6,000 lbs
(27 kN), 9,000 lbs (40 kN), and 12,000 lbs (54 kN) at
each temperature. The pressure under the aggregate
base increased with increasing load and the ambient
temperature of the facility. The difference in the pres-
sure at each section is very small. The lowest pressure
measured was under the full-depth section at different
loads and different ambient temperatures. This may be
due to the greater thickness of the Item 448 (intermedi-
ate AC) layer in this section and the greater stiffness of
the conventional HMA mix on the surface. The pres-
sure under the base layer was almost the same after
zero and 10,000 runs for the same applied load and
ambient temperature.

5.3 Subgrade deflection

Figure 8 shows the deflections of the subgrade layer
under each section after zero runs (top) and 10,000
runs (bottom) under 6,000 lb (26.7 kN), 9,000 lb
(40 kN), and 12,000 lb (53.4 kN) loads at the three
different ambient temperatures. The deflections of
subgrade layer under the thinnerAC sections were very
similar to those under the full-depthAC.The change in
deflections for the thinner sections and control section
was very small with respect to the changes in load and
temperature. This suggests that any effect that might
have come from the reduction in Item 448 layer thick-
nesses was mitigated by the compensatory increase in
the DGAB thickness. The thickness of the subgrade
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layer was uniform under all sections. Because of these
differences in the thicknesses of the Item 448 layer and
DGAB in the instrumented sections resulted in differ-
ences in the depths of the strain gauges between the
sections, strain responses under rolling wheel loads
cannot be directly compared across lanes.

Wheel load responses measured on pavement sec-
tions in the APLF also would not be expected to agree
with dynamic responses measured on the same pave-
ment sections in the field because of dramatically
different temperature distributions at the two sites.
Field sections are exposed to daily temperature cycles
where surface warming and cooling can generate sig-
nificant gradients within the pavement layer over a
24-hour cycle. APLF sections are maintained at a con-
stant air temperature, thereby reducing any gradients
in the pavement to a few degrees. This difference
in gradient will have a major impact on measured
responses.

5.4 Falling weight deflectometer testing in APLF

The overall test plan for the APLF installation con-
sisted of measuring dynamic responses and surface
rutting in the pavement sections at 40◦F (4.5◦C), 70◦F
(21◦C) and 104◦F (40◦C), as follows:

1. Measure dynamic deflections with an FWD at nom-
inal loads of 6,000 lb (27 kN), 9,000 lb (40 kN),
and 12,000 lb (54 kN) in all eight sections (North
(16 in. [400 mm] AC) and South (variable depth
AC) portions for each of Lanes 1-4.

2. Measure dynamic deflection, strain and pressure
with sensors installed in the southern sections of
the test lanes during FWD loading and as 6,000 lb,
9,000 lb, and 12,000 lb loads were applied with
rolling dual tires at 5 mph (8 km/h). The rolling tire
measurements are reported above.

3. Periodically measure surface profiles in all eight
sections as 10,000 rolling wheel loads were applied
at 9,000 lbs.

After air temperature in the facility had been
maintained at 40◦F (4.5◦C) sufficiently long for
temperature to stabilize throughout the test pad,
dynamic deflections were measured with the FWD,
and dynamic responses were measured with the
embedded pavement sensors as loads were applied
with the FWD and rolling dual tires. Lateral surface
profiles were measured across the wheelpaths after 0,
100, 300, 1,000, 3,000, and 10,000 passes of the rolling
dual wheels. Similar data were then collected at nomi-
nal air temperatures of 70◦F (21◦C) and 104◦F (40◦C).
For each of the three series of tests, the temperature of
the pavement surface was near the air temperature.
At 70◦F (21◦C), temperature was nearly uniform
through the pavement. At 40◦ F (4.5◦C), and 104◦F
(40◦C), there was a slight gradient of increasing
and decreasing temperatures, respectively, toward the
bottom of the asphalt concrete.

While the FWD load was dropped over seven
sensors embedded in each of the four instrumented
pavement sections, outputs from the embedded sensors

were recorded with a Megadac 5108A data acquisi-
tion system at the three loads and three temperatures.
The top portion of Table 1 contains a summary of
maximum sensor responses recorded during the sec-
ond drop and normalized to a 9,000 lb (40 kN) load.
LVDT data referenced to the top of the subgrade
were not included in the table. The bottom portion
of Table 1 contains sensor responses (average maxi-
mum longitudinal strain, average maximum transverse
strain, maximum vertical deflection from the deep
LVDT, and maximum vertical pressure) measured
along the centerline of the pavement sections under the
9,000 lb. (40 kN) rolling dual tire load at three tempera-
tures. FWD deflections, not shown in the table, agreed
with the LVDT readings within 1.0 mil (25 µm).

5.5 Surface rutting

Previous testing in the APLF showed that AC consol-
idation progresses at a near linear rate on a log-log
plot of average depth vs. number of load applications,
and that power trend lines, of the form y = axb, fit the
data quite well. For these tests, therefore, profiles were
averaged at two locations in each of the eight pavement
sections at 0, 100, 300, 1,000, 3,000 and 10,000 load
cycles to provide a good distribution of points along
the logarithmic application axis.

Surface deformations were measured with a 10-ft.
(3 m) long rolling wheel profilometer developed by
ORITE, which measures elevations to at least 5-mil
(127 micron) accuracy at 0.5 in. (12.5 mm) intervals
along the profile path. This profilometer is shown
in Figure 1d. To avoid any effects from loads being
applied in adjacent lanes, profiles were skewed across
the eight-foot wide lanes so that the profiler feet were
located along the lane edges. Profiler lateral posi-
tion and elevation were referenced by fender washers
epoxied to the pavement for the profiler feet to sit
on during each set of measurements.

The eight pavement sections were identified by lane
number and north or south end of the lane (i.e., 1S
or 2N). The two profile locations within each pave-
ment section were further identified by adding a north
or south indicator to the section identifier (i.e., 1SS,
1SN, 2SS or 2NS). To minimize any vertical offsets
which occasionally occurred at the ends of a profile,
all profiles were aligned by: 1) moving profiles ver-
tically so the average of the first five points matched
the average of the same five points on the reference
profile, and 2) rotating the profiles around the first
point until the average of the last five points on each
profile matched the average of the last five points on
the reference profile.

Figure 9 shows a typical profile history measured
in Section 1S at 104◦F (40◦C). The heavy line is the
initial reference profile recorded after completion of
the 40◦F (4.5◦C) and 70◦F (21◦C) tests.

This plot shows:

1. Changes in the lateral profile of the pavement sur-
face as repeated rolling wheel loads were applied
to the pavement. These profile changes are the
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Table 1. Measured sensor responses under FWD load plate and under rolling wheel load, after 10,000 runs.

Section 1S 2S 3S 4S
Surface Mix Evotherm Sasoblt Aspha-min HMA Control
Total thickness 13′′ (33.0 cm) 14′′ (35.6 cm) 15′′ (38.1 cm) 16′′ (40.6 cm)

Measured responses from embedded sensors under FWD load normalized to 9000 lb (40 kN)

Nominal air temperature Average longitudinal tensile strain (µε)
40◦F (4.4◦C) 12.5 20.2 16.1 10.1
70◦F (21.1◦C) 30.4 42.7 16.7 36.3
104◦F (40.0◦C) 55.6 70.5 52.2 51.6

Average transverse tensile strength (µε)
40◦F (21.1◦C) 17.3 22.7 18.0 15.1
70◦F (21.1◦C) 39.6 40.0 22.3 32.3
104◦F (40.0◦C) 51.3 49.8 51.3 47.6

Vertical pressure on subgrace (ps (kPa))
40◦F (21.1◦C) 1.21 (8.35) 0.77 (5.32) 1.06 (7.34) 0.63 (4.36)
70◦F (21.1◦C) 3.06 (21.2) 2.52 (17.4) 2.27 (15.6) 1.42 (9.79)
104◦F (40.0◦C) 4.34 (29.9) 3.19 (22.0) 3.97 (27.4) 4.25 (29.3)

Deep LVDT deflection (mil (µm))
40◦F (21.1◦C) 1.91 (48.5) 2.03 (51.5) 1.82 (46.2) 1.48 (37.6)
70◦F (21.1◦C) 2.04 (51.8) 4.42 (112) 2.20 (55.9) 2.34 (59.4)
104◦F (40.0◦C) 6.43 (163) 4.84 (123) 4.34 (109) 3.86 (98.0)

Measured responses from embedded sensors under rolling wheel load of 9000 lb (40 kN)

Nominal air temperature Average longitudinal tensile strain (µε)
40◦F (4.4◦C) 17.6 17.1 15.8 17.6
70◦F (21.1◦C) 37.2 40.4 29.6 33.3
104◦F (40.0◦C) 30.6 33.7 30.3 56.9

Average transverse tensile strength (µε)
40◦F (21.1◦C) 22.5 21.2 19.5 18.8
70◦F (21.1◦C) 54.9 58.3 38.1 33.6
104◦F (40.0◦C) 174.8 165.7 159.1 116.2

Vertical pressure on subgrace (ps (kPa))
40◦F (21.1◦C) 1.50 (10.3) 0.74 (5.1) 1.24 (8.6) 0.86 (6.0)
70◦F (21.1◦C) 3.75 (25.9) 3.03 (20.9) 2.84 (19.6) 2.51 (17.3)
104◦F (40.0◦C) 7.59 (52.3) 6.66 (46.0) 6.64 (45.8) 6.22 (42.9)

Deep LVDT deflection (mil (µm))
40◦F (21.1◦C) 2.24 (56.7) 1.97 (50.0) 1.80 (45.7) 1.93 (49.0)
70◦F (21.1◦C) 4.00 (102) 4.62 (117) 2.99 (75.9) 2.97 (75.4)
104◦F (40.0◦C) 7.47 (190) 11.1 (282) 9.95 (253) 7.23 (184)

Figure 9. Profile history in Section 1S.

result of permanent deformations in the pave-
ment structure, which include zones of downward
consolidation under the tires and upward shov-
ing/heaving outside the tires. Consolidation and

shoving/heaving were calculated as areas by inte-
grating incremental differences in elevation from a
reference profile. The depth of consolidation was
calculated as the linear change in elevation under
the tires from the initial reference profile and, if the
height of shoving/heaving were also used, it would
be calculated similarly outside the tires.

Rut and rutting are general terms often used to
describe the depth or extent of consolidation in
pavement wheelpaths. Rut depth is a linear dif-
ference in elevation between certain high and low
points on a profile. Unfortunately, however, the cal-
culation of rut depths varies with procedures used
to measure profiles and define ruts. In this study,
average depth of consolidation was used to define
deformation under the tires.

Long straightedges are the most practical method
of measuring ruts in the field since references are
usually not available to compare profiles. While
ruts measured vertically from a straightedge laid
across the wheelpath to the lowest point in the
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wheelpath are what drivers feel on the road and
what ponds water, they usually contain elements of
consolidation and shoving/heaving. In a controlled
setting like the APLF, however, referenced pro-
files make it possible to monitor consolidation and
shoving/heaving separately. This information pro-
vides a more detailed picture of how pavement
structure, AC mix properties, and temperature
affect surface deformation.

2. Zones of AC consolidation are bounded by inflec-
tion points on the profiles, the lateral position of
which remained stable throughout 10,000 load-
ing cycles. The positions of these points varied
slightly over the 16 profiling locations on the test
pad, probably due to slight variations in the layout
of the reference washers and the location of the
profiler on the washers, but were very close to the
edges of the rolling tires in all profiles.

3. Initial consolidation in the wheelpaths was caused
by earlier testing at 40◦F (4.5◦C) and 70◦F (21◦C),
both of which resulted in minimal surface defor-
mation and were considered as seating runs for
the 104◦F (40◦C) tests. Because of equipment mal-
functions, approximately one year was required to
complete all rolling wheel tests at three tempera-
tures in the APLF, instead of the anticipated three
months. As a result, it was difficult to compare
as-built profiles with subsequent profiles because
of changing test temperatures in the facility and
loading in adjacent lanes which caused some minor
surface deformation over time. In general, there
was little change in profiles at 40◦F (4.5◦C), min-
imal deformation under the tires at 70◦F (21◦C),
and substantial consolidation under the tires and
shoving/heaving outside the tires at 104◦F (40◦C).
The as-built profile in Figure 9 can be approximated
by continuing the zero pass line from before the left
tire up to the zero pass peak between the tires and on
past the right tire to form a smooth concave surface.

4. If rut depth was measured with a straightedge after
10,000 loading cycles, it would be about 0.45 in.
(115 mm), of which 0.3 in. (8 mm) is the depth of
consolidation and 0.15 in. (4 mm) is the height of
shoving/heaving. A rut depth of 0.5 in. (12.5 mm)
is often used as a criterion to grind or overlay AC
pavements.

Undulations within the consolidated portion of the
profiles were likely caused by the five treads in each
tire, which remained in the same lateral position for
all passes of the tires due to the lack of wander in the
rolling wheel tests.

From the data such as that shown in Figure 9, aver-
age depth of consolidation as a function of wheel
passes was graphed, and the parameters for the power
law (y = axb) determined for each section. Table 2
summarizes the average trend line parameters calcu-
lated for each of the eight pavement sections at 104◦F
(40◦C), the temperature at which the asphalt showed
the greatest consolidation.

Figure 10 compares the five 16-inch (400 mm) thick
AC sections where the only variable was surface mix.

Table 2. Average depth of consolidation parameters for each
pavement section.

Trendline Parameters at
AC 104◦F (40◦C)
Depth

Mix Section (in.) a (in.) b R2

Evotherm 1N 16 0.0083 0.3677 0.98
1S 13 0.0083 0.3567 0.98

Sasobit 2N 16 0.0059 0.3868 0.99
2S 14 0.0048 0.3918 0.99

Aspha-min 3N 16 0.0103 0.3232 0.99
3S 15 0.0048 0.4028 0.97

HMA 4N 16 0.0037 0.4179 1.00
Control 4S 16 0.0032 0.4387 0.99

Figure 10. Linear plot of consolidation depth for each
AC surface mix as a function of number of passes at high
temperature.

Each curve represents the average of two locations in
each section. The plot shows: 1) excellent agreement
between redundant Sections 4N and 4S, 2) higher early
consolidation in the three warm AC mixes than in the
conventional mix, and 3) especially high consolida-
tion in the Evotherm mix. The plot also shows slightly
reduced slope between 1,000 and 10,000 cycles for
the warm AC mixes in Sections 1N, 2N, and 3N, as
compared to the standard AC mix Sections 4N and
4S. In summary, the three warm mix AC mixes, and
especially the Evotherm mix, exhibit more early con-
solidation than the standard ODOTType I 446 mix, but
this difference may be slowly mitigated as the long
term rate of consolidation for the conventional mix
was slightly higher than that for the warm AC mixes.

While intercept-a, as the calculated consolidation at
one load cycle, is a preliminary indicator of early con-
solidation, it is not necessarily a reliable measure of
early consolidation, as shown in Figure 10 andTable 2.
The Evotherm mix in Section 1N clearly had the most
early consolidation, but intercept-a in Table 2 is larger
in Section 3N than in Section 1N.This can be explained
since the Aspha-Min mix in Section 3N has about
equal consolidation as the Evotherm mix in Section 1N
at 100 and 300 cycles, but tapered off after 300
cycles to give an overall flatter slope-b and a higher
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Figure 11. Linear plots of area of ABS net consolidation
area (top) and area of shoving/heaving (bottom) for each
AC surface mix as a function of number of passes at high
temperature.

intercept-a when extrapolated back to one cycle in the
trend line equation.

As noted earlier, surface profiles were divided into
zones of consolidation and shoving/heaving as delin-
eated by profile inflection points located just inside
the edges of the rolling tires. The lateral position of
these inflection points remained quite stable through-
out the 10,000 loading cycles. Since detailed profiles
were obtained with the profilometer, it was of inter-
est to separate AC deformation into areas of negative
consolidation under the two tires, areas of positive
shoving/heaving between and outside the tires, and net
deformation being the arithmetic sum of consolidation
and shoving/heaving. These areas were calculated by
integrating changes in elevation across profiles and
plotting these values versus the number of loading
cycles to determine if there were certain trends which
might further characterize the effects of surface mix
andAC thickness on deformation. Figure 9 shows how
areas of consolidation and shoving/heaving expanded
with an increasing number of load applications. Since
all profiles were skewed across the wheelpaths, the
calculated areas were adjusted to bring them perpen-
dicular to the wheelpath. This adjustment was not
necessary for average consolidation since it was calcu-
lated solely from the average of elevations measured
between the inflection points, which remained the
same for perpendicular and skewed profiles.

Plots of ABS area of consolidation at the top of
Figure 11 are identical in shape to curves in Figure 10
for average depth of consolidation. This is because
these areas are a product of the depth multiplied by
a constant width across the wheelpath. This adjusted
profile length is essentially the same for all profiles
and, therefore, cancels out as a variable in the area

calculations. The bottom of Figure 11 shows similar
profile areas calculated for shoving/heaving in the five
16-inch (400 mm) thick AC sections. As expected,
the area of shoving/heaving is less than the area of
consolidation, indicating an overall net consolidation.
In summary, warm AC mixes had higher initial and
higher long term consolidation, higher initial shoving/
heaving which quickly dissipated, and persistent
higher net consolidation than the conventionalAC mix.

6 CONCLUSIONS

6.1 Warm mix asphalt

All three of the warm mix asphalt surfaces appeared
to experience more consolidation than the HMA con-
trol surface during the initial stages of application of
the wheel load. After the initial consolidation, fur-
ther consolidation of each pavement was about equal.
The difference was about twice as great for Evotherm
than for the other two WMA mixes. In the long term,
this constant difference in consolidation represents
a relatively small portion of total consolidation
experienced by the pavement. The NCAT report also
noted significantly greater rutting for the Evotherm
mix in their test (Hurley et al., 2009).

The AC consolidation measured with a straight-
edge includes components under the tires and shoving/
heaving between and outside the tire edges. These
components progress according to a power equation
of the form y = axb as loading cycles accumulate.
If no tests had been performed at 40◦F (4.5◦C) and
70◦F (21◦C), more initial consolidation would have
been observed in all four lanes, and constants a and b
would have been somewhat different, although relative
deformations would likely have remained the same.

6.2 Perpetual pavement

The strains measured in the fatigue resistant layer
(FRL) did not show significant differences between
the different sections in the APLF. It thus appears that
the reduction of a perpetual pavement thickness from
16 in. (400 mm) to 13 in. (330 mm) accompanied by
a corresponding increase in the thickness of the base
structure will respond about equally well to loads.

At the highest APLF temperature of 104◦F (40◦C),
the highest longitudinal strains exceeded the FRL
design strain. However, the uniformly distributed high
temperature in the APLF pavement structure led to
the high strains and represented an extremely harsh
condition. Under real world conditions, a temperature
gradient would exist between the hot surface and the
cooler subgrade, which would be expected to reduce
the strain at the bottom of the AC layer.

The transverse and longitudinal strains under FWD
loading were about equal, as expected. At 104◦F
(40◦C) and under a 9,000 lb. (40 kN) load, transverse
strain 1.0 in. (25 mm) from the bottom of the AC,
surface deflection and pressure on the subgrade were
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much larger under tires traveling at 5 mph (8 km/h)
than under the FWD load plate.
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ABSTRACT: As state agencies have started to transition from an empirical pavement design method to a
Mechanistic-Empirical (ME) approach, it has become necessary to further evaluate the material properties
and structural characteristics of newer sustainable pavement technologies. The objective of this study was to
evaluate pavement responses and short-term performance for different sustainable pavement sections placed at
the National Center forAsphaltTechnology (NCAT)TestTrack.TheTestTrack was reconstructed in the summer of
2009 and part of the experiment included six new structural sections built using several sustainable technologies.
Falling Weight Deflectometer (FWD) testing and strain and pressure measurements under live traffic loads
were obtained periodically under different environmental conditions. Results indicated that pavement responses
changed significantly for some sustainable sections. Field performance measurements showed that rut depths
were influenced by the use of sustainable technologies, but all sections performed well overall with less than
10 mm of rutting. No cracking had been observed in any of the sections after 20 months of operation and over
8 million applied ESALs.

1 INTRODUCTION

The asphalt industry has been developing sustainable
paving technologies and practicing green-construction
techniques since the 1960’s through the reduction in
emissions from asphalt plants (APAI, 2008). A sus-
tainable pavement can be defined as a safe, efficient,
and “environmentally friendly” pavement that meets
today’s transportation needs without jeopardizing the
ability to meet such needs in the future (Chappat,
2003). Recent advances in this area include tech-
nologies that focus on low consumption of energy
for production and placement, conservation of natu-
ral resources, noise reduction, and improvement of the
quality of stormwater runoff.

Warm mix asphalt (WMA) describes a group of
technologies which allow a reduction in the tempera-
tures at which asphalt mixes are produced and placed.
While hot-mix asphalt (HMA) is typically produced
in the temperature range of 280◦F to 335◦F, WMA
mixes can be produced in the range of 220◦F to 275◦F
by using technologies that reduce mixture viscosity
and improve workability. This temperature reduction
provides environmental benefits such as reduced emis-
sions, fumes and odors, and energy savings (Anderson
et al., 2008). The improved workability offers paving
benefits including the ability to pave in cooler temper-
atures, longer haul distances, improved compaction,
and use of higher reclaimed asphalt pavement (RAP)
percentages (D’Angelo et al., 2007).

Lower production temperature of the asphalt mix-
tures also results in a reduction of binder aging, which
can lead to more flexibility and resistance to cracking
in service. However, there is concern that a potentially
softer binder could contribute to loss of stability in hot
weather and increase rutting susceptibility (Newcomb,
2006). Additionally, since some WMA use water as a
workability aid, WMA mixes may be more susceptible
to moisture damage (Anderson et al., 2008).

Another approach to sustainable asphalt pavements
is the inclusion of high RAP percentages in the mix.
High RAP is defined as using 25 percent or more
RAP in an asphalt mixture by weight of the total
mix (Copeland, 2011). The maximum amount of RAP
allowed in HMA varies for each state and is gener-
ally under 30% for surface courses, but can increase
for binder and base courses (FHWA, 2008). Although
the use of high RAP mixes has economic and envi-
ronmental benefits such as conservation of energy,
preservation of resources, and reduction of waste
materials, their design and construction can be chal-
lenging due to the presence of aged binder that can
cause problems with workability and compactability.

Finally, porous friction courses (PFC) are gap-
graded HMA mixtures designed to have a large
number of voids so that water can drain through and
over their surface (Roberts et al., 1996). PFCs provide
safety improvements including reduction in splash-
ing and hydroplaning, improved visibility of road
markings during rain events, as well as higher wet
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frictional resistance, particularly at high speeds (Kand-
hal, 2002). Environmental benefits include reduction
of tire-pavement noise due to the sound absorbing neg-
ative texture generated by mixture air voids (Smit and
Waller, 2007) and reduction in pollutants commonly
observed in highway runoff such as total suspended
solids and metals (Berbee et al., 1999; Barrett, 2006).

PFCs are typically assigned no or minimal struc-
tural contribution for pavement design. However,
some researchers have indicated that PFCs are struc-
turally comparable to conventional dense-graded
mixes (Kandhal, 2002; Poulikakos et al., 2003). Per-
formance issues for this type of mixture are generally
related to moisture susceptibility and raveling. Rutting
and cracking do not appear to be a significant factor.

As state agencies have started to transition from an
empirical pavement design method to a mechanistic-
empirical (ME) approach, it has become necessary
to further evaluate the material properties and struc-
tural characteristics of these newer technologies. This
information is important for accurate performance
prediction and design of efficient pavement structures
because the ME design method relies on mechanis-
tic models that calculate structural responses (stresses,
strains, and deflections) based on material properties,
environmental conditions, and loading characteristics;
as well as on empirical models that predict pave-
ment performance from the calculated responses and
material properties.

2 OBJECTIVE

The objective of this study was to evaluate the
pavement responses and short-term performance
of sustainable pavement sections under full-scale
accelerated pavement testing.

3 SCOPE OF WORK

To accomplish the aforementioned objective six full-
scale instrumented test sections were constructed in
2009 at the National Center for Asphalt Technology
(NCAT) Test Track. All sections had the same design
cross-section and the mixtures were designed to have
similar gradations and volumetric properties. Deflec-
tion testing was conducted routinely to quantify the
seasonal behavior of the pavement layer moduli. Strain
and pressure measurements were taken approximately
once a week under live traffic loads and under differ-
ent environmental conditions. Field performance was
monitored on a weekly basis.

Comparisons between sections were first achieved
by performing statistical regressions of each measured
property versus mid-depth pavement temperature in
each of the sections. Hypothesis tests were conducted
at 95% confidence level for the regression coefficients
to determine if the trends were similar for the sec-
tions. Additionally, a post ANOVA Tukey’s test with
5% significance level was used to compare the mea-
sured responses at a reference temperature. A detailed
explanation of the statistical procedures used is beyond

the scope of this study and can be found elsewhere
(Devore, 2000).

4 TEST FACILITY AND SECTIONS

This study was based on data from the NCAT Test
Track Phase IV research cycle. The NCAT Test Track
is a 1.7 mile closed loop full-scale accelerated testing
facility located in Opelika,Alabama.A fleet of tractor-
trailers operates five days per week for 16 hours per
day, applying a total of 10 million 18,000 lb equiv-
alent single axle loads (ESALs) to the 200-ft test
sections over a two-year period. Reconstruction for
this research cycle was carried out during the summer
of 2009, with paving operations performed between
July 3 and August 11. Traffic operations started on
August 28, 2009 and are currently ongoing.

As part of the fourth research cycle, the Group
Experiment (GE) was created to include structural sec-
tions built using several sustainable technologies. A
total of three WMA sections were placed including
a foam-based (water injection) section, an additive-
based section, and a foamed-based section containing
50% RAP, respectively. A control HMA section and a
control HMA section with 50% RAP were also placed.
Finally, a section with permeable surface (PFC) and
the same intermediate and base layers as the con-
trol was included. During construction, all pavement
sections included in this study were embedded with
a gauge array to measure horizontal asphalt strain,
vertical aggregate base pressure, and vertical sub-
grade pressure in the center of the outside wheelpath.
Additionally, in each section four temperature probes
were bundled together and installed in the pavement
to measure temperature at the top, middle and bot-
tom of the asphalt concrete (AC) and 3.0 in. into the
underlying aggregate base layer. A detailed report
on the instrumentation plan is documented elsewhere
(Timm, 2009).

Table 1 shows a description of each section. The
letters “S” and “N” in the section column denote the
tangent of the Test Track in which the sections were
located (South or North).

All sections were paved in three lifts and paving
was performed by the same contractor using the
same crew. All mixtures were produced at the same
plant. With the exception of the PFC surface lift in
Section S8, each lift of the south tangent sections
were paved on the same day in a continuous process,
keeping the plant settings constant while varying the
production temperature. Similarly, both north tangent
sections were placed in the same manner.Table 2 shows
the production temperature for each mixture.

All GE sections had a design asphalt thickness of
7 in. over 6 in. of aggregate base and a stiff subgrade
underneath.The as-built layer thicknesses at the gauge
array determined from surveyed depths during con-
struction are shown in Figure 1. These thicknesses
were used to adjust the measured vertical pressures
to the design cross section to account for differences
due to construction variability.
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Table 1. Section description.

Section Description Abbreviation Lift NMAS (mm) Virgin Binder

S8 PFC surface with same PFC Surface 12.5 PG 76-22
intermediate and base Intermediate 19.0 PG-76-22
lifts as the control Base 19.0 PG-67-22

S9 Control Control Surface 9.5 PG 76-22
Intermediate 19.0 PG-76-22
Base 19.0 PG-67-22

S10 Foam-Based WMA WMA-F Surface 9.5 PG 76-22
Intermediate 19.0 PG-76-22
Base 19.0 PG-67-22

S11 Additive-Based WMA WMA-A Surface 9.5 PG 76-22
Intermediate 19.0 PG-76-22
Base 19.0 PG-67-22

N10 50% RAP HMA HMA-RAP Surface 9.5 PG-67-22
Intermediate 19.0 PG-67-22
Base 19.0 PG-67-22

N11 50% RAP WMA WMA-RAP Surface 9.5 PG-67-22
(Foam-Based) Intermediate 19.0 PG-67-22

Base 19.0 PG-67-22

Table 2. Production temperatures.

Production Temperature (◦F)

Lift S8 S9 S10 S11 N10 N11

Surface 335 335 275 250 325 275
Intermediate
Base 325 325

Figure 1. As-built pavement cross sections.

5 FIELD MEASUREMENTS

This study includes data collected from August 2009
to April 2011. During trafficking operations, strain
and pressure measurements were taken approximately
once a week under live traffic loads and under different
environmental conditions. A fleet of five triple-trailer
vehicles operated 16 hours per day, five days a week.
On each date of data collection, three passes of each
truck traveling approximately 45 mph were obtained
along with pavement temperatures.

Horizontal strains were measured at the bottom
of the AC layer in the longitudinal and transverse

directions using CTL gauges with a range of
±1,500 µε, while vertical pressures were measured at
the top of the granular base and at the top of the sub-
grade using Geokon model 3500 earth pressure cells
with a full-scale capability of 36.3 psi. Figure 2 shows
a schematic of the gauge arrangement used in all test
sections. This configuration includes six asphalt strain
gauges in each direction (longitudinal and transverse),
allowing for redundancy to be built into the system, so
that in the event of gauge failure, paired gauges help
ensure that at least one measurement is made.

This study focused only on longitudinal tensile
strain and vertical subgrade pressure. Longitudinal
strain was selected since previous studies at the Test
Track had shown that longitudinal strains were about
36 percent higher than transverse strain measurements
(Priest and Timm, 2006; Timm and Priest, 2008).
Vertical subgrade pressure was used since classic
pavement design procedures are based on limiting the
vertical response at the top of the subgrade to pre-
vent rutting (Haddock, 2002). Data were subdivided
by axle type (i.e., steer, single and tandem). Only the
single axle data are presented in this study because they
represent the majority of axle passes on each section.
Additionally, the values shown correspond to the
“best hit” on each section for each test date, which was
defined as the 95th percentile of the readings obtained
on a given test date.

Falling weight deflectometer (FWD) testing was
performed three times per month to quantify the sea-
sonal behavior of the pavement layer moduli. FWD
testing was conducted at three predetermined random
locations per test section. At each random location,
testing was performed in the inside, outside, and
between the wheelpaths. A Dynatest 8000 FWD was
used with nine sensors spaced at 0, 8, 12, 18, 24, 36,
48, 60, and 72 in. from load center and a load plate
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Figure 2. Schematic of instrumentation.

with a radius of 5.91 in. and a split configuration to
ensure good seating on the pavement surface. Three
repetitions of the FWD at four load levels (approxi-
mately 6, 9, 12 and 16 kips) were completed at each
location. Mid-depth temperatures were obtained at
the time of testing. The data presented in this report
correspond to the measurements taken at the gauge
array with the 9 kip load. The pavement layer mod-
uli were backcalculated from deflection data using
EVERCALC 5.0 for a three-layer cross-section (asphalt
concrete, aggregate base, and subgrade soil). Since
the same aggregate base and subgrade were used
throughout the Test Track, this study focuses only on
the asphalt concrete layer moduli. Data were filtered to
eliminate results with root-mean-square error (RMSE)
exceeding 3 percent.

5.1 Strain and pressure

The mid-depth pavement temperature was used to cor-
relate the measured responses (strain and pressure) to
temperature. Previous studies at the Test Track have
shown the effectiveness of using mid-depth temper-
ature for these correlations (Priest and Timm, 2006;
Willis and Timm, 2009). The relationship between
these parameters follows an exponential function, as
shown in Equation 1:

where response = pavement response (microstrain or
subgrade pressure (psi)); T = Mid-depth AC temper-
ature (◦F); and k1, k2 = Section-specific regression
coefficients.

Figures 3 and 4 show the longitudinal strain and
the vertical subgrade pressure versus mid-depth tem-
perature for each of the test sections. Peak pressure
readings were determined from a baseline established
just prior to a truck pass to mitigate the effects of daily
and seasonal temperature changes on internal cell pres-
sure. To determine if the response-temperature rela-
tionships were statistically similar among the sections,
hypothesis tests were performed on the intercepts (k1)
and slopes (k2). In most cases, at 95% confidence level

Figure 3. Longitudinal strain versus temperature for
a) control vs. WMA, b) control vs, high RAP and c) control
vs PFC.

there was no evidence that the regression coefficients
of the sustainable sections were statistically differ-
ent from the control. As expected, the PFC section
exhibited higher responses under load, especially at
high temperatures (higher intercept and lower slope).
In the WMA-RAP and HMA-RAP sections strain
and pressure were less influenced by temperature,
respectively. The lower slopes are presumably due to
the presence of binder with more aging.

To compare the different test sections fairly, it
was necessary to normalize the responses to a ref-
erence temperature of 68◦F by dividing Equation 1
with reference temperature (Tref ) by the same equa-
tion with measured temperature (Tmeas) and solving
for temperature-normalized response (responseTref ),
as shown in Equation 2.
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Figure 4. Subgrade pressure versus temperature for
a) control vs. WMA, b) control vs, high RAP and c) control
vs PFC.

where responseTref = normalized response (micro-
strain or subgrade pressure (psi)) at reference
temperature Tref ; reponseTmeas = measured response
(microstrain or subgrade pressure (psi)) at temper-
ature Tmeas; Tref = mid-depth reference temperature
(◦F); Tmeas = measured mid-depth temperature at time
of test (◦F); and k2 = section-specific regression coef-
ficient from Figures 3 and 4.

Because pressures are also dependent on the thick-
ness of the pavement layers, it was necessary to
apply a correction to account for slight differences in
as-built pavement thickness. The correction fac-
tors were obtained based on theoretical relationships
between layer thickness and longitudinal strain or ver-
tical pressure from layer elastic analysis. Each section
was modeled using the software WESLEA; the layer
moduli were backcalculated from FWD testing and
the thicknesses were varied in half-inch increments

Figure 5. Average longitudinal microstrain at 68◦F.

from 5.5 to 8 in. for the AC layer and from 3 to 7.5 in.
for the aggregate base layer. The pavement responses
were plotted against AC and aggregate base thickness
and the data series were fitted using a power function
as shown in Equation 3.

where response = microstrain or subgrade pressure
(psi); H =AC or aggregate base thickness (in); and
a, b = regression coefficients.

The correction factor was found by dividing the
right hand side of Equation 3 with reference thick-
ness (Href ) by the same term with measured thickness
(Hmeas).

where Href = reference thickness (7 in for AC, 6 in for
aggregate base); Hmeas = as-built thickness measured
at the center of the gauge array (in); and b = section-
specific regression coefficient.

Although differences during construction were sub-
tle, this correction allowed for a more fair comparison
of the test sections. Figures 5 and 6 illustrate the aver-
age temperature-normalized and thickness-corrected
longitudinal strain and subgrade pressure, respec-
tively. A Tukey’s post ANOVA test was performed to
compare the different sections. At 95% confidence
level, the strain of the PFC section was significantly
higher than the control. Conversely, the strain of the
WMA and high RAP sections was significantly lower
than the control.

For subgrade pressure, the PFC section was also
significantly higher than the control. All other sec-
tions, with the exception of WMA-F were lower than
the control. It should be noted that while the HMA-
RAP section exhibited the lowest pressure, the use of
the WMA technology increased the vertical stress in
section WMA-RAP at a level comparable to the virgin
mixtures.

Theoretically, a plot of temperature normalized
responses over time should resemble a flat line.
Although the asphalt concrete is expected to become
stiffer over time and respond differently under load,
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Figure 6. Average subgrade pressure at 68◦F.

Figure 7. Average monthly normalized microstrains.

Figure 8. Average monthly normalized subgrade pressures.

large variations from the average in the short term may
be an indication of damage in the pavement structure.
Figures 7 and 8 plot the monthly averages for normal-
ized strain and subgrade pressure, respectively. Most
sections exhibited low variability over time. The PFC
started showing erratic responses in the early spring
of 2010, which may suggest that its structural capacity
was reduced. The HMA-RAP section had increasing
microstrain over time, but relatively stable vertical
pressures. It is possible that this trend could be related
to the lower correlations found between responses and
temperature compared to the other sections. In the
WMA-RAP section, there was an abrupt increase in
subgrade pressure in the last recorded data. After that
point, it was not possible to obtain additional mea-
surements, and the high pressure was likely due to
equipment malfunction and not pavement failure.

Figure 9. Backcalculated AC modulus versus temperature
for a) control vs.WMA, b) control vs, high RAP and c) control
vs PFC.

5.2 Backcalculated AC modulus

The backcalculated AC modulus obtained from FWD
testing was also dependent on pavement mid-depth
temperature and followed a function similar to the
one shown in Equation 1. The moduli of each section
and the regression coefficients are shown in Figure 9.
Hypothesis tests performed on the intercepts (k1) and
slopes (k2) indicated that only the PFC and WMA-F
sections had intercepts lower than the control, while the
PFC section and the high RAP sections (HMA-RAP
and WMA-RAP) had slopes higher than the control.
This means that in general the modulus of the PFC sec-
tion was lower than the control, which was expected
because PFCs contain very little mastic (binder and
fine aggregate) to stiffen the mix; most of the stiff-
ness comes from stone-on-stone contact of the coarse
aggregate. This is consistent with the trends observed
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Figure 10. Average AC modulus at 68◦F.

Figure 11. Average monthly normalized AC moduli.

for the pavement responses, where strain and pressure
were higher than the control.

On the other hand, the high RAP sections had higher
moduli at all temperatures due to the presence of stiffer
aged binder. The moduli of these sections were less
susceptible to changes in temperature than the con-
trol, a trend also observed for strain and pressure. The
WMA-F section exhibited slightly lower modulus at
low temperatures but was comparable to the control at
higher temperatures.

Figure 10 shows the average temperature-
normalized moduli for all test sections. Results were
normalized to 68◦F using the same procedure applied
for strain and pressure. Statistical testing indicated
that there were significant differences among all sec-
tions. However, from a practical perspective, it can
be observed that the differences between the control
and WMA sections were under 100 ksi, making them
comparable. Similarly, the difference between the high
RAP sections is relatively small. Therefore, although
statistical differences exist among the sections, for
practical purposes the sections can be divided into
three groups: PFC, control and WMA sections, and
high RAP sections.

The temperature normalized moduli over time plot-
ted in Figure 11 show the same general trends observed
in Figure 10. The PFC section had higher variabil-
ity over time, which was also observed for strain and
pressure.The HMA-RAP section also exhibited erratic
results, particularly in the second half of the analysis
period. High variability in this section was also noted
in the dynamic pavement responses and its cause is not
clear at this point in the experiment. Further analysis

Figure 12. Average rut depths as of 4/25/2011.

will be performed in the forensic stage of the research
cycle to address this issue.

6 PERFORMANCE

All sections were tested regularly to assess pave-
ment performance. Field performance evaluations
focused on the middle 150 ft. of each 200-ft. test
section to eliminate the effects of transitions near
section ends. Field rut depths were measured approx-
imately monthly on each of the sections using the
Alabama Department of Transportation (ALDOT)
method, which uses a 4-ft-long level with a dial gauge.
Readings were taken in each wheel path along three
predetermined random locations within each section
and the averages were computed. Sections were also
manually inspected for cracking on a weekly basis and
crack maps were developed to determine the extent and
to monitor the progression of cracking.

Figure 12 shows the average rut depths as of
April 25, 2011, when nearly 8 million ESALs had
been applied. Tukey comparisons at 95% confidence
level indicated that there was no statistical differ-
ence between the virgin WMA sections (WMA-F and
WMA-A) and that these sections had higher rut depths
than the control. Conversely, the two high RAP sec-
tions (HMA-RAP and WMA-RAP) did not exhibit
significant differences and had the least rutting. The
PFC section was statistically similar to the control sec-
tion. Overall, the results were as expected because the
WMA-F section exhibited higher pressures than the
control while the high RAP mixes had lower pressures
and higher moduli. Although the WMA-A section
had lower pressures than the control, it had relatively
higher permanent deformation. This could be due to
accumulated damage in the AC layer that had not yet
manifested as cracking. Further monitoring and foren-
sic analysis will be required to determine the cause.
The PFC section had higher subgrade pressures than
the control, but its aggregate structure, which relies
on stone-on-stone contact, allows the mixture to with-
stand traffic loads without experiencing significant
permanent deformation. It is important to note that
all sections have performed very well, with rut depths
less than 10 mm.

As of April 25, 2011, the cut-off date for this
research, cracking had not been observed in any of
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the sections. Although the PFC section showed erratic
behavior over time, it did not show signs of surface
cracking. Further monitoring and forensic evaluation
will be required to determine if any damage had
occurred deeper in the pavement structure.

7 CONCLUSIONS

This study evaluated the structural responses of sus-
tainable pavement sections under traffic loads and
their short-term performance in terms of rutting and
cracking. The following conclusions were reached:

– The use of sustainable pavement technologies
appeared to have an effect on pavement properties.
In general, WMA sections and sections containing
high RAP percentages had strains and pressures
lower than the control. The PFC section had higher
strains and pressures than the control.

– Although statistical differences existed among the
AC moduli of the sections, from a practical per-
spective sections were divided into three groups:
PFC (with the lowest modulus), control and WMA
sections, and high RAP sections (with the high-
est moduli). The modulus versus time relationship
of each section was consistent with the trends
observed for strain and pressure versus time.

– The use of WMA technologies appeared to increase
rutting susceptibility of the mixtures. The PFC and
high RAP sections exhibited less rutting than the
control. However, after 20 months of operation
and nearly 8 million applied ESALs, all sections
had performed very well, with rut depths less than
10 mm. No cracking had been observed.

– Based on temperature normalized results over time,
it is possible that the PFC section had experienced
some damage that was not yet visible in the pave-
ment surface. The high variability observed in the
high RAP sections could be related to instrumen-
tation problems. Further monitoring and forensic
evaluation will be conducted at the end of the
research cycle.
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test track
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ABSTRACT: While some state agencies look at using recycled products in asphalt mixtures as a means to
become more environmentally-friendly, other states and contractors are investigating materials like Ground
Tire Rubber (GTR) as a substitute for polymer modification in asphalt binders. The Missouri Department of
Transportation recently built two test sections at the National Center for Asphalt Technology (NCAT) Pavement
Test Track to validate the use of GTR as a substitute for Styrene-Butadiene-Styrene (SBS) in asphalt mixtures.
The Test Track sections were monitored weekly over a two year period for field performance including rutting,
smoothness, and texture using an inertial profiler. Monthly crack maps were also developed to assess mixture
cracking. Additionally, each mixture was sampled for laboratory characterization in terms of stiffness, rutting,
cracking, and moisture susceptibility using standard laboratory procedures. Based on the gathered data, GTR
mixtures can be used as an adequate polymer substitute without sacrificing asphalt mixture performance.

1 INTRODUCTION

The utilization of scrap tire rubber in asphalt started
in the mid-1960s when ground rubber was placed in
asphalt surface treatments, such as chip seal appli-
cations. Later on, in the 1970’s, ground tire rubber
(GTR) asphalt chip seals were used as a stress absorb-
ing membrane interlayer (SAMI). Its use extended to
hot mix asphalt (HMA) and has continued to evolve
due to the rubber’s enhancement of mixture perfor-
mance including improved rutting resistance, thermal
reflectivity, and resistance to fatigue cracking. Other
benefits reported include reduction in maintenance,
improved ride, good skid resistance, and noise reduc-
tion (Kaloush et al., 2002; Huang et al., 2002; Way,
2000).

In terms of environmental issues, the disposal of
scrap tires is a major waste management concern due
to used tires being placed in scrap tire piles. Addi-
tionally, some studies have shown that the addition of
GTR does not contribute significantly to any increase
in undesirable compounds such as carbon dioxide
(CO2) emissions (Gunkel, 1994). Arizona, California,
Florida, and Texas have successfully developed and
specified the most rubberized asphalt products. It was
reported that together, these states reused over 35.6
million tires in asphalt paving applications from 1995
to 2001 (RPA, 2002).

When GTR asphalt mixtures are evaluated, it is
important to distinguish between the different pro-
cesses and applications that are currently used. The
processes of applying GTR in asphalt mixtures can
be divided into two broad categories, a dry process
or a wet process. In the dry process, crumb rubber is

blended with the aggregate before the asphalt binder
is added into the mix. The crumb rubber particles in
this process are generally coarser than those in the
wet process and are considered as part of the aggre-
gate gradation (Huang, 2002). In the wet process, the
GTR is blended with the asphalt binder and is then
mixed with the aggregate. When asphalt cement and
crumb rubber is blended together, the crumb rubber
swells and softens. Some of the factors that influ-
ence this reaction include blending temperature, the
reaction time, the type and amount of mechanical mix-
ing, the size and texture of the crumb rubber and the
aromatic component of the asphalt cement (TFHRC,
2005). In general, crumb rubber is added to an asphalt
binder to improve the binder properties by reducing
the binder’s temperature susceptibility. In the United
States, the addition of GTR is typically conducted
using the asphalt rubber-wet process.

While environmental stewardship is important,
some state agencies and contractors are investi-
gating GTR asphalt mixtures as a substitute for
using polymers in asphalt mixtures such as styrene-
butadiene-styrene (SBS). If GTR mixtures can per-
form equivalently to polymer modified mixtures, state
agencies and contractors will have additional tools
they can use to develop, produce, and construct
more cost-effective, environmentally friendly asphalt
pavements.

1.1 Objective and scope

The objective of this research was to determine if GTR
asphalt could adequately replace SBS in dense-graded
mixtures without sacrificing mixture performance. To
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accomplish this objective, an asphalt mixture contain-
ing 11% 30–40 mesh rubber and an SBS-modified
asphalt mixture were placed on the National Cen-
ter for Asphalt Technology (NCAT) Test Track. The
field performance of these two mixtures was moni-
tored using visual observations and inertial profilers
for 10 million equivalent single axle loads (ESALs)
to determine if there was any overall difference in
mixture rutting, cracking, texture, and smoothness.
Additionally, mix was sampled during construction
and taken to the NCAT laboratories where standard
asphalt mixture performance tests were used to char-
acterize the mixtures in terms of rutting, cracking,
moisture damage, and stiffness.

2 TEST FACILITY

The NCAT Test Track is a 1.7 mile closed loop full-
scale accelerated loading facility located near Opelika,
Alabama. During each two and a half year research
cycle, test sections are trafficked with approximately
10 million equivalent single axle loads (ESALs) using
a fleet of triple-trailer vehicles. In addition to the field
performance measurements, a complete laboratory
characterization of the binders and mixtures is con-
ducted to validate field performance with laboratory
test results.

3 MATERIALS

In 2009, the Missouri Department of Transportation
built two test sections at the NCAT Pavement Test
Track to determine if GTR would be an adequate sub-
stitute for SBS in asphalt mixtures. These two test
sections were constructed on perpetual foundations
to ensure the distresses (whether they be cracking
or rutting) were indicative of the surface mixture’s
performance and not the subgrade or base material.
All perpetual sections included a minimum of 23 in.
of asphalt materials (Brown et al., 2002).

The subgrade for the experiment was an improved
roadbed material, also documented as track soil, taken
from rock formations in the west curve of the Test
Track and compacted to 95% of Proctor maximum
density. A densely crushed granite base layer was built
in a 6 in. lift above the track soil. The final layer sepa-
rating the unbound materials from the bound materials
was a non-woven geotextile fabric. This layer was
designed to allow the flow of water through the layer,
but not allow fines to pump to the surface or through
the pavement layers (Brown et al, 2002).

The first mixture was a 12.5 mm nominal maximum
aggregate size (NMAS), 2.5 percent SBS-modified
dense-graded Superpave mixture designed at 100
gyrations. The mixture was placed on the perpetual
buildup. The second mixture used a similar aggre-
gate skeleton and compactive effort; however, instead
of modifying the asphalt with polymer, a PG 67-22
asphalt binder was modified with a terminally blended

Table 1. Test Track materials.

Sieve Size GTR SBS

Percent Passing – Gradation (%)
3/4′′ 100 100
1/2′′ 97 96
3/8′′ 89 86
#4 59 55
#8 37 34
#16 22 21
#30 13 13
#50 9 9
#100 7 7
#200 5.6 5.4

Mix Information
Design Gyrations 100 100
Virgin Binder Grade 67-22 76-22
Binder Additive GTR SBS
Binder Content (%) 6.0 5.4
Effective Binder Content (%) 5.1 4.5
Voids in Mineral Aggregate (%) 15.0 14.8
Air Voids (%) 3.3 4.5
Dust Proportion 1.1 1.2

11% rubber binder to bump the high temperature
grade. The rubber was −40 mesh material. Both mix-
tures were constructed 1.75 in. thick at 93 percent
density. Quality control gradations and volumetrics for
both mixtures are given in Table 1.

The primary difference between the two mixtures
is the asphalt content. The GTR modified asphalt
mixture had an additional 0.6 percent asphalt in the
mixture. This reduced the mixture’s air voids to 3.3
percent.

3.1 Laboratory characterization

While field validation is the ultimate proof of mixture
performance, laboratory characterization is used to
predict pavement distresses in the field once the mix-
ture has been subjected to trafficking. The two binders
used in this study were graded using the Superpave per-
formance grade (PG) specification.The mixtures were
tested for resistance to moisture damage, cracking, and
permanent deformation. In addition to assessing the
mixtures’susceptibility to these distresses and the stiff-
ness of the material was determined using a dynamic
modulus protocol.

3.2 Binder properties

Binders in the asphalt mixtures were sampled from the
tank at the plant and then tested in the NCAT binder
laboratory to determine the performance grade (PG)
in accordance with AASHTO M 320-10.

Table 2 summarizes the true grade and performance
grade of each binder.The results confirmed that all the
binders used in the construction of the two sections
were PG 76-22 binders as requested by the Missouri
Department of Transportation.
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Table 2. Grading of binders.

Mix True Grade Performance Grade

GTR 81.7 – 25.0 76 – 22
SBS 76.6 – 26.3 76 – 22

Table 3. Average TSR results.

Conditioned Unconditioned Tensile
Tensile Tensile Strength

Mix Strength (psi) Strength (psi) Ratio

SBS 148.1 171.4 0.86
GTR 203.3 220.0 0.92

While both binders were classified using the PG
system as PG 76-22 binders, there was a 5.1◦C differ-
ence in the high temperature true grade of the binders.
While this difference was a result of the binder being
engineered to meet the elastic recovery specification
for Missouri, the GTR binder is expected to be stiffer at
hotter temperatures and thus more resistant to rutting.

3.3 Moisture susceptibility

Moisture susceptibility testing was performed in
accordance with AASHTO T 283-07. Six specimens
of each mix were compacted to a height of 95 mm and
an air void level of 7 ± 0.5 percent. The conditioned
specimens were vacuum saturated to the point at which
70 to 80 percent of the internal voids were filled with
water. These samples then underwent a freeze-thaw
cycle as specified in AASHTO T 283-07.

The indirect tensile strength was determined using a
Pine Instruments Marshall Stability press which loads
the sample at a rate of 2 in./min. AASHTO M323-07
recommends a tensile strength ratio (TSR) value of 0.8
and above for moisture resistant mixes.

Table 3 provides the average conditioned tensile
strength, average unconditioned tensile strength, and
tensile-strength ratio for each mixture. While the GTR
mixture had a higher TSR value, the TSR values for
both mixtures exceeded the criterion of 0.80 sug-
gesting the mixtures should be resistant to moisture
damage.

Two-sample t-tests (α = 0.05) were conducted to
compare the tensile strengths of the two mixtures in
both the conditioned and unconditioned states. The
GTR mixture was statistically stronger in indirect ten-
sion at room temperature than the SBS mixture in
both the conditioned (p = 0.001) and unconditioned
(p = 0.006) states.

3.4 Dynamic modulus

Dynamic modulus testing was performed to assess the
stiffness of both the SBS and GTR mixtures. Sam-
ples for this testing were prepared in accordance with

Table 4. Temperatures and frequencies used for dynamic
modulus testing.

Test Temperature Loading Frequencies
(◦C) (Hz)

4.0 10, 1, 0.1
20.0 10, 1, 0.1
40 or 45 10, 1, 0.1, 0.01

AASHTO PP 60-09. The target air void level for the
test samples is not specified in this method; how-
ever, the samples were prepared at 7 ± 0.5% air voids.
This air void level was selected as a common target
air void level for pavements compacted in the field.
Three samples from each mix were prepared for test-
ing to collect sufficient data to construct the dynamic
modulus master curve.

Testing was performed in an IPC Global Asphalt
Mixture Performance Tester (AMPT). Dynamic mod-
ulus testing was performed to quantify the stiffness
behavior of the asphalt mixture over a wide range of
testing temperatures and frequencies. The tempera-
tures and frequencies used for the Test Track mixes
were those recommended by AASHTO PP 61-09. For
this methodology, the high test temperature was depen-
dent on the high PG grade of the base binder in the
mixture. Table 4 shows the general outline of tempera-
tures and frequencies used. Since both binders graded
as PG 76 binders, the mixtures were tested with a high
test temperature of 45◦C.

Dynamic modulus testing was performed in accor-
dance with AASHTO TP 79-09. This testing was per-
formed unconfined. Test data were screened for data
quality in accordance with the limits set in AASHTO
TP 79-09. Variability of dynamic modulus values at
specific temperatures and frequencies were checked
to have a coefficient of variation (COV) at or below
13%. All data were also checked for reasonableness
(reduction in moduli with increasing temperature or
slower loading).

The data were then analyzed for two specific pur-
poses. First, the data were used to generate a master
curve for each individual mix per the methodology in
AASHTO PP 61-09. The master curve uses the princi-
ple of time-temperature superposition to shift data at
multiple temperatures and frequencies to a reference
temperature so that the stiffness data can be viewed
without temperature as a variable.This method of anal-
ysis allows for visual relative comparisons to be made
between multiple mixes.

Figure 1 shows the unconfined master curves of
the two mixtures. The mixture performance at the
low temperature high frequency (right side) portion of
the master curve shows equivalent mixture stiffness.
At the intermediate temperatures, there is some slight
deviation between the stiffnesses of the mixtures (mid-
dle of the curves). However, more separation in the
master curves is noticed at the high temperature low
frequency portion of the curve. An ANOVA analysis
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Figure 1. Dynamic modulus master curves.

(α = 0.05) conducted on the data showed that while
temperature (p = 0.000) and frequency (p = 0.000)
were significant in determining mixture stiffness,
using GTR instead of SBS did not statistically alter
the stiffness of the material (p = 0.446).

It should be noted that stiffness alone does not
quantify mixture performance. Dynamic modulus
data should be coupled with pavement performance
equations and/or performance tests to fully validate
how the mixture will perform in the field.

3.5 Rutting

To characterize the rutting susceptibility of the mix-
tures in this study, the two mixtures were tested using
loaded wheel testers and a repeated loading test.

3.5.1 Asphalt Pavement Analyzer (APA)
The rutting susceptibility of the GTR and SBS mix-
tures were evaluated using the APA. Only surface
mixtures are evaluated using theAPA.Testing was per-
formed in accordance with AASHTO TP 63-09. The
samples were prepared to a height of 75 mm and an air
void level of 7 ± 0.5 percent. Six replicates were tested
for each mix.The samples were tested at a temperature
of 64◦C (the 98 percent reliability temperature for the
high PG grade of the binder). Typically, these samples
are tested at the high binder PG grade. However, for
the Test Track, a constant testing temperature for all
mixes was desired to facilitate relative comparisons
between the mixes. The samples were loaded with a
steel wheel (loaded to 100 lbs) resting atop a pneumatic
hose pressurized to 100 psi for 8,000 cycles. Manual
depth readings were taken at two locations on each
sample after 25 loading cycles and at the conclusion
of testing to determine the sample rut depth (Table 5).

A statistical two-sample t-test of the rut depths from
the six samples (α = 0.05) was unable to distinguish
any difference between the rut depths measured in the
GTR and SBS mixtures.

The APA test results are also appropriate for deter-
mining a rate of secondary rutting for each mixture.
Rutting typically occurs in three stages: primary, sec-
ondary, and tertiary. The confined state provided by

Figure 2. Example rate of rutting plot for two samples in
center mold.

Table 5. APA test results.

Average Rut Coefficient of Rate of Rutting
Mix Depth (mm) Variation (%) (mm/cycle)

SBS 1.41 24.3 0.0000516
GTR 1.37 17.5 0.0000568

the molds prevents the mixture from truly ever achiev-
ing tertiary flow. Therefore, once the mixture has
overcome the stresses induced during primary con-
solidation, it is possible to determine the rate at which
secondary rutting occurs.

The secondary rate of rutting was calculated in the
APA by fitting a power function to the rut depths auto-
matically measured for two samples from the left, right
and center molds of the APA during testing (Figure 2).
These three average rates were then used to calculate a
singular rate of rutting for each mixture. The primary
consolidation of a sample can be seen as the initial
steep line when comparing rut depth to the number of
cycles; however, as the slope of the line decreases, the
samples move into secondary consolidation. The rate
of rutting was determined by finding the slope of the
power function at the 8,000th loading repetition. The
results of this analysis are given in Table 5.

While the GTR mixture had a numerically smaller
rut depth, the rate of rutting was slightly higher than
that of the SBS mixture. This suggests that the GTR
mixture will perform better under initial consolidation;
however, it accrued rutting faster than the SBS mix-
ture. Overall, the differences between the SBS mixture
and GTR mixture were small and it is not expected the
difference would contribute significantly in terms of
field performance.

3.5.2 Flow number (Fn)
The determination of the Fn for the mixtures was per-
formed using the AMPT. Testing was performed using
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Figure 3. Flow number test results.

three new specimens for each of the surface courses of
the two test sections. Fn tests were conducted at a tem-
perature of 59.5◦C which is the LTPPBind 3.1 50%
reliability temperature for the Test Track location at
20 mm from the surface of the pavement based on rec-
ommendations from NCHRP Report 673 (Advanced
Asphalt Technologies, 2011). The specimens were
tested at a deviator stress of 87 psi without confine-
ment. The tests were terminated when the samples
reached 10 percent axial strain. For the determination
of tertiary flow, the Francken model (Biligiri et al.,
2007) was used (Equation 1). Non-linear regression
analysis was used to fit the model to the test data.

where εp(N) = permanent strain at ‘N’ cycles; N =
number of cycles; and a, b, c, d = regression coeffi-
cients.

The average flow number for both the SBS and GTR
mixtures are given in Figure 3 with error bars signi-
fying ±1 standard deviation. Numerically, the GTR
mixture was able to withstand over twice as many
repeated loads as the SBS mixture before reaching ter-
tiary flow. A two-sample t-test (α = 0.05) confirmed
statistically the GTR mixture had superior resistance
to permanent deformation (p = 0.028) using the flow
number test.

3.5.3 Summary
While the APA test results suggest the two mixtures
have overall equivalent resistance to permanent defor-
mation, the flow number test suggests the GTR mixture
is more resistant to rutting. The difference in the true
high temperature grade of the binder suggests the flow
number ranking is correct. In either case, the objective
of the research was met. Both rutting tests showed the
GTR and SBS mixtures would have at least equivalent
rutting resistance.

3.6 Low temperature cracking

The critical cracking temperature where the esti-
mated thermal stress exceeds the tested indirect tensile

strength of a mixture can be used to characterize the
low temperature cracking performance of asphalt mix-
tures. This type of analysis could be referred to as a
‘critical temperature analysis.’A mixture exhibiting a
lower critical cracking temperature than those of the
other mixtures would have better resistance to thermal
cracking. Both the SBS and GTR mixtures were evalu-
ated using a critical temperature analysis for this study.
To estimate the thermal stress and measure the tensile
strength at failure, the indirect tensile creep compli-
ance and strength tests were conducted for three repli-
cates of each mix as specified in AASHTO T 322-07.
A thermal coefficient of each mixture was estimated
based on its volumetric properties and typical values
for the thermal coefficient of asphalt and aggregate.
This computation is explained in more detail below.

The IDT system, which has been used to pre-
dict thermal stress development and low temperature
cracking in asphalt mixtures, was used to collect the
necessary data for the critical cracking temperature
analysis.The testing was conducted using an MTS load
frame equipped with an environmental chamber capa-
ble of maintaining the low temperatures required for
this test. Creep compliance at 0◦C, −10◦C, and −20◦C
and tensile strength at −10◦C in accordance with
AASHTO T 322-07 were measured. These tempera-
tures are specified as a function of the low temperature
PG grade of the binder in AASHTO T322-07. The
creep test applies a constant load to the asphalt speci-
men for 100 seconds while the horizontal and vertical
strains are measured on each face of the specimen
using on-specimen instrumentation.

Four samples were prepared for each mix. The first
sample was used to find a suitable creep load for
that particular mix at each testing temperature. The
remaining three samples were tested at this load for
the tested data set. Specimens used for the creep and
strength tests were 38 mm to 50 mm thick and 150 mm
in diameter. Samples were prepared to 7 ± 0.5% air
void content.

Theoretical and experimental results indicate that
for linear visco-elastic materials, the effect of time and
temperature can be combined into a single parameter
through the use of the time-temperature superposition
principle. The creep compliance mastercurve can be
generated from an appropriate set of creep compliance
tests under different temperature levels by shifting the
creep compliance data to a curve based on a reference
temperature. This reference temperature is typically
the lowest creep compliance test temperature (−20◦C
for this study). The relations between real time t,
reduced time ξ , and a shifting factor aT are given as
Equation 2.

An automated procedure to generate the mastercurve
was developed as part of the Strategic Highway
Research Program (SHRP) (Buttlar et al., 1998). The
system requires the measurement of creep compli-
ance test data at three different test temperatures.
The final products of the system are a generalized
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Table 6. IDT critical temperature analysis.

Average Failure Critical
Mix Strength (MPa) Time (hours) temperature (◦C)

GTR 4.67 4.6 −25.0
SBS 4.39 4.5 −24.4

Maxwell model (or Prony series), which is several
Maxwell elements connected in parallel, and tem-
perature shifting factors. The generalized Maxwell
model and shifting factors are used for predicting
thermal stress development of the asphalt mixture due
to change in temperature.

In addition to thermo-mechanical properties, it is
required to estimate the thermal coefficient of the
asphalt mixture for the critical temperature analysis.
The linear thermal coefficients, α, of the given asphalt
mixtures were estimated in Equation 3 (Jones et.al.,
1968).

where αMIX = linear coefficient of thermal contrac-
tion of the asphalt mixture (1/◦C); BAC = volumetric
coefficient of thermal contraction of the asphalt
cement in the solid state (3.45 × 10−4/◦C) (11);
BAGG = volumetric coefficient of thermal contraction
of the aggregate (1 × 10−6/◦C), VMA = percent vol-
ume of voids in the mineral aggregate; VAGG = percent
volume of aggregate in the mixture; and VTOTAL = 100
percent.

Based on the above parameters, the change in ther-
mal stress for each mixture was estimated at the
cooling rate of 10◦C per hour starting at 20◦C. The
finite difference solution below developed by Soules
et al. (1987) was used to estimate thermal stress
development based on the Prony Series coefficients.

A complete description of the thermal stress anal-
ysis can be found in Hiltunen and Roque (1994) and
Kim et al. (2008).

Table 6 shows the average strength, failure time,
and critical temperature of both the GTR and SBS
mixtures. The GTR mixture performed either equiva-
lently or better than the SBS mixture in terms of having
a higher strength, slightly longer time until failure,
and lower critical temperature. It should be noted that
both critical temperatures are well below the required -
16◦C for the region of testing.Therefore, both mixtures
should adequately resist low temperature cracking.

3.7 Surface cracking

The energy ratio has been developed to assess a
mixture’s resistance to top-down or surface cracking
(Roque et al., 2004). To determine this mixture prop-
erty, three specimens, 150 mm diameter by approx-
imately 38 mm to 50 mm. thick, cut from gyratory

compacted samples, were prepared, and one set of
indirect tension tests including resilient modulus,
creep compliance, and tensile strength was performed
at 10◦C.

To evaluate the top-down cracking performance of
a given pavement, tensile stress, σ , obtained at the
bottom of the asphalt layer using elastic layer analysis,
and mixture properties (resilient modulus, Mr , power
function parameters, D1 and m, tensile strength, St,
and dissipated creep strain energy at failure, DCSEf )
are required as inputs of the top-down cracking model.
Stress was assumed to be 150 psi. In this model, each
property can be obtained from the three mixture tests.

The resilient modulus is obtained in a load con-
trol mode by applying a repeated haversine waveform
load with a loading period of 0.1 seconds followed by
a rest period of 0.9 seconds and is determined from
the stress-strain curve. The power function parame-
ters are obtained by fitting the creep compliance curve
performed using a constant load control mode, and
the tensile strength and dissipated creep strain energy
at failure are determined from the stress-strain curve
developed during strength testing. The detailed test-
ing procedures and data interpretation methods for
the resilient modulus, creep compliance, and tensile
strength tests are described elsewhere (Roque and
Buttlar, 1994; Roque et al., 2004; Buttlar and Roque,
1994; Roque et al., 1997).

Table 7 summarizes the ER data for two mix-
tures tested in this phase of the research. The values
of energy ratio determined would be the indicators
of cracking performance of the sections with differ-
ent binders. Again, the energy ratio is calculated by
analyzing multiple test samples to arrive at a singu-
lar value. Therefore, statistical analyses could not be
completed on these data.

Only slight differences in the energy ratio of the two
mixtures were observed in the data analysis. The SBS
mixture had a slightly lower ER. This suggests that the
GTR mixture would perform slightly better that the
SBS in terms of surface cracking.

Current recommendations suggest that a minimum
ER of 1.95 is needed if trafficking is less than one
million ESALs per year (Roque et al., 2004). While
the Test Track trafficking is higher than this
requirement, both mixtures were more than twice the
required ER.

4 FIELD PERFORMANCE

The field performance of mixtures placed at the NCAT
Test Track is routinely assessed. An inertial profiler
is used to measure rutting and pavement smoothness,
and texture on a weekly basis. Monthly crack maps of
the sections are drawn to assess the cracking potential
of the mixture.

After 10 million ESALs of trafficking, neither mix-
ture has shown signs of cracking. Wireline rut depths
were measured for the SBS and GTR sections of 4.8
and 3.8 mm, respectively. Thus, neither mixture has

200



Table 7. Energy Ratio Test Results.

Mix

Property GTR SBS

m-value 0.408 0.410
D1(E-07) 5.50 6.51
St (MPa) 2.71 2.37
Mr (GPa) 10.69 10.34
FE (kJ/m3) 4.1 5.1
DSCEHMA (kJ/m3) 3.76 4.83
Stress (psi) 150 150
A (E-08) 4.50 4.68
DSCEMIN (jK/m3) 0.85 0.97
ER 4.96 4.43

shown signs of significant rutting in the field. Addi-
tionally, both mixtures have maintained texture near or
below 0.5 mm for the entire 10 million ESALs. There-
fore, raveling is not considered to be a problem with
either mixture at this point in this phase of trafficking.

The primary difference between these two test sec-
tions is roughness. Final international roughness index
(IRI) measurements between the two test sections
showed the SBS section had an IRI of 103.1 in/mile
while the GTR test section had a roughness of
52.3 in/mile. Initially, the SBS section was constructed
rougher than the GTR test section. Over time, neither
test section has become rougher.

5 CONCLUSIONS AND RECOMMENDATIONS

Based on this research the following conclusions
can be drawn about plant-produced rubber-modified
asphalt mixtures.

– The addition of GTR and SBS modified PG 6722
binders to PG 7622 binders did not effect the PG
grading; however, there was a difference of 5◦C
in the high temperature true grade of the binders.
This difference was engineered to meet Missouri’s
elastic recovery specification.

– When designed and constructed properly, GTR and
SBS mixtures can have equivalent field perfor-
mance in terms of cracking, rutting, and smooth-
ness.

– The SBS mixture had 0.5 mm more texture than the
GTR mixture; however, this was not due to raveling
or pavement distresses.

– The GTR and SBS mixtures had equivalent stiff-
ness, moisture damage resistance, and resistance to
rutting in the APA. The GTR mixture had a higher
flow number than the SBS mixture.

– The GTR mixture had higher tensile strengths than
the SBS mixture in both low temperature and
moisture damage testing.

– The GTR mixture had a slightly lower critical
temperature than the SBS mixture.

– The GTR mixture had a higher energy ratio than the
SBS mixture meaning it might be slightly less sus-
ceptible to surface cracking. Both mixtures passed
the criterion for trafficking of 1,000,000 ESALs per
year.

Based on these results, the following recommenda-
tions are made.

– State agencies should consider GTR mixtures as
an appropriate substitute for SBS modified asphalt
mixtures.

– Proper care should be taken during the design
and construction phases to ensure the mixtures
placed are high quality and meet appropriate quality
control standards.
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Accelerated performance of a failed pavement on a soft clay subgrade after
rehabilitation with high polymer mix at the NCAT pavement test track

R.B. Powell
National Center for Asphalt Technology, Auburn University, Alabama, US

ABSTRACT: The Pavement Test Track is a full-scale, accelerated performance test facility for flexible pave-
ments managed by the National Center for Asphalt Technology (NCAT) at Auburn University. Forty-six unique
60-m test sections are installed around a 2.7-km oval and subjected to accelerated damage via a fleet of tractors
pulling heavy triple trailers. Methods and materials that produce better performance for research sponsors are
identified so that future pavements can be constructed based on objective life cycle comparisons. In this study,
a 250-mm thick, full depth asphalt pavement that failed near the end of the previous research cycle was first
rehabilitated using conventional methods. When the section failed a second time after less than half the traffic
that produced the original failure, it was decided to rehabilitate the section again using the same high polymer
mix that had performed well in another test section. Traffic applied to the high polymer rehabilitation has now
surpassed the level needed to completely fail the original conventional rehabilitation, with no indication that
another failure is pending. An overview of the original construction and subsequent rehabilitation of the failed
pavement on a soft clay subgrade are included in this paper, with a focus on comparing the performance of the
conventional rehabilitation with the high polymer content asphalt inlay.

1 INTRODUCTION

The Pavement Test Track (www.pavetrack.com is a
full-scale, accelerated performance test facility for
flexible pavements managed by the National Center
forAsphalt Technology (NCAT) atAuburn University.
Forty-six unique 60-m test sections are installed
around a 2.7-km oval and subjected to accelerated
damage via a fleet of tractors pulling heavy triple
trailers. Methods and materials that produce better per-
formance for research sponsors are identified so that
future pavements can be constructed based on objec-
tive life cycle comparisons. In this study, a 250-mm
thick, full depth asphalt pavement that failed near the
end of the previous research cycle was first rehabil-
itated using conventional methods. When the section
failed a second time after less than half the traffic that
produced the original failure, it was decided to reha-
bilitate the section again using the same high polymer
mix that had performed well in another test section.

2 CONSTRUCTION

The Oklahoma Department ofTransportation (ODOT)
sponsored two new structural test sections on the 2006
NCAT Pavement Test Track in order to study the per-
petual pavement thickness design concept. These sec-
tions (N8 and N9, shown in Figure 1) represented the
thickest cross-sections yet built as part of the structural

response experiment. The original stiff (200,000 Pa)
subgrade under these two ODOT sections was removed
and replaced with a soft (40,000 Pa) subgrade that
was more representative of design soils in Oklahoma.
Section N8, the first of the two ODOT sections,
was mechanistically under designed with 250 mm of
asphalt (50-mm rich bottom layer, 150 mm of dense
Superpave mix, and a 50-mm stone matrix asphalt
(SMA) surface).The second section, N9, was designed
to be a perpetual pavement with a total HMA thick-
ness of 350 mm. The rich bottom layer was increased
in the thicker section to 75 mm and an additional 75-
mm Superpave lift was added. In both sections, the
rich-bottom layer was simply a mixture designed to
2% air voids rather than 4% in the other Superpave
layers (thus, a higher binder content). Detailed infor-
mation on the design, production, and placement of all
the layers in both sections are available on the project
website and well documented in other publications
(Willis et al., 2009).

3 ACCELERATED PERFORMANCE

Test sections on the NCAT Pavement Test Track are
loaded with heavy triple trailer trains with an average
gross vehicle weight of 689 kN (89 kN target per sin-
gle axle) driven by human drivers at a cruise speed of
72 km per hour. Individual single axles are loaded to
optimize the efficiency of pavement damage, which
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Figure 1. Locations of Sections N8 and N9 on the NCAT
pavement test track.

Figure 2. Accelerated truck traffic with the NCAT fleet.

averages approximately 11.8 ESALs per truck pass.
Each vehicle in the five truck fleet (shown in Figure 2)
laps the track approximately 400 times a day in order to
induce damage in experimental pavements. A design
lifetime of pavement damage (10 million equivalent
single axle loadings, or ESALs) is compressed into a
2-year trucking cycle in order to load test pavements
in an accelerated manner. Both surface performance
and subsurface (high-speed) pavement response are
measured weekly in order to provide all the necessary
information for comprehensive life cycle modeling.

As seen in Figure 3, high-speed strain instrumenta-
tion revealed that longitudinal strains (routinely higher
than transverse strains, shown as the average of six
gauges) at the bottom of the slightly thinner section
(N8) were approximately twice as high as longitudinal
strains measured on the thicker section (N9) at 20◦C
before the influence of any damage effects. Because
this is the standard test temperature for beams in the
laboratory, it often serves as the basis of comparison
for in-service pavements. Lower strain levels in Sec-
tion N9 led researchers to believe it could actually be
perpetual, meaning that the structure would be thick
enough to prevent the initiation of a crack at the bot-
tom of the lower lift of HMA (Timm et al., 2009).
Strain levels measured in Section N8 were thought
to be high enough that “bottom up” cracking could
cause the type of deep, expensive failure that perpetual
pavement designs aim to avoid.

As predicted, roughness began to increase on the
thinner section as a result of cracks propagating up
from the bottom of the pavement. As seen in Figure 4,
roughness in the thinner section began to increase

Figure 3. Strain measurement comparisons.

Figure 4. Changing roughness as a function of accumulat-
ing traffic damage.

after approximately 6.8 million ESALs. After approx-
imately 8.3 million ESALs, extensive cracking was
visible on the surface. By the end of the 10 mil-
lion ESAL traffic cycle on the 2006 NCAT Pavement
Test Track, Section N8 was in need of rehabilitation.
The terminal crack map for this section, which shows
extensive alligator cracking as interconnected cracked
areas, is shown in Figure 5. A forensic investigation
confirmed that cracking and rutting extended all the
way down to the top of the subgrade. Consistent with
the expectation for a perpetual pavement, the thicker
section (N9) did not exhibit any distresses through the
entire 10 million ESAL research cycle.

4 CONVENTIONAL REHABILITATION

The initial rehabilitation of the failed section con-
sisted of a 125-mm mill and inlay, which is ODOT’s
standard practice for the type of structural failure
observed. The 125-mm inlay consisted of 75 mm of
dense Superpave mix under 50 mm of stone matrix
asphalt SMA. The mixes used for this inlay were iden-
tical to the original mixes placed in the structure in the
summer of 2006. At the request of ODOT researchers,
geotextile fabric interlayers were used in two differ-
ent areas of the inlay in order to determine if they
would affect the onset of reflective distresses. As seen
in Figure 6, an untreated control area was maintained
for each type of fabric.

As seen in Figure 7, cracking again appeared in
the rehabilitated section (one crack in an area with
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Figure 5. Terminal crack map for thinner Section N8 after
10 million ESALs.

Figure 6. Fabric placement in rehabilitated section (prior
cracking in dashed line).

Figure 7. Recurrence of cracking after 2.7 million ESALs.

Figure 8. Terminal cracking after 3.8 million ESALs.

a geotechnical fabric and one in the adjacent con-
trol area) after approximately 2.7 million ESALs.
Although cracks generally took longer to form in the
areas of the mat where the fabric interlayers were
placed, pavement condition in the area in which a fab-
ric interlayer was installed deteriorated more rapidly
after cracking was observed. Cracking after the appli-
cation of approximately 3.8 million ESALs is shown
in Figure 8. The cracked area between 30 and 55 m
developed completely in a single week of accelerated
traffic (approximately 100,000 ESALs). It is believed
that micro-cracking in the surface SMA in both the
cracked areas allowed water to flow into the mat, cre-
ating a failure plane at the fabric interface; however,
forensic testing confirmed that distresses extended
all the way to the bottom of the failed pavement.
The complete failure of the rehabilitated structure is
evident in Figure 9.

5 HIGH POLYMER REHABILITATION

A high polymer mix appeared to be a viable option to
rehabilitate the failed section because no distresses at
all had been observed in a relatively thin, high strain
pavement included in the 2009 Group Experiment

Figure 9. Photo of failed conventional rehabilitation

(GE) (Timm et al., 2011). Additionally, an order of
magnitude increase in fatigue life has been observed by
other researchers in the laboratory in mixtures blended
with high polymer binders (Klutz et al., 2009). It was
thought the full depth distresses in the failed section
would produce the types of high strain conditions these
materials have been shown to resist.

The 144-mm thick GE section (N7) that had exhib-
ited good performance consisted of three lifts of HMA
using a binder modified with approximately three
times the styrene-butadiene-styrene (SBS) polymer
normally used. The 56-mm base lift and 56-mm inter-
mediate lift each contained 7.5 percent polymer and
19-mm stone, while the 32-mm thick wearing course
was designed with a 9.5-mm NMAS aggregate blend.
Oklahoma officials supported using the high poly-
mer design but proposed changing the size of stone
in the base course to 9.5-mm, in effect duplicating the
wearing course composition and thickness. In order to
optimize the cracking resistance of the smaller NMAS
lower layer, it was produced with lower air voids for
a rich bottom approach. The thickness of the interme-
diate layer was increased to 80 mm to accommodate
the change in the lower layer. A consensus on this
design change was reached among NCAT, represen-
tatives from the polymer supplier, and the Oklahoma
DOT. No fabric interlayers were used in the second
rehabilitation.

6 PERFORMANCE COMPARISON

Improvements in the mechanistic response of the pave-
ment structure resulting from the high polymer reha-
bilitation are well documented in other publications
(Timm et al., 2012). Traffic applied to the new surface
(shown in Figure 10) has significantly surpassed the
level needed to completely fail the original conven-
tional rehabilitation, with no indication that another
failure is pending. A plot of roughness and macrotex-
ture measured on the section for both the conventional
and high polymer rehabilitation efforts is shown in
Figure 11. Here, it is seen that the upward trend in
the original rehabilitation began after approximately
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Figure 10. High polymer rehabilitation after traffic sur-
passed original failure.

Figure 11. Measured roughness and macrotexture for entire
2009 research cycle.

3.0 million ESALs. The high polymer rehabilitation
was completed at the 4.6 million ESAL mark, mean-
ing that over 5.4 million ESALs had been applied at
the completion of the 10 million ESAL research cycle
with no sign of the increase in roughness that typi-
cally precedes structural cracking. This represents an
80 percent improvement in performance compared to
the original conventional rehabilitation effort.

7 IMPLEMENTATION

This positive experience with high polymer rehabilita-
tion attracted the attention of state DOTs with specific
and challenging rehabilitation needs. For example,
the Alabama Department of Transportation (ALDOT)
contacted NCAT researchers seeking feedback on the
suitability of using this method for three unique infras-
tructure projects. Following a comprehensive review
of data provided by ALDOT, all three projects were
considered to be potential candidates for high polymer
rehabilitation. General information for these projects
is provided in the following paragraphs.

7.1 Prevention of reflective cracking

The first project was on a roadway that was being reha-
bilitated in the summer of 2011 using conventional
methods. Cracked pavement was milled to accommo-
date the placement of new binder and surface mix.
After the binder mix was placed, but before it could
be overlaid with new surface mix, project personnel
observed intermittent cracking in both the inside and
outside wheelpaths. A map of observed cracking is
shown in Figure 12. The enhanced strain tolerance of
high polymer mix made it an attractive option for use

Figure 12. Observed cracking in binder mix prior to place-
ment of new surface.

Figure 13. Localized failure with pumping on Interstate
I-59 in Tuscaloosa.

on this project; however, ALDOT was unable to nego-
tiate an acceptable price for the changed scope of work
with the original contractor. The Department decided
to overlay the cracked binder mix with conventional
surface mix, as planned, and then let the project again
using high polymer mix in the future when cracking
begins to reflect through to the surface.

7.2 Improving structural capacity

The second project was a section of interstate I-59 in
Tuscaloosa County that was exhibiting structural fail-
ures in stretches of asphalt pavement that connect a
series of relief bridges through a flood plain. Foren-
sic testing indicated structural deficiencies that could
only be corrected by significantly increasing structural
capacity. A picture of a localized failure is included as
Figure 13. Complete reconstruction was not consid-
ered to be a viable option, and increasing the thickness
of the existing pavement would have required costly
bridge jacking to maintain grade. In a sense, this
project was very similar to the failed Section N8 on
the NCAT Pavement Test Track. High polymer mix
was recommended as a cost effective way to improve
structural capacity of the failed pavement.

7.3 Preventing the recurrence of rutting

The third candidate project was on a stretch of
US-231 in Pike County that runs through Troy,
Alabama. This section of roadway is subjected to
heavy traffic and a high percentage of loaded trucks.
Numerous intersections require trucks to decelerate
and accelerate intermittently throughout the project.A
history of rutting prompted ALDOT to choose SMA
binder and surface mixes for rehabilitation back in the
summer of 2008. Rutting quickly returned later that
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Figure 14. Forensics on rutted SMA pavement on US-231.

same year. Forensic investigations revealed deforma-
tion of the SMA binder (shown in Figure 14), which
led the Department to patch the affected areas using
completely new mix designs for replacement SMA
binder and surface mix. Rutting has since returned
throughout the project.A high polymer Superpave mix
was recommended for the next rehabilitation based on
excellent rutting performance on the NCAT Pavement
Test Track.

8 CONCLUSIONS AND RECOMMENDATIONS

Several important conclusions can be drawn from the
findings of this experiment that may have a signifi-
cant impact on pavement rehabilitation practices on
the open infrastructure:

– Geotextile fabric interlayers appeared to delay the
onset of reflective cracking; however, they may
have accelerated the failure process after cracking
was initiated;

– Rehabilitation using high polymer mix lasted sig-
nificantly longer than rehabilitation using conven-
tional mix. Approximately 80 percent more traffic
had been applied as of the end of the 2009 research
cycle;

– The life cycle cost of the high polymer inlay could
be fully assessed by leaving the section in place with
traffic continuation for the 2012 research cycle;

– Rehabilitation using high polymer mix can be
implemented by state DOTs in the interim by con-
servatively using the findings from the unfailed
surface in the current research cycle that showed
an 80 percent improvement in performance; and

– The long term performance of the three potential
high polymer rehabilitation projects under consid-
eration by ALDOT should be documented in order
to improve the decision making process for future
projects.
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pavement testing

J. Greene, B. Choubane & P. Upshaw
Florida Department of Transportation, Gainesville, Florida, US

ABSTRACT: As part of its Accelerated Pavement Testing (APT) program, the Florida Department of
Transportation (FDOT) initiated, in 2001, an experiment to evaluate the effects of polymer modifiers on the
rutting performance of Superpave mixes using a Heavy Vehicle Simulator (HVS). That study led to the use of
PG 76-22 asphalt binder on the final structural course for traffic level D roadways (10 to >30 million ESALs)
and the top two structural courses for traffic level E roadways (≥ 30 million ESALs). As a follow up, a study was
conducted to evaluate the performance of stiffer polymer-modified binders meeting PG 82-22 requirements for
focused use on intersections and other low speed facilities with concentrated heavy loads. This paper describes
the research approach and findings. It is anticipated that the localized use of a PG 82-22 asphalt binder will
significantly improve pavement performance at locations with historically excessive rut depths.

1 INTRODUCTION

In 2001, the Florida Department of Transportation
(FDOT) conducted an experiment to assess the rutting
resistance of a polymer modified PG 76-22 asphalt
binder on Superpave mixtures through Accelerated
Pavement Testing (APT). This study led to the use of
PG 76-22 asphalt binder on the final structural course
for traffic level D roadways (10 to>30 million ESALs)
and the top two structural courses for traffic level E
roadways (≥30 million ESALs). The Florida Flexible
Pavement Design Manual also recommends consid-
eration of a PG 7622 asphalt binder at intersections
or other facilities with slow moving and concentrated
truck loads.Annual statewide pavement condition sur-
veys have indicated that pavements rated as deficient
due to excessive rutting have steadily decreased over
the last 10 years. However, localized failures still occur
at locations with concentrated truck traffic at low
speeds. In response to this, a follow-upAPT study was
recently conducted to evaluate the performance of a
polymer-modified asphalt binder meeting PG 82-22
requirements. This paper describes the research
approach and findings.

2 OBJECTIVE

The objective of this study was to evaluate the rutting
and fatigue resistance of three asphalt binder types:
(1) a polymer modified PG 82-22, (2) a polymer
modified PG 76-22, and (3) an unmodified PG 67-22.
Accelerated pavement testing (APT) and laboratory
testing was used to accomplish this goal.

3 BACKGROUND

Recent studies have indicated that increased rutting
resistance can be achieved with the use of a PG 8222
asphalt binder (Powell 2011, Prowell 1999, Thomas
et al. 2007).A limited laboratory evaluation conducted
by FDOT also showed that rutting potential decreased
as percent modified asphalt binder increased. The
study consisted of a 12.5 mm fine graded mixture of
granite and sand. In light of this evidence FDOT has
begun to investigate the potential benefits of using a
PG 82-22 asphalt binder at locations with a history
of extensive rutting. As a first step towards imple-
mentation, FDOT recently drafted a developmental
specification to allow PG 82-22 asphalt binder on a
case-by-case basis. While the cost of PG 82-22 asphalt
binder is currently $100/liquid ton more than PG 76-
22 asphalt binder and $250/liquid ton more than an
unmodified PG 67-22 asphalt binder, it is anticipated
the heavy polymer asphalt binder will increase the
life of these facilities and reduce the hazards that
accompany rutted roadways such as hydroplaning.

4 EXPERIMENT DESIGN

To allow for a faster and a more practical assess-
ment under closely simulated in-service conditions,
APT was considered to address the objectives of this
study.APT is generally defined as a controlled applica-
tion of a realistic wheel loading to a pavement system
simulating long-term, in-service loading conditions.
This allows the monitoring of a pavement system’s
performance and response to accumulation of damage
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Figure 1. FDOT’s HVS and APT test tracks.

within a much shorter time frame. In Florida’s APT
program, the accelerated loading is performed using a
Heavy Vehicle Simulator (HVS), Mark IV model. The
HVS is electrically powered (using an external elec-
tric power source or electricity from an on-board diesel
generator), fully automated, and mobile. The HVS and
test tracks are shown in Figure 1. A complete descrip-
tion of the test facility has been presented elsewhere
(Byron et al. 2004, Choubane et al. 2005).

Three test track lanes measuring 12 ft. (3.7 m)
wide and 150 ft. (46 m) long were constructed for the
APT portion of the study that focused on rut depth
measurements. Two additional test lanes measuring
50 ft. (15 m) long were constructed on test pits which
allowed control of the water table. The water table
was raised to the bottom of the base on the test pit
lanes to weaken the granular base layer so that fatigue
tests could be conducted. Each lane consisted of two
2 in. (5 cm) lifts of 12.5 mm fine graded Superpave
mixture of granite material and 5.1% asphalt binder.
The construction of each lane was similar except for
the asphalt binder type which included an unmodified
PG 67-22, a Styrene Butadiene Styrene (SBS) mod-
ified PG 76-22, or an SBS modified PG 82-22. The
primary difference in the modified binders was the
amount of SBS polymer that was used.Approximately
1 in. (2.5 cm) of existing hot-mix asphalt (HMA)
remained after a milling operation prior to resurfacing
of the test track lanes. The asphalt lanes constructed
on the test pits was paved directly on the base surface.
Figure 2 illustrates the pavement structures for both
test track lanes and test pit lanes. A minimum of three
sections per lane were designated for rutting tests to
account for construction variability. During HVS test-
ing, the pavements were heated to 50◦C (120◦ F) and
trafficked with a 455 mm wide base single tire (Miche-
lin X One XDA-HT Plus 455/55R22.5) loaded to 9,000
pounds (40 kN) and inflated to 100 psi (689 kPa). A
wheel wander of 4 in. (10 cm) was used for each test.
A previous FDOT study showed that when compared
to a standard dual tire, the 455 mm wide base single tire
produced similar rut depths (Byron, et al, 2004). Of the
two lanes constructed on the test pits, one lane included

Figure 2. Test track and test pit pavement structures.

a modified PG 76-22 binder and the other a modified
PG 82-22 binder. The test pit dimensions allowed only
one test per binder type.Two strain gauges were placed
at the bottom of the asphalt layer to measure the longi-
tudinal strain. A Goodyear G286 A SS, 425/65R22.5
(Super-Single) loaded to 12,000 pounds (53 kN) and
inflated to 110 psi (758 kPa) was used to load the test
pits without wheel wander.

5 MATERIAL PROPERTIES

5.1 Asphalt binder properties

The asphalt binder was blended by the supplier to meet
the requirements of PG 67-22, PG 76-22, and PG 82-
22 asphalt binders according to the current FDOT
specifications. FDOT is currently considering the PG+
system but has not yet adopted the new grading system.
The PG 82-22 asphalt binder included approximately
six percent SBS polymer modifier which is double that
of the PG 76-22 asphalt binder.

Dynamic Shear Rheometer (DSR) tests were per-
formed according to AASHTO T-315 on the original
asphalt binder at the upper temperature of each binder
grade. A considerable difference in G*/sin δ was
observed for the different asphalt binders. FDOT spec-
ifies a minimum G*/sin δ of 1.0 kPa and a maximum
phase angle (δ) of 75◦ for a PG 76-22 original asphalt
binder.A developmental specification requires a phase
angle of 65◦ for a PG 82-22 original asphalt binder.
Both polymer modified asphalt binders met the respec-
tive requirements. Figures 3 and 4 show the DSR
properties for each asphalt binder for comparison.

The Multiple Stress Creep Recovery (MSCR) eval-
uates an asphalt binder’s potential for permanent
deformation and can be measured using the DSR. Ten
creep/recovery cycles are performed with a stress of
0.1 kPa applied for one second with a nine second rest
period. The stress level is then increased to 3.2 kPa
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Figure 3. G*/sin δ measurements.

Figure 4. Phase angle measurements.

Table 1. AASHTO specifications for MSCR data.

Asphalt
binder Standard Heavy Heavy Extreme
grade (S) (H) Very (V) (E)

Traffic <10 million 10–30 million >30 million >30 million
level/ ESALs or ESALs or ESALs or ESALs and
speed >45 mph 15–45 mph <15 mph <15 mph

Jnr max, 4.0 2.0 1.0 0.5
kPa

Jnr max 75 75 75 75
difference,
%

for an additional ten cycles. Specifications have been
developed based on the non-recoverable creep compli-
ance (Jnr) and are shown in Table 1 (AASHTO, 2010).
Asphalt binder samples were collected from the plant
and conditioned in a rolling thin film oven (RTFO).
MSCR tests were performed on the RTFO residue at
a temperature of 64◦C. A summary of the MSCR test
results are shown in Table 2.

5.2 Mixture properties

Several standard quality control (QC) tests were per-
formed to verify the uniformity and quality of the

Table 2. Summary of MSCR data.

Jnr
Asphalt
binder 0.1 kPa 3.2 kPa Difference Grade

PG 67-22 2.243 2.443 8.2% S
PG 76-22 0.414 0.461 10.1% E1

PG 82-22 0.149 0.157 4.9% E

1Borderline

mixtures. Table 3 shows that the gradation, percent
asphalt binder, and percent air voids from samples
retrieved from trucks delivering the mix were within
normal ranges. During construction of the test lanes
there was some concern that adequate density would
be difficult to obtain on the lane with the PG 82-22
asphalt binder due to the increased stiffness. The
contractor applied compaction effort following the
paver earlier for the PG 82-22 lane so that com-
paction temperatures were higher. The developmental
specification states that compaction temperature for
a mixture using PG 82-22 asphalt binder should not
exceed 340◦F (171◦C). Additional passes of the roller
were also applied. A non-nuclear Pavement Quality
Indicator (PQI) device was used to estimate the com-
pacted asphalt mixture density after each pass of the
roller. Table 4 summarizes the compaction effort for
each lane. The bottom lift for the PG 67-22 lane
was slightly less dense than desired but the average
core density of this lane was considered acceptable. It
should be noted that more than 20 cores were used to
determine the average density for the PG 76-22 and
PG 82-22 lanes and only three cores were used for the
PG 67-22 lane.

An Asphalt Pavement Analyzer (APA), Hamburg
wheel tester, and Asphalt Mix Performance Tester
(AMPT, testing flow number) were used to evaluate
the rut potential of the mixtures in the laboratory. APA
tests (AASHTO T340) were conducted at a tempera-
ture of 64◦C for 8,000 cycles (16,000 passes) utilizing
a 100 pound (445 N) load applied to a 100 psi (689 kPa)
hose. Hamburg (AASHTO T324) samples were tested
submerged in water at a temperature of 50◦C (120◦F)
for 10,000 cycles (20,000 passes) utilizing a 158 pound
(700 N) load.The Flow Number was determined using
a confining stress of 10 psi (69 kPa), a contact stress
of 7 psi (50 kPa), a creep deviator stress of 100 psi
(689 kPa), and a test temperature of 130◦F (54◦C).
The Flow Number test was conducted according to
AASHTO T79. Table 5 summarizes the laboratory
data. As indicated by literature and previous FDOT
laboratory tests, rutting resistance increased as the
amount of polymer was increased.

6 ACCELERATED PAVEMENT TESTING

Rut depth measurements were obtained periodically
using a laser-based profiling system mounted on the
underside of the HVS wheel carriage.The data showed
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Table 3. Average volumetric properties.

Design Values Truck Samples
Sieve Size/
Mixture QC PG PG PG
Test JMF Range 67-22 76-22 82-22

4/3 in. (19.0 mm) 100 100 100.0 100.0 100.0
1/2 in. (12.5 mm) 98 90–100 97.3 97.4 97.8
3/8 in. (9.5 mm) 88 NA-90 86.3 86.1 86.6
#4 (4.75 mm) 59 – 57.8 57.4 57.5
#8 (2.36 mm) 40 28–50 39.2 38.5 39.1
#16 (1.18 mm) 29 – 28.7 27.9 28.4
#30 (600 µm) 22 – 22.1 21.4 21.7
#50 (300 µm) 12 – 13.2 12.8 13.0
#100 (150 µm) 4 – 4.9 4.7 5.0
#200 (75 µm) 2.0 2–10 2.8 2.7 2.8

% Binder 5.1 4.7–5.5 4.9 4.8 4.7
% Air voids 4.0 2.8–5.2 3.3 4.0 4.0

Table 4. Average compaction properties.

Compaction
Parameter1 PG 67-22 PG 76-22 PG 82-22

Lift 1 2 1 2 1 2
Vibe passes 1 1 2 2 2 2
Static passes 5 3 2 2 4 4
Temp. (◦F) 310 305 320 330 340 340
Temp. (◦C) 154 152 160 166 171 171
% density 90.8 92.1 92.2 93.3 94.1 94.1

1Using a 25,000 lb. (11,340 kg) Caterpillar CB634C roller

Table 5. Laboratory rut potential tests.

Binder APA Hamburg
Grade in. (cm) in. (cm) Flow No

PG 67-22 4.9 (12.4) 4.7 (11.9) 73
PG 76-22 4.0 (10.2) 3.9 (9.9) 152
PG 82-22 2.1 (5.3) 2.1 (5.3) 280

rutting decreased as the amount of polymer modi-
fier increased. After 100,000 passes, the lane with
PG 82-22 and PG 76-22 polymer modified asphalt
binders rutted approximately 0.5 and 0.8 times less
than the lane without polymer modified asphalt binder,
respectively. Figure 5 shows the average rut history of
three sections for each test lane. Multiple tests were
performed to account for construction variability. No
individual rut profile measured on the PG 82-22 lane
overlapped an individual rut profile of the PG 76-22
lane after approximately 30,000 passes of the HVS.
In other words, the worst performing section on the
PG 82-22 lane was still better than the best section on
the PG 76-22 lane after initial densification/distortion
of the mixture. The same was true for the PG 76-22
lane and the PG 67-22 lane.

Figure 5. Average rut profiles.

Shear deformation and densification are the pri-
mary causes for rutting of flexible pavements. One
method used by FDOT and others to determine the
portion of rutting generated from shear flow is to esti-
mate the area or volume of accumulated material at
the edge of the rutted wheel path and compare it to the
empty area or volume below the wheel path (Gokhale
et al. 2005, Harvey and Popescu, 2000, Drakos, 2003).
It can be reasonably assumed that the material at the
edge of the wheel path is displaced by shear flow. If
the area of displaced material is equal to the area of the
material below the wheel path, it can be assumed that
the majority of rutting was due to shear flow. In gen-
eral, as the amount of polymer modifier increased, a
larger shear to wheel path area ratio was measured. Fig-
ure 6 illustrates the transverse profiles after 100,000
passes. Table 6 summarizes the rut and shear data for
several pass levels and indicates that densification was
more prevalent early in the test, but that shear becomes
dominant within a few thousand passes. It should be
noted that the rut depth for the transverse profile is
found through establishing a straight line between the
sheared materials at the edge of the wheel path and
determining the greatest distance to the bottom of the
wheel path.

HVS rut depth correlations with mixture and binder
laboratory tests are presented in Figures 7 and 8. In
general, the correlations were as expected. Approx-
imately linear correlations were found with HVS
rut depth and each laboratory indicator. Additional
tests would be necessary to properly describe the
relationships.

Several hundred thousand passes were completed
on the test pits without observation of any fatigue
cracking. Tensile strain was measured at different
times to capture the pavement response at different
temperatures. The temperature range was different for
each test pit lane since testing was conducted a few
months apart. Figure 9 shows the measured tensile
strain. For comparison, strain data is included from
a previous experiment that had the same pavement
structure, similar aggregate and gradation and used
an unmodified PG 67-22 asphalt binder. It should be
noted that the Michelin 455 mm wide base tire loaded
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Figure 6. Vertical profile at 100,000 passes.

Table 6. Shear and rut depth summary.

PG 67-22 PG 76-22 PG 82-22
Pass # Rut in. (mm) Rut, in. (mm) Rut, in. (mm)

100 0.06 (1.5) 0.03 (0.8) 0.06 (1.5)
5,000 0.24 (6.1) 0.16 (4.1) 0.14 (3.6)
100,000 0.41 (10.4) 0.29 (7.4) 0.21 (5.3)

Shear Area/ Shear Area/ Shear Area/
WP Area WP Area WP Area

100 0.21 0.44 0.23
5,000 0.60 0.50 0.28
100,000 0.72 0.45 0.27

Shear Area =Area of displaced material due to shear WP
Area =Area of displaced material in wheel path.

Figure 7. Laboratory and HVS rut potential correlations.

to 12,000 pounds (53 kN) and inflated to 100 psi
(689 kPa) was used for the earlier experiment with the
PG 67-22 asphalt binder.

Both modified binders appear to have better fatigue
performance than the unmodified binder. Fatigue life
can be estimated using a number of different transfer
equations. One such transfer equation is presented in
AASHTO’s Mechanistic Empirical Pavement Design

Figure 8. MSCR and HVS rut depth correlation.

Figure 9. Strain measurements.

Guide (MEPDG). The MEPDG equation is shown
below:

where:
Nf = repetitions until fatigue failure (50% cracking of
lane area)
K = thickness calibration
C = regional or national calibration factor
εt = tensile strain
E = asphalt modulus, psi
hac = thickness of asphalt layer, in.

At 68◦F (20◦C), the fatigue life of the PG 82-22
and PG 76-22 sections are approximately 136 and 20
times greater than the PG 67-22 section, respectively.
Furthermore, the fatigue life of the PG 82-22 section
is approximately seven times greater than the fatigue
life of the PG 76-22 section.

7 IMPACT OF THE RESEARCH

FDOT District Engineers are seeking solutions for
pavements with histories of excessive rutting where
existing strategies have not worked. Often these pave-
ments are at locations with concentrated and slow
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moving truck traffic.The HVS is an ideal tool to inves-
tigate these harsh conditions. This study has shown
that a PG 82-22 asphalt binder has an increased rut-
ting resistance compared to existing asphalt binders.
The mixture with the PG 82-22 asphalt binder rut-
ted 0.5 and 0.7 times as much as the mixtures with
the PG 67-22 and PG 76-22 asphalt binders, respec-
tively. In addition, strain data indicated that the fatigue
life of a mixture with PG82-22 asphalt binder may be
increased as much as seven times more than a mix-
ture with PG 76-22 asphalt binder. Currently, there are
five upcoming projects that will use PG 82-22 asphalt
binder. These projects are located on ramps and inter-
sections with rut depths which are often greater than
1 in. (2.5 cm). It is anticipated that the implementation
of the PG 8222 asphalt binder will improve asphalt
pavement performance at these locations.
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ABSTRACT: Geocellular confinement systems (geocells) are three Infrastructure System Laboratory (CISL)
of Kansas State University. Three of the four lanes had 75-mm geocell-reinforced bases and 25-mm cover of
three different in-fill materials; crushed limestone, AB-3; quarry by-products; and Recycled Asphalt Pavement
(RAP).The fourth test lane was the control section consisting of 300-mm crushed stone (AB-3) base.The sections
were paved with a 50-mm Superpave Hot-Mix Asphalt (HMA) layer. All sections were instrumented to measure
the strains at the bottom of the HMA layer and stresses on top of the subgrade. The sections were loaded with
50,000 and 70,000 repetitions of an 80-kN single axle load of the Accelerated Pavement Testing (APT) machine.
The failure rut depth was 12.5 mm. All sections except the control section had this rut depth by 10,000 repeti-
tions. The calculated and measured responses show that on three test sections, stresses on top of the subgrade
exceeded the unconfined compressive strength of the soil. The test sections were redesigned and reconstructed.
The redesigned sections consisted of 100-mm geocell- reinforced bases, 50-mm cover, and an HMA layer of
100 mm. The same infill materials were used in the test sections. The control lane had a depth of 200 mm.
These sections were also instrumented. All sections carried 1,200,000 repetitions of the 80-kN single axle loads
with rut depths not exceeding 10 mm. Based on these results, a mechanistic-empirical design methodology for
low-volume paved roads with geocell-reinforced bases is being developed.

1 INTRODUCTION

Low volumes road account for approximately 80% of
the world’s road infrastructure. A majority of these
roads are farm-to-market roads. In Kansas, these roads
have historically been surfaced with hot-mix asphalt
(HMA). Due to dwindling budgets, highway and road
agencies now have tighter budgets to maintain these
low-volume roads and there is a need for economi-
cal innovations in their rehabilitation. Currently, most
road reconstruction consists of stabilizing the sub-
grade, via mechanical compaction, the addition of a
cement or lime (or combination of the two) stabi-
lized subbase, placement of a thick base layer over
the subgrade/subbase before placing the HMA layer.
However, there is growing interest in the use of geosyn-
thetics to reinforce the soil in different applications
including road base construction.

Geosynthetics are defined by the American Soci-
ety for Testing and Materials (ASTM, 2004) as, “a
planar product manufactured from polymeric mate-
rial used with soil, rock, earth, or other geotechnical
engineering related material as an integral part of a

man-made project, structure, or system.” Different
types of geosynthetics exist with different func-
tions. These functions can be grouped as: separation,
reinforcement, filtration, drainage, and containment
(Koerner, 1994). Transportation engineers have been
working on the use of geosynthetics in pavement
structures since the mid 1970’s.A combination of geo-
textile and geo-grid reinforcements has been shown to
increase bearing capacity when placed over a weak
subgrade and they can increase the load distribu-
tion capacity by confining the soil particles. Geo-
cellular confinement systems (geocells) are a type
of geosynthetic that have seen an increasing inter-
est as reinforcement in the base courses of pavement
structures.

Geocellular confinement systems (geocells) are
three-dimensional (3-D) honeycomb-like structures
filled with an in-fill of granular material, as shown
in Figure 1. Such containment, or confinement, vastly
improves granular material shear strength. The geo-
cells are made of strips of polymer sheet or geotextile
connected at staggered points so when the strips are
pulled apart a large honey-comb mat is formed. These
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Figure 1. Geocellular confinement systems.

geocells provide both a physical containment of an
in-fill geo material and a transfer of load through the
geocells (Koerner, 1994). Geocells can protect a weak
subgrade by reducing the penetration of base materials
into the soft grade by high lateral confining stresses
and contact wall friction of the cell and soil (Bathurst,
1989).

Originally, geocells were made from high-density
polyethylene (HDPE) strips ultrasonically welded
together. Currently, other materials are being used in
manufacturing geocells. Geocells can be shipped to the
job site in a collapsed configuration increasing ship-
ping efficiency.At the job site, they are placed directly
on the surface of the subsoil and propped open in an
accordion fashion with an external stretcher assem-
bly. They are then filled with an in-fill material and
compacted (Koerner, 1994). Some advantages of using
geocells include: construction expediency, low labor
skill requirements, and low hauled-in tonnage require-
ments (Webster, 1979). Krishnaswamy et al. (2000)
showed that geocells can be effective over soft clay
foundations even with poor quality in-fill materials.

Currently, geocells, due to their 3-D structure, have
more widespread use for confinement applications
than any other planar geosynthetic reinforcement (Yuu
et al., 2008). However, most studies have demonstrated
the use of geocells for increasing bearing capacity and
reducing settlement of soft soil foundations (Dash et al.
2001, Dash et al. 2003, Dash et al. 2004, and Sitharam
et al. 2005). Even though these studies have demon-
strated that geocells can provide outstanding soil
confinement and perhaps enhance the performance of
base courses on weak subgrade, the acceptance of geo-
cells for unpaved and paved roads is still limited due
to the lack of accepted design methods and research
(Yuu et al., 2008). Bathurst and Jarrett (1989) showed
that geocell-reinforced bases had higher load capacity
over soft peat subgrades, while Giroud and Han (2004)
showed that geocells can stiffen the base layer, reduc-
ing normal stresses while reorienting the shear stresses
on the subgrade that limit the lateral movement of base
material and subgrade soil. Thus, geocells have the
possibility to be an economical option in rehabilitation

of pavements by reducing base layer and HMA overlay
thicknesses needed over a marginal or weak subgrade,
and allowing the use of lower quality in-fill materials
because of the confining nature of the geocell.

Results for geocells uses in foundation footings
have been very positive. Dash et al. (2003 and 2004)
showed the increase in bearing capacity of soft sub-
grade materials while reducing both surface heave
and settlement. Geocells used in tandem with other
geosynthetics, such as a geotextile or geogrid, have
shown to strengthen the soil layer. In these studies,
geocells worked by confining the failure wedges under
load which typically develop in unreinforced soils.
Movement of the soil is resisted by the tensile hoop
strength developed by the geocells walls and the pas-
sive resistance of the full adjacent cells (Mandal and
Gupta, 1994).

Some common problems often occur when recon-
structing roadways over soft subgrade. The subgrade
is usually over excavated so new subgrade and/or base
material replaces the old subgrade. However, this can
be difficult if there are shallow utilities in the area.Also
in many areas, bridge clearances have to be maintained
so raising the pavement elevation is not an option.
If contractors are forced to keep the soft subgrade
in place, they can treat the subgrade with a cemen-
titious material that can be expensive. The subgrade
can be mechanically stabilized with a compactor but
this leaves the subgrade exposed to the climate which
can delay the project in the event of rain. Geocells
can be used to strengthen a subgrade and increase
the resilient modulus without increasing the cross sec-
tion of the pavement structure (Al-Qadi and Hughes,
2000).

In 2009, the University of Kansas and Kansas
State University conducted joint research on unpaved
geocell-reinforced bases over weak subgrade.The geo-
cells and materials used in that test are the same that
are being used in the current tests discussed in this
paper. Three different base materials were used in
that study: crushed stone (AB-3), reclaimed asphalt
pavement (RAP), and quarry waste (Pokharel et al.,
2011 and Han et al., 2010). The study resulted in the
following conclusions for geocell-reinforced unpaved
roads:

– A 170-mm geocell reinforced base can outperform
a 300-mm crushed stone, AB-3 base.

– RAP was the best performing in-fill material in
unpaved sections.

– Geocells increased the stress distribution angle
(Pokharel et al., 2011).

– A thicker (50 mm to 75 mm) cover is needed to
minimize traffic damage to the geocells (Han et
al. 2010).

The need for full-scale and rapid testing of pave-
ment structures has led to Accelerated Pavement Test-
ing (APT) programs. APT can test new technologies
and the impacts of these technologies on different
pavement configurations. Lately, some departments of
transportation in the western states such as, Oregon,
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Utah, and California, have begun requiring APT for
approval of geosynthetics in pavement projects.

2 STUDY OBJECTIVE

The main objectives of this study are to:

– Test a geocell design with different in-fill materials
and a thin HMA overlay under real world traffic on
a marginal subgrade, using accelerated pavement
testing (APT).

– Develop a design method for geocell-reinforced
paved roads considering the quality of the in-fill
material.

– Construct a three-dimensional (3-D) finite element
(FE) model using the commercial FE software
Abaqus. The developed model will be calibrated
with the results from the APT of the geocell-
reinforced sections.

– Prepare recommendations to formulate a mecha-
nistic design method for geocell-reinforced paved
roads.

3 STUDY APPROACH

To achieve the study objectives, four lanes of pavement
test sections were constructed at the Civil Infras-
tructure System Laboratory (CISL) of Kansas State
University (KSU). Three out of these four lanes were
geocell-reinforced and had different in-fill materials.
The fourth test lane was the control section consist-
ing of crushed stone, AB-3 base. Three types of in-fill
materials including crushed limestone (AB-3), quarry
by-products (QW), and reclaimed asphalt pavement
(RAP), were used in this study. In the “first” test,
the control and QW lanes were loaded with 70,000
repetitions and the AB-3 and RAP lanes were loaded
with 50,000 repetitions of an 80-kN single axle. Due
to excessive rutting, a thin overlay was placed over
all sections. A thicker cross section for the “second”
test was designed and constructed using the same in-
fill materials. Those sections have been loaded with
1,200,000 repetitions without any failure.

4 FACILITY AND EQUIPMENT

CISL houses an accelerated pavement testing (APT)
machine and three pits for constructing test sections.
The reaction frame of the APT machine covers a dis-
tance of 12.8 m and applies an 80-kN single axle
load with air-bag suspension on dual tires. The wheel
assembly is belt driven by a 20-HP electric motor,
while the load is controlled by hydraulic pressure. The
tire pressure can be variable but 552 kPa was used in
this study. The pits are approximately of the same size
at 6.1-m long, 4.9-m wide, and 1.8-m deep. The mov-
ing wheel has a frequency of 0.167 Hz (i.e. six seconds
per pass) at a speed of 11.3 km/hr with a constant speed
over the length of the test pit (Lewis, 2008).

5 MATERIAL PROPERTIES

5.1 Geocells and geotextile

The geocells used in this study are NEOLOY™
polymeric alloy (nano-composite alloy of polyester/
polyamide nano fibers, dispersed in polyethylene
matrix) (NPA) geocell (Han et al., 2010). The poly-
meric alloy has a similar flexibility at low temperatures
as HDPE, along with an elastic behavior similar to
engineering thermoplastics. The NPA geocell had a
wall thickness of 1.1 mm and two perforations of
350 mm2 each on one pallet of the NPA geocell. The
NPA geocells materials have a tensile strength of
19.1 MPa and secant elastic modulus of 355 MPa at 2%
strain (Han et al., 2010).The tensile test was performed
at 23◦C and at a strain rate of 10% per minute.The geo-
textile used as a separator between the subgrade and
the base was a 3.5-oz non-woven geotextile.

5.2 Subgrade

An AASHTO (American Association of State High-
way andTransportation Officials)A-7-6 clay was used
for the subgrade construction. The optimum moisture
content of this material was 21% with a maximum
dry density of 1,610 kg/m3 (Han et al., 2010). In the
first test, an approximate CBR of 6%, measured by
dynamic cone penetrometer (DCP), was achieved in
the pits at a moisture content of 21%. Plastic Limit
(PL), Liquid Limit (LL), and percent finer than 75 µm
sieve tests were found to be 22%, 43%, and 97.7%,
respectively. The Plasticity Index was 21 (Bortz et al.,
2011). In the second test, a CBR of 12% was achieved
at a moisture content of 18%.

5.3 Base course

All infill materials used in this study were the same
as those used in previous studies (Han et al., 2010 and
Pokharel et al., 2011).

5.3.1 AB-3
Crushed limestone, AB-3, was used in the control sec-
tion with no geocells as well in a test lane with geocell
reinforcement. AB-3 is a well-graded base material
that is used in a variety of low-volume road applica-
tions in Kansas. Pokharel et al. (2011) found a mean
particle size of (d50) of 4.4 mm, a coefficient of curva-
ture of 1.55, and a coefficient of uniformity of 21. The
maximum dry density and optimum moisture content
of the material was 2,130 kg/m3 and 10.2%, respec-
tively and CBR was 45%. In the first test theAB-3 was
compacted at a moisture content of 9.2% in the control
lane and 9.0% in the geocell lane. In the second test, the
AB-3 was compacted at a moisture content of 6.7% in
the control lane and at 6.3% in the geocell-reinforced
lane.

5.3.2 Quarry waste
About 22 million tons of crushed rock is produced
in Kansas annually. It is estimated that about 35%
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to 40% of this is reduced to fines commonly called
quarry waste (QW). Some of this QW is used in hot-
mix asphalt production or in agricultural applications,
leaving leaves approximately 10% to 20% (2 million
to 4.4 million tons) stockpiled or land filled annually
in Kansas (Rockers and Moses, unpublished data).The
QW in this study was sourced from a local quarry in
Kansas. Pokharel et al. (2011) found the mean parti-
cle size (d50) of 1.3 mm, a coefficient of curvature of
2.3, a coefficient of uniformity of 24, a maximum dry
density of 2,060 kg/m3, an optimum moisture content
of 11%, and CBR of 19%. In the first and second tests,
the QW was compacted at moisture contents of 10.6%
and 6.8%, respectively.

5.3.3 Reclaimed Asphalt Pavement (RAP)
Nationwide, approximately 100 million tons of
reclaimed asphalt pavement (RAP) is produced each
year. Approximately 80 million tons is reused in
various aspects of pavement construction (NAPA,
2011). The RAP in this study was collected from a
local asphalt plant in Manhattan, Kansas. Han et al.
(2010) found the RAP had a maximum dry density of
1,810 kg/m3, an optimum moisture content of 6%, and
a CBR value of 10% at 5% moisture content and 8% at
the optimum moisture content. In the first and second
tests, the RAP was compacted at moisture contents of
6.4% and 10.4%, respectively.

5.4 Hot Mix Asphalt

The base layer was paved over with a 50-mm hot-
mix asphalt (HMA) layer for the first test. The HMA
was produced and laid by a local asphalt contractor. A
Superpave mixture with 12.5 mm nominal maximum
aggregate size (NMAS) and fine gradation, known
as SM-12.5A in the Kansas Department of Trans-
portation (KDOT), was used. The aggregate blend
consisted of 26% 19-mm rock, 17% 9.5-mm chips,
20% manufactured sand and 17% concrete sand.A PG
70-28 binder was used. The in-place density was 92%
(2,250 kg/m3) in the first test and 92% (2,259 kg/m3)
in the second test of the theoretical maximum spe-
cific gravity.The mixture air void content at Ndesignwas
4.04%.

6 TEST SETUP

6.1 Test sections

In this study, two pits were divided into two lanes
(6.1 m long by 2.45 m wide) each for a total of four
lanes. For the first test, the subgrade for each lane was
a clay (A-7-6) compacted to a CBR of about 6%. In the
second test, the subgrade was compacted to a CBR of
12%. The latter CBR value of 12% was based on the
analysis of in-situ DCP data from Kansas Department
of Transportation projects. A non-woven geotextile
was used to separate the base and subgrade. Based
on the recommendations from Pokharel et al. (2011)
and Han et al. (2010), the geocells were laid out in a

Figure 2. First test cross sections.

Figure 3. Second test cross sections.

near circular pattern with a dimension of 250 mm in
the wheel direction (also the seam direction), 210 mm
in the transverse direction and an height of 75 mm.
The NPA geocells were filled and compacted, and then
covered with 25-mm of infill material. This cover was
considered too thin after noting that the geocells were
exposed in some places during construction. The rein-
forced base layer was paved over with 50-mm HMA of
a Superpave mixture with 12.5 mm NMAS as shown
in Figure 2. The second test consisted of a thicker
cross section of the reinforced and HMA layers. The
height of the NPA geocells was increased to 100 mm
with a 50-mm infill cover. The thicker in-fill cover
helped in better compaction of the in-fill materials.
The HMA layer thickness was increased to 100 mm of
the 12.5-mm NMAS as shown in Figure 3.

The APT machine has the capabilities to wander
laterally while applying passes.A wander of ±150 mm
was programmed into the machine. The wander was
applied in a truncated normal distribution as shown in
Figure 4.A full wander of +150 mm to −150 mm took
676 passes to complete.

6.2 Instrumentation

All four lanes were instrumented with pressure cells
on top of the subgrade and two strain gauges at the
bottom of the HMA layer. Thermocouples were also
placed below the HMA layer. The NPA geocells were
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Figure 4. Truncated wander of APT machine.

Figure 5. Instrumentation of test pits.

instrumented with five strain gauges per lane. The
instrumentation layout is shown in Figure 5.

The pressure cells were Geokon Model 3500 cells.
The H-Bar strain gauges were Texas Measurements
TML-60-2L gauges epoxied to two pieces of alu-
minum to form the H-Bar as suggested by Lewis
(2008). The thermocouples used were Type T. The
strain gauges embedded on the body of NPA geocells
were Vishay C2A-06-250LW-120. During placement
of the HMA layer, some of the HBar gauges were dam-
aged. Seventy-five percent of the gauges survived the
initial construction.

7 ACCLERATED PAVEMENT TESTING
RESULTS

7.1 Rut depths

All lanes were subjected to the moving wheel test. The
rut depths were measured using a transverse profiler.
The profiler is a 4.27-m long piece of aluminum tubing
with a 50-mm square cross section. A Chicago Dial
Indicator digital gauge is mounted to a movable slide
on the beam. The gauge produces a digital output and
sends the data to a spreadsheet. Three fixed reference
points, at every 1.5 m of lane length, were placed on
the HMA on the outside of the lanes. Measurements
were taken every 12.5 mm across the middle 3,650 mm

Figure 6. Typical profiles of test lanes (Control and QW) in
the middle pit during the first test.

Figure 7. Typical profiles of test lanes (Control and QW) in
the middle pit during the first test.

Figure 8. Typical profiles of test lanes (AB-3 and RAP) in
the south pit during the first test.

(Lewis 2008). Typical profiles for each pit can be seen
in Figures 6 through 9.

In the first test, the QW lane heaved at an isolated
area after 10,000 passes.The rut depths at the blow out
at 10,000 and 20,000 passes were 13 mm and 18 mm,
respectively, as shown in Figure 10. An attempt was
made to repair the heave using asphalt-patching mate-
rials. However, heaving continued and after another
10,000 passes, a 12.5-mm thick steel plate was used
to cover the area of heaving. This was necessary to
continue testing for the rest of the QW lane and the
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Figure 9. Typical profiles of test lanes (AB-3 and RAP) in
the south pit during the second test.

Figure 10. Middle pit rut depths.

control lane. Some of the materials placed in the rut
to support the plate were pushed into the wheelpath in
the QW lane.This decreased the rut depth as illustrated
in Figure 10. However, by 70,000 passes, the rutting
had returned to its original depth before the plate was
placed over the heaved area.The heave was later found
to have been caused by subgrade failure. No geocells
were found at that locale when part of the HMA was
removed.

The middle pit (containing control and QW lanes)
received 70,000 passes while the south pit (RAP and
geocell-reinforced AB-3) received only 50,000 passes
due to scheduling of a 38-mm overlay. The failure rut
depth was 12.5 mm. All sections except the control
section had this rut depth by 10,000 repetitions. The
overlay results are not presented in this paper.

In the second test, most of the rutting occurred in the
first 50,000 passes but the rut depths were considerably
lower than the failure rut depth. The comparable aver-
age rut depths can be seen in Figures 10 and 11. The
average rut depth was calculated using the rut depths
at the middle 125 mm of the wheel path across three
different places. The second test did not result in rut
depths over 10 mm after 1,200,000 passes.

7.2 Vertical Stress

Pressure cells were placed above the subgrade and just
below the geotextile. The pressure was recorded for a

Figure 11. South pit rut depths.

Figure 12. Vertical stress results in the middle pit during the
first test.

Figure 13. Vertical stress results in the middle pit during the
first test.

full wander cycle (676 passes). The top 50 peak pres-
sures were averaged and are presented in Figures 12
through 15. In the first test, after repeated loads, the
stress on the QW section increased rapidly and then
remained somewhat constant. This high stress coin-
cided with the heaving observed on this section. It
should be noted that the stress at 10,000 repetitions is
much higher than the unconfined compressive strength
of 105 kPa of the subgrade soil. The stress decreased
after repair of the section and placement of the plate.
It then increased slowly for the remainder of the test.

The pressure cell results were much lower in the sec-
ond test. This was expected due to the increase in total
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Figure 14. Vertical stress results in the south pit during the
first test.

Figure 15. Vertical stress results in the south pit during the
second test.

pavement thickness above the subgrade, resulting in
applied stresses well below the unconfined compres-
sive strength of the subgrade. The control lane, and
thickest section, produced the lowest pressure on the
subgrade, as expected.

7.3 FWD testing and data analysis

Falling weight deflectometer (FWD) tests were per-
formed on the paved sections. During FWD testing,
seven sensors were used at offset locations of 0,
203, 305, 457, 610, and 914 mm. From the FWD
results, the modulus of each layer was backcalcu-
lated using the software package EVERCALC from the
Washington State Department of Transportation. To
minimize the root mean square (RMS) error, deflec-
tions from only the first four sensors were used in the
backcalculation process. This choice of sensors was
used to take into account the shallow subgrade (the
CISL APT pits are underlain by a 230-mm thick rein-
forced concrete slab) and the effects of the concrete
walls of the pits. Experience has shown that this con-
finement tends to affect only the outer sensors. The
layer moduli were used in the KENPAVE software in
the KENLAYER program for computing strain at the
bottom of the HMA layer and stress at the top of the
subgrade. The calculated responses were compared
with the measured responses under the moving wheel
load. Tables 1 and 2 list these responses. The control

Table 1. KENLAYER comparison of pressure on subgrade.

Pressure on subgrade

Control QW
Lane 1 Lane 2

First Test
KENLAYER (kPa) 58.3 121.7
Sensor 1 2 3 4
Measured (kPa) 29.5 54.1 130.0 56.6
% Difference 49.5% 7.3% −6.8% 53.5%

Second test
KENLAYER (kPa) 39.9 43.2
Sensor 1 2 3 4
Measured (kPa) 32.2 22.9 52.8 54.4
% Difference 19.3% 42.5% −22.1% −25.8%

RAP AB3
Lane 3 Lane 4

First test
KENLAYER (kPa) 130.5 132.0
Sensor 1 2 3 4
Measured (kPa) 186.1 222.6 92.5 157.4
% Difference −42.6% −70.6% 29.9% −19.2%

Second test
KENLAYER (kPa) 52.2 54.1
Sensor 1 2 3 4
Measured (kPa) 46.4 81.3 35.2 48.2
% Difference 11.0% −56.0% 35.0% 10.9%

lane had the lowest pressure on the subgrade from both
calculation and measurements since it is thicker than
the rest. Overall, the second test produced response
results closer to the predicted values than the results
from the first test. This was attributed to the thin layers
and high load levels.

7.4 Strain at the bottom of the HMA layer

The strain at the bottom of the HMA layer was mea-
sured using the H-Bar strain gauges. Table 2 lists both
calculated and measured strains. The measured strain
is the average recorded by the surviving strain gauges
in each lane. The high strain measured in the QW lane
was a prelude to the heaving in the first test. The lower
than expected strain in the RAP and AB-3 lanes could
be attributed to the beam effect described by Pokharel
et al. (2011) and Han et al. (2010). The base and HMA
layers acted like a beam and moved together reducing
the strain at the interface. This strain was significantly
reduced in the second test due to the higher HMA
thickness.

As can be seen in the rutting, stress, and strain
results, the control outperformed the reinforced sec-
tion in the first test.After some theoretical calculations
using KENLAYER, the control section was considered
to be “overdesigned” compared to the reinforced sec-
tions. The vertical stress on the subgrade and strains
below the HMA in reinforced sections were calculated
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Table 2. KENLAYER comparison of strain at the bottom
of HMA Layer.

Micro strain (Below HMA)

Control QW Rap AB3

First test
KENLAYER −363 −857 −922 −902
Measured −369 −633 −429 −273
% Difference −1.62% −638% 53.45% 69.75%

Second test
KENLAYER −162 −190 −246 −254
Measured −140 −146 −220 −220
% Difference 13.90% 23.04% 14.90% 13.21%

to be over 200% higher than that of the control section.
The results of the overdesign of the control section lead
to the reduction of the control thickness in the second
test. The variation of strains in the first test was again
attributed to the combination of thin layers and heavy
load.

8 FINITE ELEMENT MODELING

Finite element modeling (FEM) is a numerical method
that provides approximations to solutions to boundary
value problems.The anticipated FEM in this study will
include lessons and information from previous model-
ing efforts.The asphalt pavement layer will be modeled
using a creep model as suggested by Onyango (2009)
along with non-linear modeling of the subgrade per
Hadi and Bodhinayake (2003). The base layer, sub-
grade, and geocell material properties will be modeled
using validated properties proposed by Yang (2010),
Pokharel et al. (2011), and Han et al. (2010) since the
materials used are the same in all studies. The load-
ing will follow Onyango (2009) with 80-kN load and
wheel wander.

The asphalt material properties will be derived from
laboratory testing. Abaqus has no predefined parts
such as the FLAC3D geogrid. The geocell models will
need to be developed within Abaqus. The anticipated
process for this will include partitioning the base
layer in the shape of the geocells and applying skin
reinforcement to the partitioned sides, as shown in Fig-
ure 16. This will enhance the results of the shapes of
the geocells compared to the diamond shapes used by
Yang (2010).

In the part module, each section will be built with
the appropriate (three) layers. The step module will be
used to apply a pressure load of 552 kPa on two tire
prints 208 mm wide and the entire length of the stud-
ied section as shown in Figure 17. The load will be
applied in the simplified fashion (Huang, 1995; Hua,
2000; and Fang, 2001). The speed of the APT machine
translates into a load duration of 0.05 seconds per pass.
The boundary conditions will be fixed at the bottom
(encastre: U1 = U2 = U3 = UR1 = UR2 = UR3 = 0),

Figure 16. Geocell part.

Figure 17. Pit assembly.

while the axi-symmetry (U1 = UR2 = UR3 = 0), will
simulate the other half of the lane. To simulate
the longitudinal distance of the lane, Z-Symmetry
(U3 = UR1 = UR2 = 0) will be used on the sides
parallel to the x-axis, as shown in Figure 17.

9 CONCLUSIONS

In this study, three polymeric alloy geocell reinforced
bases with quarry waste, reclaimed asphalt (RAP),
and crushed limestone (AB-3) as in-fill materials, and
one control section with AB-3 base course were stud-
ied under accelerated pavement testing. The first test
involved “thin” cross sections, which rutted and failed
prematurely. High stresses and strains were recorded in
this first test. In the second test “thicker” cross sections
were built and performed very well. In the second test,
all the sections were loaded with 1,200,000 passes, and
lower stresses and strains were recorded along with less
rutting. The following conclusions can be drawn from
this study.

– A 50-mm cover over the geocells ensures a better
compaction and simplifies construction.

– A 75-mm thick geocell reinforced base layer
approaches the maximum capacity of the geocells
with a thin HMA overlay. A 100-mm thick geo-
cell enhances the load-bearing capacity of the base
layer.
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– The subgrade must be protected in order to ensure
better performance of the paved road. The applied
stress on top of the subgrade should be less than the
unconfined compressive strength of the soil.

– A 50 mm HMA layer is too thin for the standard
wheel load. A minimum thickness of 100 mm for
the HMA layer is recommended for geocell pave-
ments similar to those described in this paper. The
thicker HMA layer spreads the vertical stress over
a wider area.

– Geocells are a viable tool for low-volume road
maintenance and reconstruction when designed and
constructed properly. Cost/benefit ratios are being
calculated for the consideration of geocells.
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ABSTRACT: This paper presents the results of an accelerated pavement testing project conducted by Germany’s
Federal Highway Research Institute (BASt). The main objective of the project was to evaluate the long-term
structural performance of flexible road pavements under simulated heavy vehicle traffic. For this purpose two test
sections of different strengths were subjected to dynamic impulse generator loading to simulate heavy vehicle
loading. During loading, the condition of the pavement was monitored by periodic deflection measurements
with a Falling Weight Deflectometer (FWD) and measurements of the transverse profile. Embedded sensors
provided information on the dynamic mechanical response of the pavement under loading. The results showed
a significant increase in the elastic strain at the bottom of the asphalt base course and a decrease in the bearing
capacity. Furthermore structural bottom-up cracking in the asphalt base course was detected. A first approach to
estimate the vertical propagation of cracks in asphalt pavement layers on the basis of the measured FWD surface
deflections is presented.

1 INTRODUCTION

The maintenance of the German federal trunk road
network is a task of increasing urgency. The network
comprises about 12,800 km (7,954 mi) of federal high-
ways and more than 41,000 km (25,476 mi) of federal
trunk roads. Due to its central location in Europe and
the expansion of the European domestic market, cur-
rent studies predict further growing numbers of heavy
vehicle road traffic (Progtrans, 2007).Additionally the
age structure of the pavements, in particular in the
old federal states of Germany, shows that a substan-
tial part was built more than 30 years ago (BMVBS,
2011). These circumstances imply a heavy burden for
the maintenance of the federal trunk road network and
a demand for a systematic and efficient use of limited
financial resources for road maintenance measures.

The German Federal Highway Research Institute
BASt currently carries out a comprehensive research
program of full-scale accelerated pavement testing
at BASt’s indoor pavement test facility to provide
scientifically based knowledge about the long-term
structural performance of flexible road pavements
Ritter, 2010). The test facility allows the dynamic test-
ing of entire road pavement structures under controlled
environmental conditions.

This paper describes the results from the testing of
two flexible road pavements of similar construction
type but different thickness and strength, built accord-
ing to the German pavement design guide RStO 01
(FGSV, 2001a).

The main objectives of the project are the descrip-
tion of the structural performance under continuous

accelerated simulated traffic loading until failure, with
emphasis on the long-term performance of bearing
capacity, and the description of the influence of con-
struction properties on structural performance. This
fundamental research is intended to provide a basis
for the later development of performance models for
the structural condition assessment of flexible road
pavements.

2 RESEARCH PROGRAM AND EQUIPMENT

2.1 Research program

The test sections were subjected to a continuous
simulated heavy vehicle traffic loading to achieve
structural failure. The condition of the test pavements
was monitored with non-destructive measuring meth-
ods including transverse surface profile measurements
with a laser profilometer and deflection measurements
using a falling weight deflectometer (FWD) at regular
intervals.

Surface deflections were measured in the center
of the rectangular loading area and in the unloaded
area of each test section. The measuring point in the
unloaded area was used as a reference point to evalu-
ate the influence of temperature changes. Strain gauges
and soil pressure cells, installed at various depths in the
pavement, were used to measure dynamic mechanical
responses of the pavement under loading.Thermocou-
ples recorded the temperatures at different depths in
the asphalt layers.
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Figure 1. Plan view of the test track and the test sections.

After completion of loading, asphalt samples were
taken from the weaker sections to determine changes
in the layer thickness and to analyze cracking.

2.2 Test pavement construction

The accelerated testing was performed at the Fed-
eral Highway Research Institute’s full-scale pavement
test facility. The test facility consists of a concrete
tank, 38 m (125 ft.) long, 7.5 m (24.5 ft.) wide, and
3.5 m (11.5 ft.) deep, which can accommodate entire
pavement structures from the subsoil to the wearing
course.

The current test track is divided into eight sec-
tions, each 9.5 m (31.2 ft.) long and 3.75 m (12.3 ft.)
wide (see Figure 1). Two steel frames, each carrying
one hydraulic impulse loading generator, can move
forwards and backwards on two rails parallel to the
test track. The entire test facility is located inside an
air-conditioned laboratory, which allows testing under
controlled climatic conditions. The air conditioning
system is set to maintain an average air temperature of
20◦C (68◦F). During testing, the air temperature varied
between 15◦C (59◦F) and 25◦C (77◦F).The simulation
of a changing ground water level was not part of the
program. The ground water level was kept below
the formation level more than 90 cm (35.4 in.) below
the pavement surface during the test program.

In the scope of this project, test Sections 4 and 5
were subjected to continued simulated heavy vehicle
loading. These sections were constructed according to
Construction Type 4 “asphalt base and gravel base on
a subbase” of the German pavement design guideline
RStO 01 (FGSV, 2001a) for flexible road pavements
(see Figure 2). Both pavements had a 4 cm (1.6 in.)
thick stone mastic asphalt SMA 0/8 S (Pen 50/70
binder type) wearing course for heavy vehicle traffic.
Section 4 had an 8 cm (3.1 in.) thick asphalt concrete
AC 0/22 CS (Pen 70/100 binder type) base course
laid on a 20 cm (7.9 in.) gravel/sand base 0/32. The
58 cm (22.8 in.) strong subbase consisted of the same
gravel/sand-mixture used for the base. Section 5 fea-
tured an additional 4 cm (1.6 in.) thick asphalt concrete
AC 0/16 S binder course on a 10 cm (3.9 in.) asphalt
base. Furthermore the aggregate base and subbase of
Section 5 were built with a higher bearing capacity

Figure 2. Cross-section of pavements in Section 4 and 5.

compared to Section 4.The bearing capacity was deter-
mined using the static plate load test with a maximum
load of 50 kN on a circular loading plate with 30 cm
(11.8 in.) diameter.

According to the RStO 01 (FGSV, 2001a) the pave-
ment in Section 4 was designed for up to 0.3 · 106 10-t-
ESALs over a design service life of 30 years (RStO 01
Construction Class V), whereas the stronger pavement
in Section 5 was designed for up to 3.0 · 106 10-t-
ESALs (RStO 01 Construction Class III).

The test sections each had a uniform depth of 90 cm
(35.4 in.) from the surface of the asphalt pavement to
the surface of the subgrade. The actual pavement was
constructed inside a concrete tank with a total depth
of up to 3.5 m (11.5 ft.). Layers of filter gravel, subsoil
(silt) and granular subgrade were placed in the con-
crete tank, followed by the actual road pavement of
90 cm (35.4 in.) thickness.

With the exception of the asphalt binder and the
asphalt wearing course, which were laid by paver and
compacted with vibrating rollers, the asphalt base
course, the granular subbase and the subgrade were
placed manually and compacted with a plate vibrator.

All materials were in accordance, at the time
of construction, with the valid German regulations
ZTV Asphalt-StB 01 (FGSV, 2001b) and ZTV T-StB
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Figure 3. Cross-section of pavements on Sections 3, 6, 7 and 8.

(FGSV, 2002) with the exception of minor variations.
Control checks during construction showed that all
technical regulation requirements were met at almost
all of the test points. Only a few test points showed
that the bulk density of the asphalt wearing course and
asphalt base course as well as the deformation modulus
and the density of the granular base fell slightly below
the required values. These anomalies was attributed
mostly to the manual compaction, but were considered
acceptable and thus accepted.

Deflection data from FWD measurements on Sec-
tions 3, 6, 7, and 8 (Figure 3) were used to establish
a cracking prediction model described in Section 4.4
below.

Sections 3, 7, and 8 were built according to Con-
struction Type 1 “asphalt base course on a granular
subbase course” according to the RStO 01 (FGSV,
2001a) for flexible road pavements. The construction
of the pavements varies according to the particular
construction class (see Figure 3). The construction
of Section 6 refers to Construction Type 3 “asphalt
base course on a coarse aggregate base on granular
subbase” according to the RSt0 01.

2.3 Test section instrumentation

The pavement was equipped with sensors for measur-
ing the mechanical response of the structure under
loading (Rabe, 2004). These sensors were purpose-
designed and manufactured for accelerated pavement
testing at the Federal Highway Research Institute
(Rabe, 2004).This paper considers only the strain mea-
surements in the longitudinal direction at the bottom
of the asphalt base inside the loading area, and the
asphalt temperatures measured with thermocouples.

The construction of the strain sensor is shown in Fig-
ures 4 and 5. The sensor consists of two strain gauges
fixed on each side of a strip of fiber reinforced epoxy
resin. The use of two strain gauges within a bridge
circuit allows the compensation of unwanted bending
strain of the sensor.The strain gauges are shielded with

Figure 4. Asphalt strain gauge without cover (Rabe, 2004).

Figure 5. Asphalt strain gauge with cover (Rabe, 2004).

an aluminum profile to protect them from mechanical
impact and hot asphalt during paving. Forces are trans-
mitted from the asphalt to the strain gauges via anchor
profiles at both ends of the sensor (Rabe, 2004). The
strain gauges were installed in both longitudinal and
transverse directions at the bottom of the asphalt base
course (see Figure 2).

Embedded thermocouple elements were used to
measure the temperature at various depths inside the
asphalt layers in each test section (Rabe, 2004).
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Figure 6. Hydraulic impulse generator and loading area.

Figure 7. Lateral distribution of the impulse pattern.

2.4 Loading equipment used on the test sections

A mobile hydraulic impulse generator was used for
the loading of the test sections (Figure 6). The impulse
generator simulates a moving wheel by applying short
impulses to the pavement surface while continuously
moving forwards and backwards in a longitudinal
direction at a speed of 2 mm/s and a frequency of
approximately 120 impulses per minute.

The impulse load of 50 kN is transmitted to the pave-
ment via a 2 cm (0.8 in.) rubber layer underneath the
impulse generator loading plate, resulting in an aver-
age contact pressure of 0.707 MPa at a given radius of
the loading plate of 15 cm (6.0 in.). The duration of the
load impulse is 0.025 s; followed by a rest period of
0.414 s.

Only a partial area of the test section was loaded,
termed the “loading area”.The dimensions of the load-
ing area are 180 cm (70.9 in.) in length and 90 cm
(35.5 in.) in width (Figures 6 and 7).

To simulate in-situ lateral wheel wander the impulse
generator allows a shift of ±45 cm from the center line
of the loading area in a lateral direction. The loading
was distributed over five parallel tracks with a spacing

of 15 cm (6.0 in.) between the centerline of each track
according to the distribution shown in Figure 7.

For the interpretation of measuring results, a
representative number of load repetitions, N, was
determined to account for the center position of the
measuring points. N is calculated using the com-
plete number of impulses in the center track and half
the number of impulses in the adjacent tracks on
either side.

Due to the very different nature of the impulse load-
ing and the impact of a passing wheel, it is not possible
to establish an accurate equivalency between the num-
ber of load impulses and the number of passing wheels.
Therefore, the described number of load repetitions N
was used for the following evaluations.

Further information on the BASt APT equipment
can be obtained from (Rabe, 2004 and 2008).

3 RESULTS AND DISCUSSION

3.1 General information

Loading was halted on Section 4 after about 14 mil-
lion impulses when surface deflections indicated no
further increase in deflection. The loading of Sec-
tion 5 had to be interrupted due to technical reasons
after approximately 32 million load impulses. At this
point measuring results indicated continuing increases
in deflection. No specimens were taken from Section 5
after completion of this loading cycle so as to provide
an undisturbed pavement for continuing loading in a
follow-up project.

3.2 Structural damage

After the loading of Section 4 terminated 11 beams
130 cm (51.2 in.) × 15 cm (6.0 in.) × 13 cm (5.1 in.)
were cut from the asphalt pavement and analyzed
visually in a forensic study. Distinctive cracking was
clearly visible in the asphalt base course. Figure 8
shows beam sample #7 which was located near the
center of the loading area (see Figure 9). The sam-
ple exhibits numerous longitudinal bottom-up cracks
distributed in a lateral direction.

The cracks originated from the bottom of the asphalt
base and propagated upwards, mainly along larger
grains inside the bituminous mortar.The cracks stop at
the interface between the asphalt wearing course and
asphalt base course. No penetration into the asphalt
wearing course was observed.

Occurrence of cracks in the loaded area was general
higher than in the unloaded area. A strict relationship
between the position of the crack’s origin on the sample
and the lateral load distribution could not be derived.

Figure 10 provides information on the average
length of the cracks as a function of the lateral position
of the sample. The term “vertical length” refers to the
vertical length of the crack measured from the bottom
of the asphalt base course to the top end of the crack.
The growth of the crack parallel to the asphalt surface
was not considered. The result shows that analogous
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Figure 8. Example for crack propagation originating from the bottom of the asphalt base course (sample 7N).

Figure 9. Cracking at the underside of the asphalt base
course (vertical grid: 15 cm, cracking highlighted, loading
area marked).

to the lateral load distribution, the length of the cracks
decreases with increasing distance from the center of
the loading area.

The crack mapping at the bottom of the asphalt base
course was reconstructed by joining the photographs
of the single samples together. The resulting cracking
map is presented in Figure 9. Cracks, the borders of the
loading area, and a 15 cm (6.0 in.) grid are highlighted.

Figure 10. Average vertical length of cracks in the asphalt
base course as a function of the lateral position and the side
of the sample (loading area and average value of crack length
are marked).

Figure 9 shows that most cracks do not continue
across the whole length of the asphalt base in the lon-
gitudinal direction. Some cracks can be traced over a
large number of asphalt samples whereas a substantial
part of the cracks end in between adjacent samples.
Overall, the crack pattern suggests a predominantly
longitudinal progress of cracks at the underside of the
asphalt base course.

The observed bottom-up cracking is in accor-
dance with the common assumption that load-induced
fatigue cracking initiates at the bottom of the asphalt
layers at the point of maximum tensile stress. It should
be noted that in the case of Section 4, the cracking can-
not be solely traced back to the fatigue of the asphalt
due to repeated loading. As mentioned in Section 3.3,
the asphalt pavement was subjected to bending caused
by rutting of the granular base, which induced per-
manent tensile strains at the bottom of the asphalt
base. These strains were then superimposed by those
induced by the impulse loading which then resulted in
fatigue cracking.

Crack propagation through the entire asphalt lay-
ers was not observed despite continued effort to cause
total failure of the pavement in Section 4. The results
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Figure 11. Permanent deformation as a function of the
number of load repetitions.

suggest that the interface between the base and the
wearing course can prevent cracks from propagating
to the surface.

3.3 Permanent deformation

Results from the transverse profile measurements are
presented in Figure 11.The values show the maximum
permanent deformation measured in the center of the
loading area.

The results show that the rutting depth in Section 4
(weaker construction) was higher than in Section 5
(stronger construction). The rate of deformation was
also greater in the weaker section and vice versa.
The regression between the maximum rut depth and
the number of load repetitions can be described with
a power function with reasonably good agreement
(R2 > 0.9).

Analysis of the asphalt samples taken from Sec-
tion 4 in the loaded and unloaded area provided
valuable information on the observed rutting.

The comparison of thickness of the asphalt layers in
the loaded and unloaded area showed them to be almost
identical, giving no indication of plastic deformation
of the asphalt. From this observation it is clear that the
rutting occurred only in the granular layer underneath
the asphalt, resulting from post-compaction under
loading (“secondary rutting”). It is assumed, that the
use of the plate vibrator contributed to the observed
post compaction.

3.4 Bearing capacity

3.4.1 Normalization of deflections
Surface deflections were measured under an FWD tar-
get load of 50 kN in the loaded and unloaded areas
of both sections. To compensate the effects of small
deviations from the target load, the measured deflec-
tions were normalized to the reference value of the

Figure 12. Normalized center deflection as a function of the
number of load repetitions on Sections 4 and 5.

target load impulse (F = 50 kN) under assumption of
a linear relationship between the load and the resulting
deflection.

The measured deflections were also normalized to
a reference temperature of 20◦C (68◦F) to account
for the influence of temperature changes observed
during testing. The asphalt temperature ranged from
15◦C (59◦F) to 25◦C (77◦F) during testing, depending
on the depth of measurement.The approach applied for
the normalization is based on the correlation between
the deflections measured in the unloaded and therefore
damage-free area of each test section and the average
temperature of the asphalt pavement over the period
of the test series.

The relationship between the temperature and
deflection can be described reasonably well with a
linear function. A correction factor was derived from
the linear relationship, which was added or subtracted
from the measured deflection. As the reliability of the
data decreased with growing distance from the cen-
ter of the loading plate the normalization was limited
to deflections measured within a distance of 600 mm
(23.5 in.) from the load center.

3.4.2 Development of the center deflection
The normalized center deflections as a function of the
number of load repetitions are shown in Figure 12.
Both sections show a significant loss of bearing capac-
ity as derived from the increasing values of the center
deflection under loading. The two sections can be dis-
tinguished by the total increase of values and the rate of
development. The total increase defined as the differ-
ence between the values before and after loading was
higher in the weaker section (141 µm) compared to the
stronger section (118 µm).As the deflection measured
in the unloaded condition is lower in the stronger pave-
ment than in the weaker pavement the total increase as
a percentage was found to be similar (46% compared
to 51%). An average deflection was determined with
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a linear regression of the relevant value for the “after
loading” state to minimize the influence of scatter of
values.

An initial rapid growth of values followed by an
interval of almost linear development was observed
in both sections. As the second interval character-
ized by a linear development was reached after less
load repetitions in Section 4 (approximately 1.63 mil-
lion impulses) compared to Section 5 (approximately
2.01 million impulses), it was concluded that the rate
of deterioration was higher in the weaker section. This
complies with the expectation that under equal load-
ing a thin asphalt pavement will show a shorter service
life and vice versa.

On Section 4 a leveling of deflection values was
observed whereas the results show a continuing
increase in deflection on Section 5 at the end of the
measurement series. A progressive development of
values was not observed in either section.

The sudden decrease of values after about 8 million
impulses (Section 4) and about 26 million impulses
(Section 5) was caused by long interruptions due to
necessary maintenance of the hydraulic impulse gen-
erator. After a rest period of several weeks the bearing
capacity expressed by elastic deflections recovered
significantly, indicating some type of healing effect
occurring during the rest period. After loading was
continued, the deflections resumed the same trend as
that prior to the rest period. A similar observation is
described in Groenendijk (1994) who suggests recov-
ering processes or thixotropic effects in the asphalt as
possible causes. A follow-up project has been initiated
at the BASt testing facility to focus on this aspect.

3.4.3 Development of layer moduli derived from
backcalculation

The software EVERCALC 5.0 (WSDOT, 2001) was
used to determine the layer moduli on the basis of the
surface deflections normalized to the reference tem-
perature (T = 20◦C, 68◦F). A simplified linear-elastic
three-layer-system consisting of an asphalt layer, a
gravel/sand base, and a subgrade was used as a model
for the calculation. The bottom of the concrete tank
underneath the pavement structure was accounted for
by assuming a stiff layer of 30,000 MPa at 3.1 m
(10.2 ft.) depth. The layer moduli derived from back-
calculation are shown in Figures 13 and 14.The values
of the layer moduli are related to the modulus of the
unloaded condition (E = 1.0, N = 0).

The development of layer moduli is characterized by
the following aspects: The values of the layer moduli
decrease with increasing number of load repetitions.
Exempted from this is the modulus of the subgrade in
Section 4 which shows a contrary increase.The asphalt
layer on Section 5 also showed a greater loss of stiff-
ness compared with Section 4, whereas the stiffness
of the gravel/sand base shows a uniform trend. Analo-
gous to the center deflection, a continuous decreasing
trend in values on Section 5 was observed compared
to the leveling of values in Section 4.

Figure 13. Layer moduli from backcalculation in Section 4.

Figure 14. Layer moduli from backcalculation in Section 5.

The observed increase in stiffness of the subgrade
was interpreted as a sign of post-compaction of this
layer due to the repeated loading in Section 4. This
supports the assumption that the permanent deforma-
tion is considered secondary rutting in the granular
base (see discussion in Section 3.3).

3.5 Development of measured longitudinal strain

The asphalt strain and subgrade stress was recorded
in each measuring cycle when the impulse genera-
tor passed the center track of the loading area in
longitudinal direction.

Whereas a wheel moving on a pavement surface
results in a continuous loading, the impulse generator
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Figure 15. Example for longitudinal strain curves measured at the bottom of the asphalt base (unloaded condition, Section 4).

Figure 16. Maximum longitudinal strain curves as a function of the number of load impulses on Section 5.

exerts a sequence of short single impulses. Figure 15
shows example measured strains when the impulse
generator passed the center track of the loading area in
the longitudinal direction. The envelope curves for the
maxima and minima values of strain are shown. Addi-
tionally the signals of single impulses are depicted in
detail to illustrate the distribution of compressive strain
(1) and tensile strain (2) inside the envelope curve.

The curves show the distinctive change from com-
pressive strain to tensile strain in the longitudinal
direction at the bottom of the asphalt base course
caused by the passing impulse generator. In contrast

to a passing wheel the impulse generator moves
significantly slower and lacks the continuity of loading
of a passing wheel (Rabe, 2008).

Figure 16 shows the curves computed from mea-
surements at different times of loading. The results
show that the maximum value of the elastic strain
εelastic,max increases with increasing accumulated load-
ing with the exception of measurement #1. The period
of tensile strain ttensile strain also increases (not recogniz-
able in Figure 16). This observation can be reproduced
using linear elastic multi-layer theory to calculate the
strain at the bottom of the asphalt layers, assuming
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Figure 17. Longitudinal strain at the bottom of the asphalt
base as a function of the number of load repetitions on
Sections 4 and 5 (normalized/measured).

a successive decrease of stiffness of the asphalt. It is
concluded that the results suggest a loss of structural
strength.

A comparison of both sections is shown in Fig-
ure 17. The measurement results are presented by
reducing the curve to the value of the maximum
elastic strain. The value of the elastic strain was deter-
mined from the difference between the maximum and
minimum curves at a given time.

The values were normalized to the reference tem-
perature of 20◦C (68◦F). As a systematic empirical
analysis of the correlation between elastic strain and
the asphalt temperature could not be carried out, an
analytical approach similar to Groenendijk (1994) was
used. In brief this approach is based on a correction
factor which is derived from calculating the strain at
the bottom of the asphalt pavement assuming varying
layer moduli to simulate temperature changes, using
linear elastic layer theory.

The elastic strain plotted against the number of load
repetitions shows an increase in longitudinal strain
under continued loading on both sections. Consistent
with the higher thickness of the pavement in Section 5
compared to Section 4 the measured strains are gen-
erally lower in view of both the unloaded and loaded
condition. The results also indicate a lower increase of
strain in the thicker asphalt pavement for the values
before and after loading.

The rate of deterioration was lower in the stronger
pavement. On Section 4, an initial period with a
rapid increase/retardation followed by a period with
a predominant linear trend was observed. This does
not match the development of values in Section 5,
which had a more linear trend with generally slower
development.

In comparison to the measured strains, the calcu-
lated strains assuming a three-layer-system and using
the layer moduli determined from backcalculation

show considerably lower values in both unloaded and
loaded conditions.

On Section 4, the measured strain increases from
295 to 603 µm/m (0 to 8.1 million impulses). In com-
parison the calculated strain increases from 159 to
212 µm/m in the same interval. The same tendency
was observed on Section 5 where the measured strain
increases from 184 to 256 µm/m whereas the calcu-
lated values increase from 110 to 140 µm/m (0 to 6.07
million impulses).

The observed differences indicate that the eval-
uation of measured results from embedded sensors
requires considerable care. Calibration of the sensors,
technical design properties, and the quality of the
interaction between the surrounding asphalt and the
sensor can all significantly influence the measurement
results. The results obtained in this study suggest an
application of sensors for comparative studies rather
than providing absolute mechanical values.

3.6 A pragmatic approach for the prediction
of cracking

The analysis was extended to measuring results from
Sections 3, 6, 7 and 8 to further interpret the data from
Sections 4 and 5. These sections are also part of the
test track as shown in Figure 1. FWD measurements
with a target load of 50 kN were carried out at an
average asphalt temperature of 19◦C (66.2◦F) on all
sections.

A relationship between the center deflections and
those for the total area of asphalt was determined. As
depicted in Figure 18 the relationship between the mea-
sured center deflection and the asphalt thickness can
be reasonably well described with a power function.
The center deflections measured in the unloaded con-
ditions were plotted against the total thickness of the
asphalt layers. The regression shows a good correla-
tion (R2 = 0,987). The function was then extrapolated
beyond the measured data to account for thinner
asphalt pavements with accordingly higher deflections
than measured in the scope of this project. The given
values refer to a maximum reference load impulse of
50 kN.

Values obtained from pavements with different con-
struction type fitted well in the approximation func-
tion. Consequently, in this context the influence of
the construction type was not significant, analogous
to a basic principle of the RStO 01 (FGSV, 2001a)
that pavements of the same construction class show
an equivalent structural strength independent of the
construction type.

The prediction of the effective thickness of the
asphalt pavement is demonstrated in the diagram in
Figure 19 using Section 4 as an example. In this con-
text the term “effective thickness” is defined as the
thickness of the asphalt pavement that is not affected
by significant structural damage (e.g., cracking).

The first point marks the unloaded condition. The
predicted thickness of the asphalt layer of 12 cm
(4.7 in.) is consistent with the actual thickness of the
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Figure 18. Center deflection as a function of thickness of the asphalt layers derived from the construction type according to
the RStO 01 (FGSV, 2001a).

Figure 19. Prediction of the effective thickness of the asphalt layers on Section 4 after 14.1 million load impulses.

asphalt pavement. The second point represents the
asphalt pavement after being subject to repeated load-
ing with 14.1 million load impulses. Based on the
measured deflection after loading (445 µm) and the
extrapolated approximation function, the remaining
thickness of the undamaged asphalt pavement was
predicted to amount to 7.5 cm (3 in.). Consequently
4.5 cm (1.8 in.) or 38% of the 12 cm (4.7 in.) thick
asphalt pavement was considered to show structural
damage after 14.1 million load impulses.

The predicted effective thickness of the asphalt
pavement in Section 4 was confirmed by the determi-
nation of the crack propagation on samples taken from
this section after loading.As depicted in Figure 10, the
average length of cracks across the whole asphalt base
course was 5.1 cm (2 in.). Consequently the effective
thickness of the asphalt pavement is 6.9 cm (2.7 in.).
On the basis of the results from the FWD measure-
ments, a remaining effective thickness of the asphalt
layers of 7.5 cm (3 in.) was predicted.
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The accurate determination of the remaining effec-
tive thickness appears promising for the evaluation of
the structural condition of flexible road pavements on
the basis of surface deflection measurements. Verifi-
cation of the approach by testing on Section 5 and on
in-service pavements is planned in view of developing
a pragmatic approach for the estimation of the remain-
ing life on the basis of the measured deflection and the
cumulated heavy vehicle traffic load.

4 SUMMARY, CONCLUSIONS
AND OUTLOOK

4.1 Summary

Accelerated pavement testing was conducted at
Germany’s Federal Highway Research Institute on
two flexible full-scale road pavements. The pavements
were continuously loaded to achieve structural failure.
Periodic condition monitoring was carried out simul-
taneously with the loading. Both pavements comprised
an asphalt base course on a granular gravel/sand base
laid on a granular subbase. The stronger pavement
had an additional binder course, thicker total asphalt
concrete as well as a thicker granular base layer. The
weaker test section was loaded with about 14 mil-
lion load impulses. The loading was terminated when
no further increase in deflection was measured. Due
to technical reasons the loading in the stronger sec-
tion had to be stopped after about 32 million load
repetitions despite a continuing increase in deflection
measurements.

4.2 Conclusions

The main findings of the project are:

– Structural failure was achieved in the test sec-
tion with the weaker construction, which showed
distinctive cracking in the asphalt base course.
The repeated loading resulted in a decrease in
the structural strength, which was concluded from
the observed increase in surface deflections, the
decrease of layer moduli derived from backcal-
culation of FWD deflections, and the increase in
longitudinal elastic strain at the bottom of the
asphalt base course. The asphalt pavement was
subject to plastic deformation as a result of post-
compaction of the underlying unbound layers. It
was concluded that the superposition of permanent
strain induced by plastic deformation and strains
due to repeated loading caused the propagation of
cracks in the asphalt base course.

– The stronger pavement in Section 5 showed a dete-
rioration of structural strength characterized by
increasing surface deflections and decreasing layer
moduli as well as increasing longitudinal strain.The
rate of deterioration in this section was slower than
in the weaker section. The total increase in the cen-
ter deflections relative to the unloaded condition

was similar on both sections if the differences in
bearing capacity are taken into consideration.

– The change in bearing capacity under repeated
loading resembles a power function in both sec-
tions (0 < exponent < 1). An initial sharp decrease
was followed by a longer-lasting interval with an
almost linear development. A progressive decrease
in the bearing capacity at the end of the service life
was not observed despite continued loading on both
test sections.

– A relationship between the center deflection and
the effective thickness of the asphalt layers was
observed. On the basis of this relationship, a
pragmatic approach to predict the propagation of
bottom-up-cracking was developed. The estimated
and measured length of cracks showed a reasonably
good agreement.

– The longitudinal strain as a critical parameter for
the mechanistic design of flexible pavements was
derived from backcalculation of surface deflections
and from strain gauge measurements at the bottom
of the asphalt base. In this case the calculated strain
was significantly lower than the actual measured
strain.

– The cracking observed in the weaker section
was characterized as “bottom-up-cracking” and
supports the theoretical assumption that traffic-
induced structural damage of asphalt pavements
initiates at the bottom of the asphalt layers where
the maximum values of the tensile strain occur.

– Termination of crack propagation at the interface
between the two asphalt courses could be the reason
for the slowing in the change in bearing capacity
observed on the weaker section.

4.3 Outlook

Loading on Section 5 will be resumed in a follow-
up project to obtain further knowledge on the crack
propagation and the recovery of the bearing capacity
in rest periods.

In the long term the untested sections (Sections 1, 2,
3, 6, 7 and 8) will be analyzed in a similar way to that
described in this paper to further understand behavior
of the different construction classes and types.

The results will also be used to verify analytical
methods in combination with material testing, and
to verify performance models for the prediction of
remaining service life of flexible pavements.
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ABSTRACT: A flexible test road structure was built and tested in an Accelerated Pavement Test (APT) using
a Heavy Vehicle Simulator (HVS) to investigate the performance behavior for validation in a mechanistic
performance design. The structure was instrumented to measure the responses at different locations due to
different wheel loadings and various tire pressures, with single and dual tires. The permanent deformation
manifested on the surface as rutting was measured. The responses gained from various tire loads and pressures
were analyzed using three approaches; all layers linear-elastic, the base nonlinear and base and subbase nonlinear.
The measurements taken after 100,000 load repetitions were compared with the measurements taken in the
beginning of the test. Some softening effect was noticed in the asphalt layers and was taken into account in the
analysis. The observed accumulation of permanent deformation of the unbound layers was modeled using a three
parameter model. Generally good agreement was established between the measured and calculated values.

1 INTRODUCTION

Today, most of traditional highway pavement design is
done with empirical methods that are developed and
based on long-term experience. Empirical methods are
mainly used due to the complex behavior of pave-
ments. The behavior depends on many factors such
as the applied load, the material used, the thickness of
the layers and the environmental conditions. The main
limitation of empirical methods is that they cannot be
extrapolated with confidence beyond the conditions on
which they are based. To be able to develop mechanis-
tic design methods the behavior and properties of the
materials used needs to be properly understood. These
methods need to consider and realistically model the
response of granular layers (base and subbase) under
various traffic loadings. In thin pavements the granular
base and subbase layers, show a complex elasto-plastic
behavior under external loading.Therefore it is impor-
tant to compare the results of numerical analyses with
actual measurements of stresses, strains and deflec-
tions in a full scale pavement structure in order to
model their behavior adequately. The development
of accelerated pavement tests (APT) of instrumented
pavement structures has increased the understanding
of pavement behavior and built a foundation for new,
more sophisticated design methods.

An APT using a Heavy Vehicle Simulator (HVS)
was performed at the Swedish Road and Transport
Research Institute (VTI) test facility in Linköping,
Sweden, between May and September 2005. The test

is referred to as SE10, and the results are used in this
analysis. The HVS is a linear full-scale accelerated
road-testing machine with a heating/cooling system.
The pavements were constructed by normal road con-
struction equipment in a test pit that is 3 m deep, 5 m
wide and 15 m long. The length of the tested structure
was 6 m (Wiman, 2006 and 2010).

The main purpose was to get good direct measure-
ments of stresses and strains in the thin pavement
structure as well as to evaluate the performance of the
structure. This increases understanding of necessary
complexity of the numerical model needed to capture
the main structural behavior.

2 PAVEMENT STRUCTURE

The pavement was tested at VTI’s full-scale indoor
pavement test facility under constant environmen-
tal conditions. The structure consisted of 10.7 cm
thick Hot Mix Asphalt (HMA), divided into a 3.3 cm
surface course (AC pen 70/100; dmax = 16 mm) and
a 7.4 cm bituminous road base (AC pen 160/220;
dmax = 32 mm). Under the asphalt were two layers of
unbound crushed rock (granite), an 8.8 cm base layer
(0–32 mm) and a 45 cm subbase layer (0–90 mm) over-
lying a subgrade of fine graded sand (Wiman, 2001
and 2010). A cross section of the structure is shown
in Figure 1 together with the configuration of the
instrumentation used.
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Figure 1. A cross section of pavement structure SE10 as
well as the vertical location of the instrumentation.

Figure 2. Grain size distribution curves of the unbound
materials in the pavement.

The grain size distribution curves of the unbound
layers of the pavement are shown in Figure 2. The
subgrade consisted of silty sand with a high fines con-
tent of about 25% and over 90% of the grains under
0.5 mm. The subbase had a fines content of about 3%
and a maximum aggregate size of dmax = 90 mm whilst
the base material had a fines content of about 6% with
dmax = 32 mm (Wiman, 2010).

3 HVS TESTING PROJECT

The pavement structure, SE10, was instrumented to
measure response and performance. The instrumenta-
tion (see Figure 1) consisted of (Wiman, 2010):

– εMU coils (inductive coils) were used to measure
the vertical strain (elastic and permanent), at five
depth intervals and three coils at each depth range.

– Soil pressure cells (SPC) were used to obtain
stresses, placed at three depths with three sensors
at each depth.

– Linear variable differential transducers (LVDT’s)
were used to measure the vertical deflection in
relation to the bottom of the test pit and over the
base and subbase.

– Eight asphalt strain gauges (ASG) (H-bar) were
used to measure the tangential strain at the bottom
of the asphalt bound layers, four gauges mea-
sured in the longitudinal and four in the transverse
direction.

The test was divided into three phases:

– Pre-loading phase, of 20,000 load repetitions
applying light loading.

– Response phase, to get information on the response
due to various loadings.

– Main accelerated loading test, with more than one
million load cycles applied.

In all phases bidirectional loading was applied. The
pre-loading step was performed with a 30 kN single
wheel load with a tire pressure of 700 kPa. Wheel
passes were distributed evenly in the lateral direc-
tion to achieve even compaction in the 70 cm wide
wheel path. In the response phase, the response of the
structure was estimated from both single wheel and
dual wheel configurations using various tire pressures
and axle loads. The centre to centre spacing of the
dual wheel configuration was 34 cm. The lateral dis-
tribution of the loading followed a normal distribution
where the wander was divided into eleven segments,
from plus to minus 25 cm in 5 cm intervals. In the main
accelerated load test phase, development of perma-
nent deformation was monitored using a dual wheel
configuration with 120 kN axle load and 800 kPa
tire pressure. The response of the pavement structure
was measured regularly during the main accelerated
testing phase (Wiman, 2006 and 2010; Erlingsson,
2007 and 2010). The first 490,000 load repetitions
have been analyzed and modeled.

4 RESPONSE BEHAVIOR OF THE
STRUCTURE

In this section all figures are drawn in the case of a
dual tire loading combination; taken under the centre
of one of the wheels; with 120 kN axle load; 800 kPa
tire pressure; a rolling wheel speed of 12 km/h and a
constant temperature of 10◦C.
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Figure 3. Induced vertical stress registration of two SPC sensors, at depths of 19.5 and 92.6 cm.

Figure 4. Induced vertical strain registration of two εMU sensors, for depth ranges from 10.7 to 19.5 cm and 19.5 to 43.5 cm.

Figure 5. a) Induced deformation registration of two LVDTs, from bottom of test pit to surface and depth of 64.5 cm and
b) Induced tensile strain registration of ASG gauges at bottom of bituminous base, where X is longitudinal andY is transverse
direction.

Figure 6. Induced vertical stress as a function of load repetitions, at depths of 19.5, 72 and 87 cm.

Figures 3 to 5 show a typical registration from
the sensors of the structural responses. The registra-
tions of the measurements were generally smooth with
minimal noise in the signal. The signal recorded form
the εMU coils in the subgrade layer was somewhat
noisier, but in these instances a moving average was
used to estimate the sensor readings.

On Figures 6 to 8 the development of sensor reg-
istration as a function of load repetitions N is shown.
The vertical stress was measured on the centre line of
the wheel path at three depths; 19.5 cm which is at the
bottom of the base layer and at 72 cm and 87 cm in the
subgrade. From Figure 6, which shows stress devel-
opment, it can be noticed that the registered vertical
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Figure 7. Induced vertical strain as a function of load repetitions, at depth ranges from 10.7 to 19.5 cm etc.

Figure 8. a) Difference in induced deformation measured with LVDTs from bottom to top and bottom to bottom of asphalt
bound layers (10.7 cm) and b) induced tensile strain as a function of load repetitions at bottom of bituminous base, where X
is longitudinal and Y is transversal direction.

stress was reasonably constant for the first 400,000
load repetitions examined here.

Similarly, the vertical strain was measured on the
centre line of the wheel path over five depth intervals;
10.7–19.5 cm (over the base layer); 19.5–43.5 cm (over
the upper part of the subbase); 43.5–64.5 cm (over the
lower part of the subbase); 64.5–79.5 cm (over the top
of the subgrade) and 79.5–94.5 cm (over a part of the
subgrade) (see Figure 1).

In Figure 7, which shows strain development,
the registered vertical strain was reasonably constant
between 100,000 and 400,000 load repetitions, but
showed an increase after the first 20,000 load rep-
etitions in all layers, indicating weakening of the
materials.This was attributed to softening of the HMA
taking place between 20,000 and 100,000 load repeti-
tions, causing more strain to reach the unbound layers.
In Figure 8a the difference in deformation measured
with LVDTs, from the bottom of the concrete pit to the
surface and to 10.7 cm depth, which is the interface
between the bound and unbound layers, is plotted as a
function of load repetitions. The figure shows that the
difference increases as the load repetitions increase.
The average difference is around 8%. On Figure 8b, the
development of the tensile strain at the bottom of the
bound layers (10.7 cm depth) is presented. The strain

increases as the number of load repetitions increases
due to the softening of the HMA.

5 RESPONSE MODELING

The pavement structure was modeled in an axisym-
metric analysis. The HMA and the subgrade were
treated in the analysis as linear elastic materials where
stiffness of the HMA was adjusted according to the
ambient temperature. Using cylindrical co-ordinates
the elastic stress-strain relationship can be written as:

where Mr is the material stiffness (resilient modulus)
and ν is the Poisson’s ratio of the unbound material.

The stiffness modulus for granular materials is gen-
erally stress dependent. A number of relationships
exist to describe the stress dependency of the stiffness
modulus. One of the most common and also one of
the simplest is the k – θ expression (May and Witczak,
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Table 1. Material parameters of different layers used in response analyses.

Nonlinear Base Nonlinear Base and
(NONL base) Subbase (NONL bsb)

Linear (LIN)
Layer and Test Condition E/Mr [MPa] k1 [−] k2 [−] k1 [−] k2 [−]

Asphalt concrete Begin* 5,000 − − − −
Moist** 4,500

Bituminous base Begin* 1,500 − − − −
Moist** 1,350

Unbound base 130 713 0.6 713 0.6
Unbound subbase 190 – – 2,060 0.6
Subgrade 50 – – – –

E – Young’s modulus of bound materials; Mr – Resilient stiffness of unbound materials,
*N = 20.000–30.000; **N > 100.000

1981; Uzan, 1985; Gomes-Correia et al., 1999; Lekarp
et al., 2000). In a normalized form this equation is
frequently written as:

where k1 and k2 are experimentally determined
constants, p is the mean normal stress level of the
loading, i.e., p = 1/3(σr + σθ + σz), and pa is a reference
pressure, pa = 100 kPa.

This relationship has been shown to capture the
main behavior characteristics of unbound granular
materials under various rolling wheel loading situa-
tions (Huang, 2004; Erlingsson, 2007).

In this paper the responses where calculated using a
multi-layer elastic theory (MLET) using the Kenlayer
computer program (Huang, 2004).

6 PERMANENT DEFORMATION PREDICTION
MODELING

The accumulation of vertical strain in the pavement
materials was modeled according to the procedure
used in the Mechanistic-Empirical Pavement Design
Guide (MEPDG) (ARA Inc., 2004) which is based on
best fit approaches from laboratory testing. For the
unbound layers (base course, subbase and subgrade)
a simple three parameter work hardening model was
used (Tseng and Lytton, 1989):

where N is the number of load repetitions and ε0, ρ
and β are regression parameters.

According to the MEPDG, the deformation in
unbound materials is found by modifying the Tseng
and Lytton method (ARA Inc., 2004):

where δa is the permanent deformation in the layer;
εr is resilient strain imposed in lab test to obtain ε0,
ρ and β; εv are the average vertical resilient strains in
the layer obtained from the primary response model;
h is the thickness of the layer and β1 is a calibration
factor for different granular layers.

After numerous modifications a reasonable cali-
brated relationship was obtained and models provided
to find the regression parameters. In the approach used,
the granular layers are divided into sub-layers (i) and
the total deformation occurring in each layer is deter-
mined by summing the permanent deformation over
the sub-layers:

where n is the total number of sub-layers.

7 MATERIAL PROPERTIES

The material parameters for all layers of the pavement
used in the numerical analyses of its response are given
in Table 1. The calculations were performed with three
different models:

– All material models are linear elastic (LIN)
– All material models are linear elastic, but the base

material was assumed stress dependent (NONL
base)

– Bound material layers and subgrade material mod-
els are linear elastic, but base and subbase material
models are stress dependent (NONL bsb).

It was considered appropriate to treat the subgrade
as a linear elastic material since low stress levels
were measured and therefore elastic theory provides
adequate results.

Results from plate load tests (PL), falling weight
deflectometer tests (FWD) during construction, indi-
rect tension tests (ITT) of the bituminous layers, and
repeated load triaxial (RLT) tests of the unbound layers
were all used for estimating the material parameters.
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Table 2. Material parameters of the unbound layers used to predict the permanent deformation.

Layer W [%] β [−] ρ [−] ε0/εr [−] β1 [−]

Unbound base (granular) 6 0.19 6,564 22.1 0.4
Unbound subbase (granular) 6 0.19 6,564 22.1 0.8
Subgrade 15 0.13 450,180 28.6 1.2

Figure 9. Vertical resilient strain as a function of depth, tested with dual wheel configuration with 800 kPa tire pressure and
various wheel loading a) 30/800, b) 50/800, c) 60/800 and d) 80/800.

The final material parameters were selected to
establish a good agreement between the responses
(under the centre of one of the tires) of an applied dual
wheel load of 120 kN axle with 800 kPa tire pressure
and calculations. This configuration was chosen given
that most measurements had been carriedout with this
loading. These parameters were verified with other
load cases as discussed in Section 8. Measurements for
the various load cases were taken between 20,000 and
30,000 load repetitions. For responses after 100,000
load repetitions, the stiffness of the asphalt bound lay-
ers was reduced by 10% as measurements show some
softening effect in the bound layers (see Figures 7 and
8). In all cases the Poisson’s ratio (ν) was set to 0.35.
The unit weights, γ , were 24 kN/m3 for the asphalt

concrete and the bituminous base, 20 kN/m3 for the
unbound base, 19 kN/m3 for the unbound subbase and
16 kN/m3 for the subgrade layer.

The base and subbase both consisted of crushed
rock (granite), with similar grain size distribution but
the base layer had grain size between 0 and 32 mm
whereas the subbase had aggregates up to 90 mm. The
higher stiffness of the subbase in Table 1, compared
to the base was attributed to better compaction of the
subbase layer. Compaction has a significant influence
on the stiffness of unbound materials. Van Niekerk
et al. (2000) showed that the resilient modulus (Mr)
changed significantly with increased compaction, but
samples were compacted to 97–105% of maximum
Proctor density. Van Niekerk et al. also showed that at
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Figure 10. Vertical resilient strain as a function of depth, tested with 500 kPa tire pressure and various wheel loading
a) 30/500, b) 80/500.

Figure 11. Vertical resilient strain as a function of depth, tested with 900 kPa tire pressure and various wheel loading a)
30/900, b) 50/900, c) 60/900 and d) 80/900.

a constant sum of principle stresses of 100 kPa the Mr
was 127 MPa for 97% degree of compaction (D.o.C.)
and 257 MPa for 103% D.o.C., or 50% difference in
resilient modulus with 6% increase in D.o.C.

The parameters used in the permanent deformation
prediction are listed inTable 2.The material properties
ρ, β and ε0/εr were obtained using equations developed
byARA Inc. (2004) to fit the MEPDG model described
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Figure 12. Vertical induced stress as a function of depth, tested with 800 kPa tire pressure and various wheel loading
a) 30/800, b) 50/800, c) 60/800 and d) 80/800.

earlier and the calibration factor β1 was used to obtain
a reasonable resemblance between the measured and
calculated values.

8 RESPONSE ANALYSIS

The figures in this section show the results of calcu-
lated and measured vertical stresses and vertical strains
as a function of depth. In all cases the average value
of the gauges at the same depth is shown, with loading
consisting of a dual wheel configuration and a profile
taken under the centre of one of the tires. Both the load
as well as the pressure varied, with the axle loads being
60, 100, 120 and 160 kN (dual wheel loads of 30, 50,
60 and 80 kN) and the tire pressure being 500, 800
and 900 kPa. On the figures; 30/800 indicates a 30 kN
wheel load and 800 kPa tire pressure, 80/900 indicates
an 80 kN wheel load and 900 kPa tire pressure, etc.

When comparing responses due to different load
and pressure the measurements were taken between
20,000 and 30,000 load repetitions. The figures gen-
erally show good agreement between the measured
and calculated strains, for both linear and nonlinear
(stress dependent) calculations. However, induced

vertical stress is harder to capture in calculations. It
is known that the measurement of vertical stresses
in coarse grained materials is difficult, which might
partly explain the observed difference between stress
measurements and calculations.

In Figures 9 to 11, the vertical lines are the aver-
age of the measured values for a certain depth interval
whilst the dotted lines represent the calculated strain.
Using a nonlinear model for both the base and sub-
base layers gave the best results, but the linear elastic
model for all layers also gave a reasonable outcome. It
should be noted that the linear elastic model appears
to underestimate the vertical strain at low tire load and
pressure values and overestimate the vertical strain at
high tire load and pressure.

In Figures 12 to 14 the black diamonds are the aver-
age of measured vertical stress values for a certain
depth whilst the dotted lines represent the calculated
values. Because the combined asphalt bound layers are
just over 10 cm thick and reasonably stiff the vertical
stress decreases rapidly with depth. In the base layer
the vertical stress was down to 50–150 kPa depend-
ing on applied load and pressure. All the models gave
similar results, overestimating the stress in the base
and underestimating them in the subgrade, especially
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Figure 13. Vertical induced stress as a function of depth, tested with 500 kPa tire pressure and a) 30/500 and b) 60/500.

Figure 14. Vertical induced stress as a function of depth, tested with 900 kPa tire pressure and a) 50/900 and b) 80/900.

when the load was high. Nevertheless, the slope of the
stresses harmonizes well in the subgrade.

9 PERFORMANCE PREDICTION

In Figure 15, the vertical strains are compared between
the initial measurements taken between 20,000 and
30,000 load repetitions and measurements taken
later into the test or after 100,000 load repetitions. The
stiffness of the asphalt bound layers was decreased
by 10% for the later stages as both εMU and LVDT
measurements showed signs of softening of the asphalt
bound layers.

The vertical lines in Figure 15 are the average of
measured vertical strains for a certain depth interval
whilst the dotted lines represent the calculated strain.
All three models gave similar results, underestimating
the vertical strain in the base and subgrade layers but
nevertheless giving reasonable results after decreasing
the stiffness of the asphalt bound layers.

Figure 16 shows the measurement of accumu-
lated permanent deformation as a function of load

repetition and the predicted deformation according to
the MEPDG model compared.This is done for the base
course, subbase and the top 30 cm of the subgrade.
The subbase and subgrade were divided into two sec-
tions as with the εMU coils (see Figure 1) and added
together to get the total deformation of the layers.
The lateral wander was not taken into account here,
but this should not have a significant impact as it only
changes the linearity of the MEPDG model, which is
adjusted with the calibration factor, β1.

A calibration factor was adjusted to get reasonable
correlation between the measured and calculated val-
ues (Table 2). The measurements in the base layer
match well with the calculated values but in the other
two cases the calculations and measurement fit well for
the first 300,000 load repetitions but after that the slope
of the measured values increases. This is not captured
by the model. The reason for this change in behav-
ior is not known. The authors considered two possible
reasons for this; micro-damage or cracks in the bound
layers causing higher loads in the unbound part of the
structure or gradual change of accumulation of perma-
nent deformation from predominately consolidation to
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Figure 15. Vertical resilient strain as a function of depth in the beginning or between 20,000 and 30,000 load repetitions and
in moist state after 100,000 load repetitions, tested with 800 kPa tire pressure and 120 kN axle load.

Figure 16. Permanent deformation in the unbound layers as a function of load repetitions. The testing was done with a dual
wheel configuration, 800 kPa tire pressure and 120 kN axle load.

shear flow driven deformation.The first explanation is
proven wrong as Figures 6 and 7 show no change in the
vertical stress and strain measurements after 300,000
load repetitions. That leaves the latter explanation as a
possible cause. This would have caused a rapid struc-
tural failure which could not be verified due to changes
in the test setup after 490,000 load repetitions.

10 CONCLUSIONS

Responses of a pavement structure were monitored
while testing with an HVS using various applied loads
and tire pressures. These responses were analyzed

using three different material approaches; all layers
linear, the base layer assumed stress dependent, and
the base and subbase both stress dependent. In general
good agreement was established between the induced
vertical measured and calculated strain values for a
broad range of wheel load and tire inflation cases.
Larger deviation in vertical stresses was observed
between calculations and measurements. This might
be due to difficulties in measuring vertical stresses in
coarse grained materials.

When looking at the vertical strain the nonlinear
models gave better results but the linear model gave
adequate results if consideration is given to the fact that
the model tends to underestimate the vertical strain at
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low tire load and pressure and overestimate at high tire
load and pressure.

Measurements taken in the beginning of the test
were compared with measurements taken later on
under the same load conditions. Both measurements
and calculations indicate some softening in the asphalt
layers with time, as the vertical strain in the unbound
layers, deformation difference over the asphalt layers,
and the tensile strain at the bottom of the asphalt lay-
ers all increase as more load repetitions are applied.
In the calculations, 10% reduction in the stiffness of
the asphalt layers was estimated after 100,000 load
repetitions.

The MEPDG model correlated reasonably well
with permanent deformation occurring in the unbound
layers for approximately the first 300,000 load rep-
etitions, thereafter the measured deformation rate
increased compared to the calculated values. This
might be explained by a gradual change from predomi-
nately consolidation to shear flow driven deformation.
The calibration factors that corresponded best with
measurements were 0.4, 0.8 and 1.2 for base, sub-
base and subgrade, respectively. In the MEPDG, field
calibration factors of 1.673 and 1.35 are suggested
for unbound granular base and subgrade, respectively.
These values are higher than found in this study; how-
ever one must bear in mind that the values here are
based on an accelerated pavement test carried out
in a constant environment which does not cater for
seasonal climate variations.
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ABSTRACT: Various forms of asphalt pavement distress can be attributed, in many cases, to low air voids in
mixtures during production and placement.When low air voids are encountered during production, the specifying
agency must decide whether to require the material that has already been placed to be removed and replaced or
whether it can be left in place. This study was conducted, in part, in the INDOT/Purdue Accelerated Pavement
Testing (APT) Facility to develop a decision-support tool for dealing with such events that is based on projected
rutting performance of the pavement system. The responses to repetitive APT wheel passes of test pavements
with low air voids in either the surface or intermediate course were measured using a laser based system. The
permanent deformation of the top pavement layers is used, in conjunction with simplified mechanistic analysis
and engineering judgment, to formulate the desired decision-support tool.

1 INTRODUCTION

Various forms of asphalt pavement distress can be
attributed, in some cases, to low air voids in the mix-
tures during production. The most notable of these
include permanent deformation in the form of rutting
or shoving (or both) and sometimes flushing/bleeding.
The occurrence of low air void contents (AVCs) may
originate during plant production as a result of an acci-
dental increase in binder content or mix fines (or both),
or during the construction phase as a result of over-
compacting an adequately designed and produced mix.
When low air voids are encountered during produc-
tion, the specifying agency must decide whether to
require the placed material to be removed and replaced
or whether it can be left in place, typically with a reduc-
tion in pay.The performance of the low air void mixture
may or may not be problematic, depending on sev-
eral factors, including the severity of the deficiency
in air voids, other mix attributes, the location of the
low void mixture within the pavement structure, and
the environmental and traffic conditions at the paving
location.

1.1 Literature review

The two most common asphalt mixture design meth-
ods, namely Marshall (Asphalt Institute, 1997) and
Superpave (AASHTO, 2004; AASHTO, 2007), use

air void content as the main element that determines
binder content. Traditionally, AVC is considered by
the pavement engineering community to be one of the
most important factors that affect mixture behavior
and pavement performance. In the typical Marshall
methodology, the design AVC ranges between 3 to
5%. In the standard Superpave methodology the design
AVC is fixed at 4%. In a recent study Christensen and
Bonaquist (2006) re-evaluated this target value for the
Superpave system. The study concluded that a design
AVC in the range of three to five percent is adequate
for all Superpave mixture types (i.e., surface, inter-
mediate and base), for all aggregate gradations (i.e.,
dense, coarse and fine), and for all binder grades.

Currently there are no widely accepted, rational
mechanisms for quantifying the impact of low air
voids on pavement performance. There are, however,
numerous reports in the literature documenting the
potential for poor performance when these mixtures
are used. During the development of the Marshall
design methodology (Foster, 1982), it was found that
surface asphalt concrete (AC) mixtures constructed to
an in situ AVC of 2.5% or less shoved under traffic
loads during hot weather conditions. These mixtures
were predominantly dense graded, having a maximum
aggregate size of 19.0 mm (0.75 in.). The Marshall
study also evaluated dense graded sand-asphalt mixes
having maximum aggregate size of 4.75 mm (0.19 in.).
These mixes exhibited instability at in-place AVCs
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higher than 3%.This resulted in a 2% translation of the
AVC requirement range, for these latter mixes only, to
5 to 7% (instead of 3 to 5%).

In a study of in-place rutting, Brown and Cross
(1989) looked at pavements that experienced prema-
ture rutting and at pavements that had no rutting after
more than ten years of service. They used coring,
trenching and laboratory tests to assess the source of
the ruts. The researchers concluded that a low AVC in
situ or in recompacted specimens was a good indicator
for rutting and pointed to a previous study with similar
results (Huber and Herman, 1987). Another study set
out specifically to identify mix design parameters that
may affect rutting (Brown and Cross, 1992). In that
research 42 pavements were sampled from 14 differ-
ent states. Based on coring, trenching and laboratory
tests, the following conclusions were made: (i) pave-
ments that rutted had in-place AVCs below 3%; and
(ii) most of the observed rutting was confined to the
top 75 to 100 mm (3 to 4 in.) of the pavement.

Somewhat in contradiction to the above stud-
ies, reported field experience can also be found in
which mixes designed and constructed with low AVCs
behaved adequately. The following lists several exam-
ples. Davis (1988) reported that dense graded large
stone mixes, with maximum aggregate sizes of 50 mm
(2 in.) or larger, behaved extremely well with no rut-
ting or cracking at in-place AVCs of 3% or less; these
mixes also had very soft ‘lively’ binders. During the
WesTrack experiment (FHWA, 1999), the AC mixture
in test section #43 was designed to a target AVC of
1.7%. After paving, the average in-place AVC of the
corresponding test section was also very low: 1.6%.
Despite this fact, this mix experienced minimal rut-
ting/shoving compared to all other sections in the
experiment. In addition, low void AC mixtures had
been suggested in the context of perpetual pavements
to provide increased fatigue resistance at the bottom
of the asphalt course (Harvey and Tsai, 1996). Pave-
ments designed according to this concept are so-called
rich-bottom pavements. For example, researchers in
California (Harvey, et.al., 1999) proposed a pavement
reconstruction strategy which included a bottom AC
layer that is 50 to 75 mm (2 to 3 in.) thick, designed
to an AVC of 2%. Detailed reports on such mixture
designs and “rich-bottom” construction can be found
in other publications (Monismith, et.al, 2001; Scullion,
2006; Willis and Timm, 2006).

1.2 Indiana’s practices and issues

The Indiana Department of Transportation (INDOT)
uses the Superpave system for designing all asphalt
mixture types and selects the design binder content
as that which provides 4.0% air voids at the design
number of gyrations (Ndesign), which is based on the
design traffic level. INDOT accepts hot mix asphalt
based on the produced volumetric properties – specif-
ically the binder content, air void content at Ndesign
and voids in the mineral aggregate (VMA) at Ndesign. In
addition, in-place density and smoothness are also pay

factors. During production, plate samples are removed
from the mat behind the paver screed. Portions of these
plate samples are compacted in the gyratory compactor
to the design gyrations, and, after cooling, the bulk
specific gravity and VMA of the specimens are deter-
mined. Mixtures placed with air void contents below
2.0% risk removal and replacement at the contrac-
tors’expense. Mixtures with air void contents between
2.0% and 4.0% are accepted at a lower rate of payment,
as determined by the INDOT Failed Materials Com-
mittee. The Failed Materials Committee adjudicates
the non-complying material on a case-by-case basis;
using engineering judgment, they try to consider in
their decision such factors as how low the air void con-
tent is, the traffic level, the depth of the failed material
within the pavement structure, and other mitigating
circumstances.

Based exclusively on experience, without a ratio-
nal decision-making process, the Department carries
a higher risk level of accepting an inferior product
that may not perform as intended. At the same time,
contractors face the increased risk of reduced pay
or the cost of removal and replacement when there
is a possibility the material will perform acceptably.
Consequently, INDOT initiated a research project to
evaluate the impact of low air voids on rutting per-
formance in order to develop a decision-support tool
for determining whether to accept or reject a mixture
with inadequate air voids and for assessing a monetary
penalty if the material is allowed to remain in place.

2 OBJECTIVE

The objective of the overall research project was to
develop a decision-support tool to help determine and
balance risk when accepting or rejecting asphalt mix-
tures with low air voids.The aim is for the development
to be founded on projected rutting performance that is,
in turn, based on Accelerated Pavement Testing (APT)
results and mechanistic considerations. This paper
describes the associated APT study and its findings.

3 EXPERIMENTAL SCOPE

This project involved two experiments. First, INDOT
sponsored two test sections at the National Center
for Asphalt Technology (NCAT) Test Track in 2006
(Phase III). In one section, a low air void content was
obtained by increasing the binder content; in the other,
the low air void content was achieved mainly by a
change in the aggregate gradation (and a small change
in the binder content). NCAT divided each section in
two and targeted approximately 1% and 2% air voids
in the two subsections. Another test section on the
Track served as the control, with approximately 4%
AVC. In all cases, the 50 mm (2 in.) surface mixtures
of the existing structures at NCAT were replaced with
the low void content mixtures. The results suggested
that acceptable rutting performance can be expected
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Figure 1. The INDOT/Purdue APT Facility.

if the AVC is above 2.75%. At AVCs below this level,
the rutting rate increased dramatically (Willis, et al.,
2009).

The second experiment undertaken for this study,
and the focus of this paper, made use of the
INDOT/Purdue APT Facility, shown in Figure 1. This
facility comprises an enclosed, climatically controlled
building where pavement sections can be constructed
in a 6 m by 6 m (20 ft. by 20 ft.) pit using full-scale
construction equipment. The pit is 1.8 m (6 ft.) deep
to allow a subgrade to be constructed below the
pavement. A carriage spans the pit, and the loading
mechanism is moved across using an elevator motor.
A downward force of up to 89 kN (20,000 lbs) can be
applied to the pavement through half of a single axle,
equipped with either dual tires or a super single tire.
The load can be applied in one direction (i.e., unidirec-
tional mode) or two directions; lateral wheel wander
can also be simulated in the test. Rutting distress is in
effect accelerated because of the relatively slow speed
of travel of 8 km/h (5 mph). The temperature in the
APT facility can be increased up to 60◦C (140◦F) by
heating the ambient air with suspended heaters. Sur-
face rutting profiles are measured transversely across
each lane using a laser based system. The operation of
the APT and analysis of the resulting measurements
are described hereafter.

4 TESTING LAYOUT AND MATERIALS

At the beginning of this study, two perpetual pave-
ment design sections remained in place in the APT
facility from a previous study. The total AC thickness
in Lanes 1 and 2, shown in Figure 1, was 430 mm
(17 in.), and the AC thickness in Lanes 3 and 4 was
355 mm (14 in.). Both were supported by a two-layered
subgrade composed of 405 mm (16 in.) of cement sta-
bilized soil overlying untreated soil. The top 100 mm
(4 in.) of the pavement was milled and removed in 2009
so that the low void mixture experiment could proceed.
Embedded gauges targeting mechanical responses
remained in the pavement structure from the previous
experiment. However, after construction it was found

Figure 2. Layout of test sections in the APT Facility.

Table 1. Proportions of Mix Components by Mass of Mix.

Low voids mix (%)

Mixture Standard Excess Excess
component mix (%) binder fines

Coarse aggregate 46.0 45.2 40.0
Natural sand 10.0 10.0 11.0
Manufactured sand 24.0 24.0 29.0
RAP 15.0 15.0 15.0
Virgin PG 64-22 5.0 5.8 5.0
Total binder 5.7 6.5 5.7

that most of the instrumentation was out of scale and
could not be reliably used any further.

New mixtures were placed in two 50 mm (2 in.) lifts
over the existing perpetual structure. In Lanes 1 and 2,
the lower 50 mm (2 in.) lift consisted of a low air void
content mixture while the top 50 mm (2 in.) complied
with standard design specifications. Excessive binder
content was the cause for the low voids in Lane 1,
while in Lane 2 the low voids were due to excessive
fines content. The top 100 mm (4 in.) in Lanes 3 and
4 were composed of a standard mixture 50 mm (2 in.)
thick overlaid by a low voids mixture due to excessive
binder content. The above described configuration is
shown in Figure 2.

The three mix types placed in the APT sections
were based on an existing mix design used by a local
producer to pave several roads in the area. The mix
was a 9.5 mm surface mix with a PG 64–22 binder
with an Ndesign of 75 gyrations (for a traffic volume
of 300,000 to 3,000,000 equivalent single axle loads).
The mixes were composed of dolomite coarse aggre-
gate, dolomite manufactured sand, reclaimed asphalt
pavement (RAP) and natural sand. The proportions of
the various components of the mixtures are shown in
Table 1.

5 LOADING CONDITIONS AND RUTTING
MEASUREMENTS

APT loading was carried out using a super single tire
inflated to 0.7 MPa (100 psi), making a circular contact
area with the pavement with a 165 mm (6.5 in.) radius.
Thirteen load ‘packages’ were executed, each contain-
ing 1,000 wheel passes, applied in unidirectional mode
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Table 2. Application Order of Loading Packages in Lane 3.

Lateral offset
Loading Cumulative number
package # of passes (mm) (in.)

1 1,000 0 0
2 2,000 0 0
3 3,000 −125 −5
4 4,000 −75 −3
5 5,000 0 0
6 6,000 +50 +2
7 7,000 −75 −3
8 8,000 0 0
9 9,000 +125 +5
10 10,000 −125 −5
11 11,000 +100 +4
12 12,000 −25 −1
13 13,000 0 0

without wander. Every single ‘package’was composed
of ten ‘sets’of 100 wheel passes having different load-
ing intensities increasing from 8.9 kN to 89 kN (2,000
to 20,000 lbs.). In addition, each loading package was
assigned an individual lateral carriage position, i.e.,
different wander position relative to the center of the
tested lane (refer to Table 2).

In terms of climate, the goal was to maintain a
constant temperature level of 30 C (86 F) in the
pavement throughout the experiment. An embedded
“temperature tree” was used to monitor the prevailing
temperature at various depths. In actuality, the temper-
atures varied within the range of 24.4 to 31.7◦C (76 to
89 F).

Surface profile measurements were collected
repeatedly during testing using a laser beam assem-
bly along seven cross sections, spaced 0.3 m (1 ft.)
apart, located before and after the middle of the tested
lane (lengthwise). To better understand the evolution
and source of any surface rutting, changes in layer
thicknesses were also monitored. To accomplish this,
at least partially, holes were drilled in the pavement
so that their bases/bottoms served as targets for the
laser beam. These holes were relatively narrow and
protected by nylon sleeves 25 mm (1 in.) in inner diam-
eter; the sleeves were glued to the drill-hole sides
along the circumference to prevent closure under load-
ing. Each sleeve was installed flush with the surface
and extended to one-third to one-half of the drilled
depth, enabling the layer thickness to change at the
measurement point.

Figure 3 shows a ‘drill’ plan, not drawn to scale,
presenting a close-up view of the central area of a
6 m (20 ft.) long test section. Five drill-hole lines are
shown, spaced 0.30 m (1 ft.) apart before and after the
middle of the test section. Five holes were drilled in
each line, symmetrically spread around the centerline
of the test lane at 125 mm (5 in.) intervals. The drill
depths along the LH, LH−2 and LH+1 lines were
50 mm (2 in.); the holes in lines LH−1 and LH+2
extended to a depth of 100 mm (4 in.) below the pave-
ment surface. Once the array of holes was installed and

Figure 3. Layout of drill holes and surface profile measure-
ments in test lanes.

before any loading was applied to the pavement, ten
replicate surface profiles were measured along the five
lines, capturing the drill points. Ten replicate profiles
were also measured along two additional lines that did
not consist of any holes (LH-3 and LH+3 in the fig-
ure).The resulting dataset served as the benchmark for
all subsequent load induced deformations.

6 MEASUREMENTS AND ANALYSIS

The laser profile measurements collected during the
13,000 passes are analyzed hereafter. The measure-
ments from Test Lane 3 (see Figure 2), where the low
voids mixture was placed on top of a standard mix, are
addressed first.The surface profile evolution along the
LH-3 line (refer to Figure 3) is shown in Figure 4. If
a virtual straightedge is placed on the surface, rest-
ing on the heaving noticed on both sides of the chart,
the maximum rutting level is seen to be about 6 mm
(0.25 in.). The tire treads can also be seen in the cen-
tral part of the figure – between transverse locations
400 and 700 mm. Figure 5 shows the rutting along the
LH line with the 50 mm (2 in.) holes. In this figure
the vertical deformation of the bottom of the holes rel-
ative to their initial elevations is also shown – after
13000 passes. It may be seen that, similar to Figure 4,
the overall rutting level is about 6 mm (0.25 in.). Addi-
tionally, this figure reveals that the top low voids lift is
roughly “responsible” for 50% of the observed/overall
surface rutting.

An attempt to analyze the profile lines that included
100 mm (4 in.) holes, namely LH−1 and LH+2 was
unsuccessful. After viewing the available measure-
ments it was realized that the laser was failing to reach
the bottom of the holes.The reason for this is the inabil-
ity of the automatic positioning system to repeatedly
return to the same location (lengthwise). This experi-
mental aspect will be improved upon in future studies.
The results from Lanes 1 and 2 are not shown here
due to space limitations. However, the overall find-
ings are similar to the findings from Lane 3; i.e., the
maximum rutting level was about 6 mm (0.25 in.) and
the top lift is not the only contributor to the observed
surface rutting.

A mechanistic model was used to extend the APT
study and examine the rutting behavior when a low
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Figure 4. Selected laser profiles for APT lane 3 – line LH-3
(refer to Figure 3).

Figure 5. Selected laser profiles for APT lane 3 – line LH
(refer to Figure 3).

void layer is located deeper in the pavement sys-
tem. A relatively simple model was selected, in which
the pavement is idealized as a four layered system,
consisting of (Lane 3): 355 mm (14 in.) of asphalt,
405 mm (16 in.) of cement treated soil, 1,070 mm
(42 in.) of untreated soil, and the concrete floor of the
test pit (semi-infinite). The constitutive response of
all four layers was assumed to be linear (isotropic)
elastic, obeying the constitutive relation (summation
convention applies):

in which εe
ij is the elastic strain tensor, sij is the devia-

toric component of the stress tensor σij , G is the shear
modulus, and K is the bulk modulus.

After assuming the Poisson’s ratios for each layer,
moduli values were obtained from FWD testing car-
ried out at a temperature level of 32◦C (90◦F). This
temperature level is slightly higher than the prevailing
temperature during the APT study, but the resulting
backcalculated moduli are considered more represen-
tative given that the loading speed of the APT carriage
was slow (Levenberg, et.al., 2009). By simulating the

super single wheel movement, the layered model was
utilized to compute the history of stresses in the asphalt
lifts along a cross-section (e.g., line LH in Figure 3).
Computations were performed every 25 mm (1 in.),
both in the vertical direction (i.e., downward in the
pavement) to a depth of 325 mm (13 in.) and also in the
transverse direction to an offset distance of 1,000 mm
(3.3 ft.) from the line of travel (i.e., a grid of 41 × 7
points). The wheel movement was simulated quasi-
statically, by applying the load at different distances
(lengthwise) from the cross section; 28 distances were
used for this purpose, spaced unevenly between 0 mm
and 2,000 mm (6.5 ft.). Because of the linear nature
of the model, superposition and symmetry considera-
tions could be used to generate the full stress history
in the asphalt lifts during the entire 13,000 passes of
the APT carriage from the above calculations.

In order to simulate rutting originating from the
asphalt layer, a visco-plastic (VP) constitutive model
was assumed for each of the asphalt lifts. In analogy
with the linear elastic constitutive model, Equation 1,
the VP equation takes the form:

in which ε̇
vp
ij is the VP strain-rate tensor, ηG represents

viscosity resisting shear deformation, and ηK repre-
sents a viscosity resisting bulk deformation. As can be
seen, when ηK increases towards infinity no isotropic
VP strains can develop in the material, only VP shear
deformations; this condition has the potential to rep-
resent a low voids mix for which VP deformations
will be predominantly shear related. For standard mix-
tures, VP strains will develop under load in both shear
and volumetric modes. Also, ηG in standard mixes is
expected to be higher compared to ηG in a low void
mix, representing the greater resistance to shear defor-
mation of the former. The choice for Equation 2 was
inspired by studies dealing with the permanent defor-
mation (compaction) of ice and snow (Ambach and
Eisner, 1983).

It should be noted that in order to generate realis-
tic results using this simple VP model, neither ηG nor
ηK can be considered constant; they should depend on
temperature, age/time and possibly on VP strain his-
tory. None of these dependencies is explored herein.
Temperature is assumed constant; time/age effects are
ignored due to the short duration of the APT experi-
ment; and VP strain history is not included because it
introduces nonlinear behavior that precludes the use
of superposition and therefore dramatically increases
the computational cost.

At this point, the computed stress history in a cross-
section (from the layered model) after 13,000 passes
of the APT carriage (considering wander and differ-
ent loading levels) is used as input for the VP model.
Initially, only the top two lifts, having a combined
thickness of 100 mm (4 in.), were assumed to con-
tribute to the observed rutting as the remainder of the
structure had already endured loading from a previ-
ous study.The necessary viscosities were subsequently
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Figure 6. Surface rutting data and calibrated model.

obtained from inverse analysis by matching the mea-
sured rutting in the experiment. The match obtained
for Lane 3 is shown in Figure 6.

One indication for the reasonableness of the mod-
eling effort was that the resulting shear viscosity (ηG)
of the standard mix was much higher than the shear
viscosity of the low voids mix. Also, as expected, the
bulk viscosity (ηK ) of the low voids mix was much
higher than the bulk viscosity of the standard mix.

Using the calibrated viscosity values for the low
voids mix, such an asphalt lift having a thickness of
50 mm (2 in.) was virtually inserted into theAPT pave-
ment at different depths from the top. When placed
(in the model) under a surface lift made of standard
mix, the results from Lanes 1 and 2 were adequately
reproduced. This provided further confidence that the
model was functioning appropriately. When the low
voids mixture was placed further down from the pave-
ment surface, below additional 50 mm (2 in.) lifts made
of standard mix, the overall rutting level at the surface
did not improve, only the width of the rut increased
slightly. More details will be provided in a forthcoming
report.

7 CONCLUSIONS AND RECOMMENDATIONS

TheAPT measurements in this study indicate that sim-
ilar rutting performance should be expected if a low
void mix is placed as a surface layer or placed 50 mm
(2 in.) below the surface underlying a standard mix.
The cause of the low voids, whether it originates from
excessive binder content, or excessive fines, did not
appear to impact the behavior. Using mechanistic con-
siderations, deeper positions for the low voids mix
were explored, and it was found that surface rutting is
negatively affected even if such a layer is placed deeper
in the pavement, up to a depth of 300 mm (12 in.).
Hence, combining the APT and NCAT study findings,
the following is recommended for high traffic inten-
sities (Table 3). The extension for low traffic level is
based on engineering judgment.

The proposed decision support tool in Table 3 is
provisional, based on preliminary analysis of limited

Table 3. Proposed decision support tool.

data from the APT and NCAT studies. The table is for-
mulated as a rough guide, not taking explicitly into
account the specifics of the low void mix (e.g., max-
imum aggregate size or other factors), details about
the pavement system, in situ climatic conditions, and
as-built layer properties and volumetrics. This is done
intentionally so that it could gain practical acceptance
by allowing room for engineering judgment on the part
of the decision makers.
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ABSTRACT: State transportation agencies have begun to develop and implement specifications for 4.75 mm
Nominal Maximum Aggregate Size (NMAS) Superpave mixes with some specifications based on recommen-
dations from a study conducted by the National Center for Asphalt Technology. These mixes restore surface
texture and ride quality but also have advantages such as optimal use of available aggregates, accommodation
of Reclaimed Asphalt Pavement (RAP), and application as an impermeable, thin preservation treatment. A trial
4.75 mm NMAS from Virginia DOT was placed as a thin treatment on existing accelerated pavement test sec-
tions. The objectives of this study were to conduct full-scale load testing to gain confidence in a new mix design
and to explore the ability of this thin treatment to curtail top down cracking. Several sub-sections, which were
reserved and left unloaded from a preceding study, received a 25 mm thick mill-and-fill with the 4.75 mm NMAS
mix. The construction produced a test section where half of the loaded wheel path was paved with the 4.75 mm
NMAS mix allowing a direct comparison of cracking performance with and without the thin treatment. Full
scale accelerated aging was utilized to compare the fatigue cracking performance for four combinations; with
and without 4.75 mm NMAS treatment each with and without aging. Crack maps illustrated that the unaged
4.75 mm mixture’s cracking performance exceeded the life of the sections without the treatment. Estimates of
the increase in life provided by this thin treatment exceed 8 years. Forensic coring has shown top-down cracking
to be the predominant distress. When aged, however, the 4.75 mm treatment provided no additional life, but
performed as well as an aged section without the treatment.

1 INTRODUCTION

1.1 Background

An aging highway infrastructure combined with
increasingly limited resources and rapidly growing
traffic volumes can benefit from preservation prac-
tices to extend service life. Recently, the use of
Superpave 4.75 mm nominal maximum aggregate size
(NMAS) asphalt concrete (AC) in a thin overlay has
gained more attention as a possible pavement preserva-
tion strategy.A 2004 National Center forAsphaltTech-
nologies (NCAT) survey of state agencies indicated
that several states were using 4.75 mm NMAS mix-
tures or mix types reasonably close to the AASHTO
criteria for 4.75 mm mixes.The survey also confirmed
that more agencies were interested in using 4.75 mm
NMAS mixes in the future (West et al, 2011). Thin lift
4.75 mm NMAS mixes not only restore surface tex-
ture and ride quality but also have advantages such as
providing a use for screening stockpiles and leveling
courses to decrease construction time.

In May 2010, a trial 4.75 mm NMAS developed by
Virginia DOT and Superior Paving Corporation, Inc.
was placed as a thin treatment on existing accelerated
pavement test sections at the FHWA pavement test-
ing facility (PTF). Three pavement subsections which
were reserved and left unloaded from a preceding
study received a 25-mm thick mill-and-fill inlay with
the 4.75 mm NMAS mix. The construction produced
a test section where half of the loaded wheelpath was
paved with the 4.75 mm NMAS mix allowing a direct
comparison of cracking performance with and with-
out the thin treatment. Full scale accelerated aging was
utilized to compare the fatigue cracking performance
for four combinations with and without a 4.75 mm
NMAS treatment each with and without aging.

1.2 Objectives

The objectives of this study were to conduct full-scale
load testing to gain confidence in a new mix design
and to explore the ability of this thin treatment to
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Table 1. Aggregate gradation of 4.75 mm job mix formula and production.

Sieves # Bealton sand #10 RAP Nat. Sand Bag House Mix Design Gradation Check

3/4
′′ (19 mm) 100 100 100 100 100 100 100

1/2
′′ (12.5 mm) 100 100 99.8 100 100 100 99.7

3/8′′ (9.5 mm) 100 100 95 100 100 99.1 97.0
#4 (4.75 mm) 96 96 67 98 100 92.3 87.6
#8 (2.36 mm) 62 66 50 86 100 68.7 60.1
#16 (1.18 mm) 38 45 39 66 100 45.7 43.1
#30 (0.60 mm) 26 33 29 36 100 31.9 31.0
#50 (0.30 mm) 17 24 21 12 100 21.6 21.4
#100 (0.15 mm) 10 18 14 5 98 14.7 15.1
#200 (.075 mm) 5.2 12.4 9.3 2.5 95 10.3 10.4

Blend % 26 44 20 10 1 – –

Table 2. Volumetric properties of 4.75 mm job mix formula and production.

Produced Mix Gmm From FHWA: 2.595
From Contractor: 2.584

Specification Criteria Ndesign = 50 gyrations
Job Mix FHWA aggregate Contractor’s aggregate

Volumetrics Virginia DOT Formula GSB = 2.813 GSB = 2.789

VTM (%) Design 5 4.4 –
Production 3–6 – 4.21–3.98

VFA (%) Design 70–75 74 –
Production 70–80 – 75.1–76.2 74.0–75.2

VMA (%) 16.5 min. 16.9 16.9–16.7 16.2–16.0
Vbe (%) – – 14.96 14.86
Dust to Binder 1–2 1.98 1.99 2.11
(effective asphalt)

curtail top down cracking (i.e. one of the objectives
was to exclude oxygen from the underlying section).
This paper summarizes the design and construction of
the as-built 4.75 mm NMAS mix, accelerated pave-
ment aging and testing, and the results obtained from
the accelerated pavement testing to date. The labora-
tory evaluation of the 4.75 mm NMAS mix has been
reported elsewhere (Li et al, 2012).

2 MATERIALS AND MIX DESIGN OF
4.75 MM MIX

The aggregate blend for the 4.75 mm NMAS mix
is 44% fine aggregate screening, 26% manufactured
sand, 20% fine recycled asphalt pavement (RAP)
and 10% natural sand. The aggregate gradations are
summarized in Table 1. The virgin binder was a
PG 76-22. It can be seen from Table 1 that the final
mix design met almost all Superpave mix design cri-
teria for 50 gyrations recommended by NCAT (James
et al, 2003). Specifically, it has as high as 10% pass-
ing the 0.075 mm sieve, 30% to 54% passing on the
1.18 mm sieve, over 16% VMA (voids in mineral
aggregate) and approximately 75% VFA (voids filled
with asphalt).The dust-to-binder ratio is above 1.5 and
the volume of effective binder is less than 13.5%; both

criteria recommended by NCAT study for good rutting
resistance mixtures (West et al, 2011).

The gradation and asphalt content was checked for
the production mix obtained during construction by
extraction using trichloroethylene (TCE) solvent. Two
replicates were tested and the average gradation is
shown in the last column in Table 1. Consistent gra-
dation between design and production was found on
the smaller sieves, but with larger differences on the
coarser aggregates. The asphalt binder was extracted
and recovered following AASHTO T319. The recov-
ered mix binder graded as a PG 82-22, which suggests
that the RAP likely increased the high temperature
grade by one grade while leaving the low tempera-
ture grade unaffected.The asphalt content,VFA,VMA
and ratio of dust to effective binder content of the pro-
duced mix meet most design targets at 50 gyrations.
Volumetric properties are provided in Table 2.

The VMA can be marginally within or outside the
allowable production range specified byVirginia DOT
depending on whether the contractor’s or FHWA’s
maximum specific gravity and aggregate bulk specific
gravity are used.

Given this was production and not laboratory pro-
duced material, the mix was still within production
tolerance, which is 5.7% for two samples per VDOT
SM-4.75 specifications and did not meet the design
gradation for 9.5 mm NMAS. Consequently, the
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conclusions reached from this project were not jeop-
ardized by the slight deviation from design gradation
ranges.

3 EXISTING MATERIAL AND STRUCTURE

The thin 4.75 mm NMAS overlay was placed on exist-
ing sections available for additional full scale tests
that remained after transportation pooled fund study
TPF-5(019) was completed. Details of the structural
configuration and materials in the accelerated pave-
ment testing experiment are described in the literature
(Gibson et al, 2012). The pavement structure con-
tains an asphalt concrete (AC) layer placed on top
of a crushed aggregate base (CAB) over a relatively
stiff AASHTO A-4 subgrade (decomposed bedrock).
The AC layer thickness before the inlay was 150 mm.
The total thickness of the AC and CAB layers is
660 mm. The AC mix design for the test lanes was
an identical, dense, coarse graded 12.5 mm nominal
maximum aggregate mix, but with different binder
types. The three binders in the structural AC lay-
ers underneath the inlay used an unmodified control
(Lane 8), unmodified air blown (Lanes 10), and
a relatively soft base binder heavily modified with
styrene-butadiene-styrene (Lane 9). Lane 9 is still
under loading and data are not reported here.

4 CONSTRUCTION OF 4.75 MM NMAS INLAY

A layout of the inlay within the pavement test facility is
provided in Figure 1a. An inlay rather than an overlay
was constructed in order to avoid any wheel dynamics
caused by a transition or bump when the ALF trolley
traveled from one sub-section to another. As shown
in Figure 1b, the 4-m wide and 13.2-m long (12-ft.
by 44-ft.) lane contains two testing sites at each end
where the left site is designated as Site 3 and the right
as Site 4. Each site was then further divided into two
subsections.The end of each lane was labeled with four
subsections A, B, C and D as shown in Figure 1b. Only
Sections C and D were inlaid with the 4.75 mm mix.

The top 25 mm (1 in.) layer of the original pavement
was milled with a hard joint around all edges. A tack
coat of CRS-1 at 0.07 gallons/square yard was applied
just before paving.The mixture was produced at a local
asphalt mixture plant and transported to the ALF site
with a distance of approximately 18 miles.The mix was
then dumped into a Roadtec SB-2500B material trans-
fer vehicle (MTV), which fed a Blaw-Knox PF3200
rubber tire paver. Paving started from the eastern side
and moved transversely toward the western side. The
lay-down temperature was measured by an infrared
thermometer and averaged about 124◦C (255◦F). The
mix was produced using a water foaming technique
in anticipation of a longer than ideal haul duration
through a traffic congested region. The mix appeared
workable and no problems associated with an overly
stiff mix were observed.A 15,000 lb roller was used for

Figure 1. Layout of ALF test sites with 4.75 mm NMAS
inlay; (a) inlay sections within overall pavement test facility
and (b) dimensions of inlay within a test lane.

the breakdown and an 8,000 lb roller was used finish-
ing. The initial roller pattern was two vibratory passes
and one static pass. Additional static compaction was
made to further lower the air voids while monitoring
with nuclear density gauges targeting a 10% air void
content. Photographs of construction are provided in
Figure 2.

Three slabs were cut from Lane 8 for Virginia
DOT to verify the air void content and measure
the permeability. One slab had an air void content
of 10.4% and the other two had air void contents
of 13.1% and 13.2%, respectively. The permeabil-
ity test revealed coefficient of permeability values of
142 × 10−5, 708 × 10−5 and 772 × 10−5 cm/sec for
the three specimens. This is higher than that recom-
mended by the NCAT study and the pavement may
be more susceptible to permeability related distress
in areas with high air voids. A total of 18 extra field
cores were also taken from various locations a few
days after the construction to check the final air void
content by using the saturated surface-dry method
(AASHTO T-166). The average in-place air void con-
tent from this testing was 13.2% with a range of 10.4%
to 16.3%. This is noticeably higher than the target
value but is consistent with that of the four field val-
idation projects, reported by the NCAT study (West
et al, 2011). This was mostly attributed to the types of
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Figure 2. 4.75-mm Mix inlay construction: (a) milling
operation, (b) after milling, (c) paving, (d) compaction.

rollers used. It is now recommended that larger rollers
(27,000 lb) are used for construction rather than the
15,000 lb and 8,000 lb roller used for breakdown and
finish rolling in this study.

Table 3. Summary of historical sequence for Lane 8 and
Lane 10.

Lane 8 (control PG 70-22
binder)
Including Site3 (sections A,
C) and Site4 (sections B, D)

Lane 10 (Air Blown binder)
Including Site3 (sections A,
C) and Site4 (sections B, D)

Built in summer 2002 Built in summer 2002

Site 3 original fatigue
loading in Dec 2005 to
May 2006 and then
completed over Feb 2008
to Mar 2008

Site 3 original fatigue
loading in Dec 2005 to
May 2006

Site 4 reserved and left
untouched with natural
aging and weathering from
construction up to Apr 2010

Site 4 reserved and left
untouched with natural
aging and weathering from
construction up to Jun 2010

Four weeks of accelerated
aging with radiant heaters
from Apr to May 2010

4.75 mm NMAS inlay
installed Jun 2010

4.75 mm NMAS inlay
installed Jun 2010

Eight weeks of accelerated
aging with radiant heaters
between Jun and Aug 2010
(for both Section B and D)

Four weeks of accelerated
aging between Jun and Jul
2010. During this time only
the aging was applied to
the section without the inlay
(Section B). The 4.75 mm
treatment (Section D) was
left unaged

Reserved site 4 is loaded
between Oct 2010 to
Feb 2011

Reserved site 4 is loaded
between Sept 2010 to
Apr 2011

5 NATURAL AND ACCELERATED
PAVEMENT AGING

The pavement sections used in this study were sub-
jected to natural and accelerated pavement aging.
Table 3 summarizes the historical sequence of both
Lane 8 and Lane 10. The accelerated aging used radi-
ant heaters to heat the pavement continuously at 74◦C
for a period of 8 weeks before loading. The equiv-
alency of the full scale accelerated aging to normal
pavement aging has been discussed in another paper
(Gibson etc. 2012). The 8 weeks of full scale acceler-
ated aging is equivalent to 12 to 18 months of natural
aging depending on the pavement depth.

6 FULL-SCALE ACCELERATED
PERFORMANCE TESTING

The split layout of the 4.75 mm NMAS inlay within
the wheel path allowed the performance of the ALF
sections with and without the treatment to be char-
acterized at the same time. Specifically, a comparison
betweenA and B subsections in both lanes can be used

260



to quantify the effect of aging on cracking in a con-
ventional pavement without any treatment. Whereas,
the performance between C and D subsections in Lane
8 quantifies the ability of a new unaged thin overlay
to delay cracking in the treatment of an aged pave-
ment. The comparison between C and D subsections
in Lane 10 investigated the ability of a thin overlay in an
aged condition to delay cracking in an aged pavement.
This activity evaluates a preservation strategy which
maintains the structural integrity before any cracking
distresses initiate or the perpetual pavement scenario
where milling and resurfacing is a corrective action.

The accelerated loading for cracking was carried
out at an intermediate temperature of 19◦C for both
natural and accelerated aged sections. Lateral wan-
der was programmed and the tire type was a 425
super single. The tire load and inflation pressure was
71 kN and 827 kPa respectively.TheALF devices were
stopped at regular intervals for both pavement per-
formance assessment and ALF machine maintenance.
Stops were more frequent earlier in loading to observe
any immediate changes in rutting or rapid cracking
and thereafter the stopping interval times were grad-
ually increased. Cracks were manually traced onto
clear Mylar plastic sheets as they formed at the sur-
face of the pavements. Different color pens were used
to correspond to the number of load repetitions. Two
approaches were used to process the data. One was to
measure the total crack length and the other was to
measure the percentage of area cracked in the loaded
area; about 1.0 m wide and 10 m long (3.4 ft. × 33 ft.).
A cracked area was considered to be fatigued when
individual cracks had grown and met each other form-
ing a network of cracks. The loaded area was divided
into 30 cm × 30 cm (1 ft. × 1 ft.) unit sections used to
quantify the percent cracked area.

Rutting was measured at the center of the wheel
path despite the test section being carried out at
an intermediate temperature of 19◦C, a temperature
widely believed to produce less significant permanent
deformation. Rut depth was quantified by essentially
the change in the thickness of the asphalt layer due to
permanent deformation. A Layer Deformation Mea-
surement Assembly (LDMA) installed in the asphalt
uses an aluminum plate on top of the crushed aggre-
gate base as a reference for steel rods fitting within
holes drilled through the asphalt layer.

7 TESTING RESULTS AND DATA ANALYSIS

7.1 Measured ALF fatigue cracking

Full-scale fatigue cracking performance at 19◦C for
Lane 8 is quantified in Figures 3 and 4. Normally
fatigue cracking in this type of APT experiment is
measured from the entire site’s loaded area. How-
ever, since Site 4 in Lane 8 and Lane 10 evaluated
the 4.75 mm mix using a half-site subsection, the per-
formance of these subsections needed to be compared
against the equivalent subsection in neighboring Site 3

Figure 3. Cumulative crack length for Lane 8.

Figure 4. Percentage of cracked area for Lane 8.

that were tested at a much younger unaged condi-
tion. As seen from Figures 3 and 4 for Lane 8, the
unaged 4.75 mm NMAS inlay (Subsection D) first
cracked at about 425,000 passes which was slightly
lower than the 500,000 passes needed to produce an
initial crack in the corresponding neighboring Subsec-
tion C.This indicates that these subsections had almost
the same fatigue cracking performance. In contrast, the
aged Subsection B without the treatment cracked with
much less loading at 50,000 passes. This illustrates
that unaged, strain-tolerant treatments have a potential
ability to delay aging related top-down cracking. Note
that Subsections A and C in Site 3 were loaded at an
age of about 3.3 years after construction; the neigh-
boring Subsection B was naturally aged to about 7.7
years then accelerated-aged to an older condition (i.e.,
possibly equivalent to an additional 4+ years or a total
age of about 11.7+ years). Subsection D is the same as
Subsection B but with the top 25 mm (1-in.) removed
and replaced with a 4.75 mm inlay which performed
equivalent to Subsection C. Therefore, the net gain in
fatigue cracking life for Subsection D with the inlay
treatment is potentially about eight years (11.7+ years
subtract 3.3 years equal to 8+ years).
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Figure 5. Cumulative crack length for Lane 10.

Figure 6. Percentage of cracked area for Lane 10.

Note that the impact of aging is dramatic as seen
in Figures 3 and 4 which compare Subsection A to
Subsection B without any treatment. Obviously, the
accelerated aging in this experiment reduced pave-
ment fatigue life significantly for both the existing AC
pavement and the 4.75 mm NMAS overlay pavement.

The relative performance of an aged treatment is
shown for Lane 10 in Figures 5 and 6.The performance
of the aged inlay Subsection D is nearly identical to
the performance of the aged Subsection B without
the treatment. This illustrates that once thin overlays
become brittle with age there is little to no benefit and
preservation should be considered again.

7.2 Cracking initiation location

A series of cores were taken from the selected unaged
and aged pavement sections after fatigue loading to
determine if aging caused a different type of fatigue
cracking, i.e., top-down or bottom-up cracking. The
sides of the cores were examined for the presence
of cracks propagating from the top-down or from the
bottom-up as shown in Figure 7.A schematic represen-
tation of the vertical direction of cracking with depth

Figure 7. Photographs of cores taken to inspect for direction
and depth of cracking.

Figure 8. Top-down/bottom-up Cracking Patterns from
Pavement Cores. [a] Cracking patterns of Lane 8 Site 3
(unaged) and Lane 8 site 4 (aged) [b] Cracking patterns of
Lane 10 Site 3 (unaged) and Lane 10 site 4 (aged).

taken from core measurement surveys is shown in Fig-
ure 8. The transverse coring and associated schematic
is meant to simulate a trench cut across the pavement at
different stations to map the crack patterns with depth.
As seen from the figure, the top-down cracks were the
predominant type of cracking on the aged sections,
which confirms the anecdotal body of knowledge that
aging causes flexible pavements to be more prone to
cracking in a top-down pattern.

For Lane 10 Site 4, the crack depth was also
measured during the core survey. The average and
standard deviation of the crack depths were 22.4 mm
and 14.9 mm for the aged subsection while the inlay
subsection had an average and standard deviation
of 13.4 mm and 4.7 mm, respectively. This indicates
that the extent of crack propagation was different for
the subsections with and without the inlay treatment
although they cracked initially almost at the sameALF
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loading applications as discussed previously.The inlay
treatment might have delayed the crack propagation.

Overall, cracking in the thin overlay appeared not
to extend to depths deeper than the thickness of the
overlay. The implications of this are important from a
preservation standpoint because it suggests that thin
overlays keep the distresses concentrated within their
layers and significantly delay more structural cracking
below.

8 SUMMARY AND CONCLUSIONS

This study evaluated the cracking and rutting perfor-
mance of a 4.75 mm NMAS thin overlay lift using
Full-Scale Accelerated Loading and various labora-
tory tests. A trial 4.75 mm NMAS from Virginia DOT
was placed as a thin treatment over existing accelerated
pavement test sections. The construction produced a
test section where half of the loaded wheelpath was
paved with the 4.75 mm NMAS mix allowing a direct
comparison of cracking performance with and with-
out the thin treatment. Full scale accelerated aging was
utilized to compare the fatigue cracking performance
for four combinations of pavement, with and without
the 4.75 mm NMAS treatment, and with and without
aging.

The unaged 4.75 mm NMAS overlay performed
much better in fatigue cracking resistance than the
untreated existing pavement in Lane 8 while the aged
4.75 mm NMAS overlay performed nearly the same as
the untreated existing pavement in Lane 10.Therefore,
thin 4.75 mm NMAS overlays used as a preservation
treatment have the ability to significantly delay the
aging related top down cracking, but once such thin
layers becomes brittle with age that benefit is lost.

Cores cut from the pavement sections after accel-
erated loading indicate that top-down cracks were the
predominant type of cracking for the aged sections.

Therefore, the accelerated aging rendered the pave-
ment more prone to top-down cracking.
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Rutting resistance of asphalt pavements with fine sand subgrade under
full-scale trafficking at high and ambient air temperature
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ABSTRACT: The rutting performance of an asphalt pavement structure with a fine sand subgrade and a high
ground water table was evaluated with full-scale trafficking tests with the Mobile Load Simulator 66 (MLS66) on
Chong-ming Island, Shanghai.The purpose was to establish the reliability of the design with fine sand.There were
two test sections with the same asphalt pavement structure but different subgrade depths. Track I was designed
with a shallow 1.5 m fine sand subgrade and Track II was designed with a medium 3.0 m fine sand subgrade.
The two tracks were constructed using traditional procedures on the natural clay subgrade covered with a layer of
graded macadam. The asphalt pavements consisted of three asphalt layers (total 200 mm) and two cement-treated
aggregate layers (total 540 mm, with 5% cement). The top 600 mm to 800 mm of the subgrade was treated with
3 to 4% cement. Track I was subjected to 1 million load applications at elevated temperature for 15 days and 1.1
million load applications were applied onTrack II at ambient air temperature for 17 days. Profile and temperature
data were collected. Pavement profiles and diagnostic excavation indicated that pavement deformation originated
from compression and shear flow of the asphalt materials. No fatigue cracking was observed. The influence of
the fine sand subgrade and its depth on pavement rutting was negligible. Cores and pit surveys showed that the
top asphalt layer of 120 mm thickness was significantly affected by trafficked loading and temperature. The rate
of rutting and total deformation volume of asphalt at high temperature was 1.5 times that of the test at ambient air
temperature during early trafficking, about three times more thereafter. The rate of deformation on Track I was
almost twice as fast as that ofTrack II. It is concluded that thick asphalt pavement with cement- treated-aggregate
base will have good rutting resistance and can be expected to be a perpetual structure.

1 INTRODUCTION

In China, highway traffic volume is increasing rapidly,
both in volume and axle weights (Lu, 2006). Motivated
by economic benefits, the proportion of multi-axle,
overloading and high tire pressure in traffic com-
position is increasing, and a channelized trafficking
phenomenon is becoming serious. Consequently rut-
ting is one of the main modes of premature failure in
asphalt roads in China and has been a focus of research.
Compared to the traditional laboratory tests and field
observation, Accelerated Pavement Testing (APT) is
preferable (Hugo and Epps-Martin, 2004) because it
not only can simulate real traffic, but also can apply
many load applications to achieve long-term service
performance in a relatively short time.

APT has been widely applied in the research
of rutting. Epps et al. (2003) used TxMLS (Texas
Mobile Load Simulator) and MMLS3 (one-third scale
Model Mobile Load Simulator) for stress analysis and
stress distribution, then modified methods for pave-
ment performance prediction through comparison of
theoretical values with measured ones. Khaled and
White (1999) modeled increase of rutting or perma-
nent deformation when temperature rises or loading

speed decreases, likewise when load or tire pressure
increases. Leif (1999) indicated that rutting was rel-
atively large in thin pavements in the initial loading
phase based on APT, but that they can bear consid-
erable trafficking in the dry state. Moisture content
had considerable influence on the acceleration of pave-
ment failure. Pavement life was 2.5 to 5 times longer
in a low moisture content state than in high moisture
content when rutting was 10 mm. Zhou and Scullion
(2002) proposed a program named VESYS based on
results from APT to predict rutting behavior. This
had a better correlation with measured values from
field tests. Southeast University,Tongji University and
Chongqing Transportation Research Institute (Yang
et al., 2006; Zhou et al., 2008; Huang et al., 2000;
Hua et al., 2006; Su et al., 2008) conducted research
on rutting resistance and prediction using a circu-
lar track test. The results showed that rutting was
not excessively affected by flexible and semi-rigid
subgrade, and rutting mainly occurred in the pave-
ment within 200 mm. It decreased when high viscosity
asphalt or polyester fibers SMA were used. Zhou
(1997) applied dynamic loading of 50 kN through a
large circular test, and discussed the forming process
and law of rutting under high temperature compared to
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SHRP (Strategic Highway Research Program) related
results. Meng et al. (2008) recommended evaluat-
ing rut upheaval deformation through Accelerated
Loading Facility (ALF) tests since there was good
consistency between rutting deformation volume and
rutting depth. Xu and Meng (2004) suggested that rut-
ting resistance of asphalt pavement with flexible base
was basically equivalent to pavements with semi-rigid
base through ALF tests.

The previous research provided good information
about test selection, survey measurements and test
plans for the current study. The National Natural
Science Foundation of China and Shanghai Science
and Technology Commission funded research for this
paper. The purpose was to evaluate the performance
of a fine sand subgrade with a high water table under
the same asphalt pavement structures. If found reli-
able in the accelerated test, the design will be used
for the construction of the G40 highway, which is one
part of a national highway network that will connect
the coastal city of Shanghai with the inland city of
Xi’an. Chong-ming Island is located at the mouth of
the Yangtze River. It is the terminal of the G40 high-
way where fine sand is abundant.Although commonly
found, there is little published data on the performance
of this sand in pavement structures. In order to evalu-
ate the performance of asphalt pavements on shallow,
fine-sand subgrades with high water tables, an APT
project was undertaken on Chong-ming Island in July,
2010.

This paper introduces the rutting performance anal-
ysis and trend development from the APT. Regres-
sion models of rutting against load applications were
developed and corresponding correlation analyses
undertaken. Rutting trends at high and ambient air
temperatures of the asphalt pavement with semi-rigid
base were analyzed in terms of several comparative
indices.

2 GENERAL INFORMATION ABOUT
THE TESTS

2.1 APT equipment

An MLS66 was used for the accelerated loading. It
exerts a half-axle load via dual tires on the pave-
ment surface, simulating heavy truck traffic for design
or evaluation purposes (Figure 1). Its dimensions
are 15 m × 2.87 m × 3.5 m (length × width × height),
and the effective loaded trafficked length is 6 m. The
machine comprises a rigid outer frame with six wheel
carriages referred as bogies, each fitted with dual
305/70R22.5 tires. The bogies run along two sets of
vertical endless looped elliptical guide rails. Maxi-
mum loading of the dual tires is 75 kN. The load is
applied through two hydraulic cylinders pressurized
from on-board hydro-pneumatic nitrogen accumulator
tanks on the bogies. The bogies can travel at a speed
of up to 6 m/s (22 km/h), equating to 6,000 axle load
applications per hour.

A schematic of the MLS66 is shown in Figure 2
(MLS66 operation manual, 2010). Each bogie-chain
is equipped with aluminum reaction plate sets and 12
pairs of steel wheels with diameters of 250 mm run-
ning on steel guides. There are 32 linear induction
motors (LIMs) fixed in rigid frames and attached to the
main structural frame. LIM aluminum reaction plates
are mounted on the moving reciprocating bogie chain.
The latter is then driven by electro-magnetic forces
and the wheel bogies are driven along the endless rail
loop. They are cooled by recycled cooling water with
an onboard water pump, heat exchanger and air fan.

2.2 Pavement structure

Two test tracks were constructed using conventional
procedures on the in-situ natural clay subgrade cov-
ered with a layer of graded macadam. Track I had a
shallow subgrade filled with 1.5 m fine sand, while
Track II had a typical subgrade filled with 3.0 m fine
sand. This fine sand is the local material on Chong-
ming Island. The gradation curve of the fine sand is
shown in Figure 3 (Zhang et al, 2008). The fine sand
subgrade was constructed layer by layer and the mean
degree of compaction was 96%. The mean resilient

Figure 1. Accelerated pavement testing device MLS66.

Figure 2. MLS66 structures (a) Overall structure;
(b) Wheel frame structure; (c) Plan view.
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modulus at the top of the subgrade top was 43.2 MPa.
During preliminary observations of the roadbed, the
measured underground water level was 2 m below the
road surface.

The base layer was 36 cm of cement stabilized
macadam (4% cement), and the subbase layer was
18 cm of cement stabilized macadam (3% cement).
Both layers were compacted to 96% of laboratory
determined density.

The pavements of Track I and Track II consisted
of the same materials, and were constructed at the
same time. Structure details are provided in Table 1
and the design gradation curves of the asphalt lay-
ers in Figure 4. All material tests followed the pre-
scribed standards of the Research Institute of Highway
Ministry of Transport (JTJ 052-2000, JTG E40-2007).
Core-drilling specimens of the asphalt mixture (three
cores per layer) were taken after construction and
tested. The results are listed in Table 2 and Table 3.

2.3 Testing plan

In most regions of China, the highest air temperature in
summer can reach more than 35◦C, and the maximum
temperature of the asphalt pavement can reach 60◦C
to 65◦C (Lu, 2008). In order to simulate the effect of
the loading environment, the pavement of Track I, was
heated artificially to the most unfavorable conditions.
During daytime, heating plates were placed next to the
test tracks. At night, the trafficked area was covered
with the heating plates, as shown in Figure 5. Fol-
lowing suggestions from MLS Company, the heating
plate temperature was set to 70◦C and thermostatically
controlled.Accumulated loading repetitions ofTrack I
reached 1 million. Track II was tested at ambient air
temperature. Considering that the rutting rate might be

Figure 3. Gradation curve of fine sand.

Table 1. Surface structure.

Thickness Pa ρf VV VFA VMA MS FL
Layer Structure cm % g/cm3 % % % kN mm

Upper-layer SMA-13 (SBS with Rubber 4 6.3 2.412 3.7 78.7 17.4 8.9 8.0
Crumb Modifier)

Mid-layer AC-20C (Rock Asphalt Modifier, 8 4.2 2.418 4.3 69.3 13.6 9.9 3.2
with Internal content 20%)

Lower-layer AC-25C (Rock Asphalt Modifier, 8 4.1 2.429 4.1 71.0 13.1 10.3 3.8
with internal content 25%)

slower, total repetitions of wheel loading was increased
to 1.1 million.

Fiber Bragg Grating (FBG) strain sensors and
thermal resistance temperature sensors (Pt100) were
installed at the bottom of each layer of pavement as
shown in Figure 6. Two additional temperature sen-
sors were installed 20 mm below the surface in the
upper asphalt layer. The thermocouples connected to
the heated plates were used to measure the temperature
at a depth of 2 mm from the surface.

Loading on the dual tires was set to 75 kN, which
simulates a half-axle load 50% higher than the stan-
dard axle load in China. According to the H-K method
proposed by Heukelom and Klomp (1964), loading
parameters were calculated based on Equation 1.

where, Pi, P = the conversion and standard axle load
respectively; pi, p = the corresponding wheel pressure
of Pi and P respectively.

Figure 4. Designed gradation curve of three asphalt layers.

Table 2. Test results of asphalt mixture.

Asphalt DS Residual Stability TSR
mixture number/mm % %

SMA-13 8432 91.7 87.1
AC-20 3725 90.7 88.2
AC-25 2493 87.2 89.7
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Table 3. Test results of core sample.

Specimen Design Specimen Standard Degree of
Asphalt thickness thickness Difference density density compaction
mixture mm mm mm g/cm3 g/cm3 %

SMA 50 40 10 2.393 2.42 98.9
AC-20C 75 80 −5 2.448 2.434 100
AC-25C 88 80 8 2.433 2.448 99.4

Figure 5. Heating process (a) Loading process during
daytime; (b) Non-loading process at night.

Figure 6. Schematic diagram of sensors layout.

The contact pressure was 0.801 MPa, equivalent
circle diameter was 0.224 m, and the contact track
footprint was 0.0467 m2. Loading frequency was set
to 6,000 load applications per hour. Hence the same
point would be subjected to one load application every
0.6 second. Lateral wander was not considered.

Every night after trafficking was stopped, the sur-
face profiles of the test tracks were measured with
an MLS Profilometer Driver-P2003 and compared
against the original profiles taken at the beginning of
the APT testing. The loading area was divided into
seven sections marked as 1#–7# from north to south
with an interval of one meter (Figure 7). Each pro-
file section was 1,500 mm in length which referred to

Figure 7. Rutting determination section.

the overall pattern of rutting along a transverse slice
at each of the seven designated longitudinal sections
shown in Figure 7. Data points were collected at
10 mm interval.

3 ANALYSES OF EXPERIMENTAL RESULTS

3.1 Rutting curve

Rutting depth is defined as the height from the highest
profile point to the lowest profile point of the section
curves, namely the sum of the upheaval and depression
values. The seven profiles in each track had similar
shapes, but the profiles near the equipment ends (Sec-
tions 6 and 7) had larger rutting depths, while the front
sections (Sections 1 and 2) had smaller rutting depths.
The reason for this was not specifically ascertained
during testing. It could be related to unevenness of the
original pavement surface since the trafficking profile
of the MLS is linear and parallel to the levels of the
machine footings at both ends. However the influence
of this has been determined by the manufacturer and
found to be less than five percent with a variation of
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Figure 8. Relationship between rutting and number of load
repetitions (a) 4th section of Track I; (b) 4th section of
Track II.

15 mm.A more likely cause could be temperature vari-
ation along the length of the pavement due to airflow
during trafficking.This was not specifically monitored
in this first trial. Figure 8 shows Section 4 as a typi-
cal example of the transverse profiles collected every
200,000 load applications.

Surface deformation was visually assessed and the
rutting depth was one third to half of the total overall
deformation after the first day’s loading. The highest
deformation recorded on nay one day was recorded
on the first day, which was attributed to secondary
compaction of the pavement material.

The final rutting depth of Track I and Track II was
25 mm and 11 mm, respectively. The rutting depth of
Track II was much less than that of Track I, hence
the importance of monitoring temperature during traf-
ficking. The rutting result of Track II with ambient air
temperature could meet the requirement of JTJ 073.2-
2001 (2001), that the rutting depth should not be more
than 15 mm. It is noteworthy that the rutting under
heated trafficking with lateral wander would proba-
bly fall within the specified limit (Hugo et al, 2004).
Therefore it was apparent that the fine-sand subgrade
was acceptable despite the presence of the subsurface
water. It was therefore concluded that it was feasible
to use fine sand as subgrade fill material.

Figure 9. Relationship between maximum rutting depth and
number of load repetitions (a) Track I; (b) Track II.

3.2 Maximum rutting depth

The rutting depth at different load applications obeyed
the student t-distribution; accordingly the maximum
(mean) rutting depth could be calculated by delet-
ing significantly deviated points from the confidence
interval of (RD − t/

√
n S, RD + t/

√
n S) and aver-

aging the remaining data based on Equation 2. The
change of rutting depth with load applications for 14
sections of the two tracks is shown in Figure 9.

where, RD = the rutting depth in mm; RD = the mean
value of rutting depth in mm; t = the coefficient
changed with guarantee rate (guarantee rate 95% was
adopted); n = the number of effective data points in
one type of load application (n = 7).

According to Figure 9, after one million load appli-
cations, the maximum rutting depth and mean maxi-
mum rutting depth of Track I were 25 mm and 20 mm,
respectively and 11 mm and 8.5 mm, respectively for
Track II. There was a statistically significant linear
relationship between maximum deformation and num-
ber of load applications at each section, as shown in
Equation 3.
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The change of rutting can be divided into two
periods on the basis of rutting development rate:

where, RD = the maximum rutting depth /mm;
N = the number of load applications /×104.

In Track I, the mean temperature at 2 mm distance
below the surface in the trafficked area was approxi-
mately 60◦C, while that of Track II was about 35◦C.
During the initial 60,000 load applications, the rate of
rutting growth (defined as the rutting depth produced
in 10,000 load applications, i.e. the slope in Figure 9)
in Track I was 1.5 times of that in Track II. There-
after, the difference increased to three times according
to Equation 3. This was attributed to the difference in
temperature.

Based on the assumption that the length of each
subsection was 1.0 m (unit length), the relationship
between rutting volume, including depression volume
and upheaval volume and load applications was estab-
lished as Equation 3. For a transverse profile curve
of rutting, the depression volume was obtained from
the graphic area below the original line multiplied by
1.0 m (Figure 8), and similarly the upheaval volume
was obtained from the graphic area above the original
line multiplied by 1.0 m.

The growth rate of displaced material (defined as
the displacement after 10,000 load applications, i.e.
the slope in Equation 4) in Track I was approximately
twice that of Track II during initial trafficking and
thereafter the difference increased to 4 times that of
Track II.

where, RV = the maximum rutting volume/mm3;
N = the number of load applications /×104.

According to the relative coefficients in Equation 3
and Equation 4, RV is a better index to reflect the
rutting change compared to RD.

3.3 Phase rate of rut development

The phase rate of RD and RV is defined in Equation 5.

Figure 10. Relationship between the rate of deformation
and number of wheel load applications.

where, N1, N2 = the number of load applications in
the 1st phase or 2nd phase /×104; RD1, RD2 = rutting
depth with number of load applications N1 or
N2/mm·10−4; RV1, RV2 = rutting volume with the
number of load applications N1 or N2/mm3·10−4.

In Figure 10, the mean phase rate of RD and RV
from the same test area showed a consistent trend
during trafficking. During preliminary loading, the
phase rate of RD of Track I was 1.5 times that of
Track II, and the phase rate of RV of Track I was twice
that of Track II. When the pavement material became
more stable, the phase rate of RD of Track I was about
twice that ofTrack II and the phase rate of RV ofTrack I
was between 3 and 4 times that of Track II.

3.4 Rutting upheaval analysis

3.4.1 Coefficient of lateral upheaval height
In order to understand the law of rutting growth in
the accelerated loading state, the coefficient of lateral
upheaval height (UHL) is defined as the proportion
of the largest lateral upheaval height to the maximum
rutting depth of each section curve. The results are
plotted in Figure 11.

3.4.2 Coefficient of upheaval volume
In order to assess the movements of the asphalt surfac-
ing in the accelerated loading state, the coefficient of
upheaval volume (UV) defined as the ratio of upheaval
volume to total rutting volume was calculated. The
results are shown in Figure 12.

The coefficients of upheaval volume of seven sec-
tions in Track I had approximately similar changes
in trend with increasing load applications, with no
statistically significant relevance. In the first phase (0–
66,000 repetitions), when the asphalt was compacted
by trafficking, Track I had a large depression but
relatively small upheaval. In the second phase
(66,000–200,000 repetitions) the coefficients of
upheaval volume reached maximum values, as the con-
solidation effect of trafficking was less obvious, and
the asphalt heaved next to the wheel paths. In the third

270



Figure 11. Relationship between lateral upheaval height
coefficient and number of load applications (a) Track I; (b)
Track II.

phase of trafficking (200,000–1,000,000 repetitions),
down rut and upheaval values showed a steady growth,
with a variation coefficient of between 2% and 4%.
The coefficient of upheaval volume in Track I was
concentrated between 0.3 and 0.5, with a mean of 0.41.

The coefficients of upheaval volume of seven
sections in Track II had a similar trend and large vari-
ability. The coefficients of upheaval volume of all
sections except Sections 6 and 7 were concentrated
between 0.4 and 0.5, with a mean of 0.46. The data
from Sections 6 and 7 deviated from the mean values
significantly. This was attributed to the effects of tires
lifting from the pavement surface.

An analysis of the results discussed in Sections 3.4.1
and 3.4.2, indicated that the upheaval height was two
fifths of the rutting depth in Track I, and one third of
the rutting depth in Track II. The upheaval volume was
two fifths of the rutting volume in Track I, and close
to half the rutting volume in Track II.

Table 4 compares the coefficient of variation of
UHL and UV. The coefficient of variation of UV was
smaller than UHL for the same section, indicating that
the UV was less dependent on the number of load
applications.

The coefficient’s mean values of lateral upheaval
height and upheaval volume coefficients are shown in
Figure 13.

Figure 12. Relationship between upheaval volume coeffi-
cient and number of load applications (a)Track I; (b)Track II.

Table 4. Coefficient of variation of UHL and UV.

UHL UV

Section Track I Track II Track I Track II

1st 7.4 10.8 7.9 7.8
2nd 8.3 7.3 6.1 15.8
3rd 11.5 11.7 7.8 18.5
4th 10.3 10.3 4.4 7.1
5th 10.7 9.0 4.4 7.7
6th 9.3 12.9 5.3 7.5
7th 7.3 9.6 8.6 4.3

The following conclusions are drawn with regard
to the upheaval comparison analysis between the two
tracks:

1. The coefficients of lateral upheaval height and
upheaval volume were both insensitive to the num-
ber of load applications.

2. The coefficients of lateral upheaval height of the
rutting sections were smaller than the upheaval
volume but the variation coefficient was larger.
The former discrete interval of 0.1 was much
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Figure 13. Relationship between upheaval coefficient and
number of load applications in two tracks.

smaller than the latter 0.36. Consequently, use of the
upheaval volume coefficient will be a more precise
measure for analyzing and evaluating pavement
structure rutting resistance.

3. The coefficient of upheaval volume in Track I was
smaller than that in Track II. The latter was close
to 0.5 which meant volume of upheaval and com-
paction of the asphalt layers were approximately
equal under ambient air temperature conditions.
In Track I, tested under high-temperature condi-
tions, the coefficient of upheaval volume was 0.4,
or two-thirds of the depression.

3.4.3 Height ratio of different upheavals
The ratio of the sum of two sides’ upheaval height and
that of dual-wheel clearance (i.e., the middle upheaval)
in Track II, without artificial heating were calculated.
The results are shown in Figure 14. A total of 119 data
points (7×17, where 7 is the section number and 17 is
the number of trafficking days) were collected.

An inverse correlation between the ratio and loga-
rithm of loading times was observed and is stated by
the following relation (Equation 6):

where, N = the number of load applications /×104;
T = mean temperature at 2 mm distance below the
surface course /◦C.

When testing under ambient air temperature, the
ratio between upheaval height on both sides of wheel
path and dual-wheel clearance changed very little
with temperature. However, this may change with
increasing load applications.

In early testing (0 to 200,000 load applications), the
ratio rapidly changed from 2 to 1.6. Between 200,000
and 1,000,000 load applications, it changed from 1.3 to
1 at a slower rate, that is, upheaval height of the dual-
wheel clearance was between 1 and 1.25 times that
of the lateral upheaval height during initial traffick-
ing (secondary compaction) compared to an upheaval
height of between 1.54 and 2.0 times that of the lateral

Figure 14. Relationship between upheaval height ratio and
number of load applications in Track II.

Figure 15. Permanent deformation of subgrade at different
depths.

upheaval after initial trafficking. The mean ratio for
the full duration of the test was 1.7.

3.5 Influencing factors analysis

3.5.1 Subgrade height
Dynamic deformation at different depths in the sub-
grade was consistent with the number of load applica-
tions. Data from Track I are shown in Figure 15 as an
example.

From Figure 15 it follows that:

1. Dynamic deformation increased rapidly during
the initial loading phase, then fluctuated within a
certain range instead of increasing.

2. Permanent deformation at between 20 cm and
50 cm below the subgrade surface was approxi-
mately 0.6 mm (on Track II it was 0.67 mm); at
between 60 cm and 90 cm it was approximately
0.2 mm (on Track II it was 0.23 mm); at between
100 cm and 130 cm it was approximately 0.05 mm
(on Track II it was 0.03 mm).

3. Overall, the total permanent deformation of the fine
sand subgrade with its top seal layer on both tracks
was between 1 mm and 1.5 mm after completion
of trafficking. However, total rutting depth reached
20 mm on Track I and 10 mm on Track II.
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Figure 16. Variation in underground water table during
testing of two tracks.

3.5.2 Effect of underground water table
The underground water table on the island where the
tests were conducted was lowered during construction
to construct the sand subgrade. Thereafter it stabilized
at the levels indicated in Figure 16. During the trials
the underground water level was not controlled but
it was monitored. The respective levels during the
trafficking are as indicated in Figure 16.

From Figure 16 it is apparent that the variation in
the water table levels during trafficking did not appear
to affect the deformation of the sand during traffick-
ing to the extent that it was measureable and needed
to be taken into account during analysis. This is con-
firmed by the very small deformations measured in the
lower levels of the subgrade, discussed in Section 3.5.1
above.

There was no significant correlation between defor-
mation and thickness of the subgrade or variation in
underground water level. It was therefore concluded
that the fine sand subgrade was unlikely to cause
dynamic failure under vehicle wheel load at 50%
overload.

The influence of cumulative deformation of sub-
grade on pavement structure was therefore ignored in
further analysis.

The vertical instantaneous strain of the subbase
was measured with the FBG sensors for 2 seconds
with a collection frequency of 100 Hz. The results are
shown in Figure 17.

The instantaneous response of vertical strain was
about 16 µε. Based on the Shell pavement design
method, the allowable strain of vertical compression
at the top of the subgrade can be calculated using
Equation 7 with a confidence level of 95%.

where, ε = the allowable strain of vertical compres-
sion of subgrade top /µε; N = the standard axle load

Figure 17. Vertical instantaneous strain of subbase in 2 s.

applications of each lane, and N = 100 × 104 × 12.18
(12.18 is the conversion coefficient).

Therefore,

The vertical compressive strain at the top of the
subgrade after testing was only 5% of the calculated
allowable value. Consequently, it can be concluded
that in this test, the influence of subgrade thickness had
little effect on pavement rutting and was not considered
in further analysis.

3.5.3 Rutting depth and temperature
Based on the findings of the rutting depth anal-
ysis discussed above, a strong linear relationship
between rutting depth and load applications was found,
as expected, with temperature a statistically signifi-
cant factor influencing rutting resistance. The models
described above were therefore refined to include
temperature and are presented in Equation 8:

where, RD = the rutting depth /mm; N = the number
of load applications /×104; T = mean temperature at
2 mm below the surface course /◦C.

3.5.4 Permanent deformation and PSPA modulus
With increasing temperature, the rheological property
of asphalt changes, and the modulus of the asphalt
surface layer significantly reduces. The pavement will
undergo distress after the surface layer, absorbing most
of the traffic load (Ou et al., 2008). Resilient modulus
attenuation of the surface layer reflects the weaken-
ing process of the material’s mechanical properties,
and is an important parameter for assessing permanent
deformation.

The Portable Seismic Property Analyzer (PSPA) is
a field-deployable device for measuring sonic, ultra-
sonic, and resonant vibrations. This enables nonde-
structive evaluation of asphalt concrete and portland
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cement concrete pavements and structures, includ-
ing the base and subgrade materials (Nazarian et al.,
1993; Gucunski, 2002). The PSPA hardware consists
of a ‘source’, two ‘receivers’ and an electronics box
packaged as a hand portable unit. The hardware is
controlled by software running on a computer.

Guo (2010) proposed a prediction model for asphalt
pavement rutting based on effective temperature,
seismic modulus and traffic loading.

The seismic-wave modulus within the range of 4 cm
to 18 cm from the top of the pavement was measured
using the PSPA after taking rutting measurements on
each section. The intersections of the two wheel tracks
and seven rutting sections were taken as the measuring
points as shown in Figure 7. The lateral and longitudi-
nal PSPA modulus at each point was averaged as the
true value.

Results from the two test tracks are summarized in
Figure 18. Prior to trafficking a modulus of 8.3 GPa
was recorded. After the first day of trafficking, this
value dropped to 6.0 GPa, or about 70% of the origi-
nal stiffness. These changes were mostly attributed to
initial compaction by trafficking. Thereafter the rate
of modulus reduction slowed and stabilized at about
5 GPa. Differences between Track I and Track II were
attributed to temperature.

Because of the limited available data caused by
equipment failure in Track II, Track I was used as
an example to analyze the relationship between rut
depth, temperature, and PSPA modulus. The curves
are shown in Figure 19 based on the mean value of 16
groups from a total of 224 data groups (14 points per
day × 16 days).

The equation for the above three parameters was
developed as follows using Matlab software (Equa-
tion 9).

Figure 18. Relationship between rutting permanent defor-
mation and PSPA modulus.

where, RP = the permanent deformation /mm; MP =
the PSPA modulus /GPa; T = the mean temperature of
surface /◦C.

3.6 Core samples and test pit analysis

The test road was studied in a full-depth trench,
schematically shown in Figure 20. It was found that
rutting was the only form of distress in the upper
and middle asphalt layer. No fatigue cracking was
observed. The base and subgrade had no visible defor-
mation. This further illustrated that plastic deforma-
tion of the asphalt mixture was the main cause of the
rutting.

Cores were taken from the wheelpaths, from the
deformed areas adjacent to the wheel paths, and
from unaffected areas beyond any deformation.Actual
positions are shown in Figure 21. Layer thicknesses
were measured on all cores. Each specimen was
then cut at the layer joins (SMA-13, AC-20C and
AC-25C) and the volumetrics determined using the

Figure 19. Relationship between permanent deformation
(down rut only), PSPA modulus and temperature.

Figure 20. Test pit schematic.
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Marshall Method. Table 5 lists the results. Unfortu-
nately the cores from the deformed areas adjacent to
the wheel tracks were discarded before measurements
were taken.

Figure 21. Core and test pit locations.

Table 5. Test results of core samples from different positions.

Mean height Relative ratio Mean VV Relative
Position cm of height % ratio of VV

Track I Upper layer-depression part 4.83 −0.04 4.08 −0.24
Upper layer-upheaval part 4.36 −0.13 5.65 0.05
Upper layer-untrafficked part 5.03 0 5.39 0
Middle layer-depression part 7.14 0.01 1.95 −0.19
Middle layer-upheaval part 7.63 0.08 2.77 0.15
Middle layer-untrafficked part 7.1 0 2.41 0
Lower layer-depression part 7.5 −0.07 4.08 −0.23
Lower layer-upheaval part 8.64 0.08 5.65 0.06
Lower layer-untrafficked part 8.03 0 5.32 0

Track II Upper layer-depression part 3.96 0 4.09 −0.27
Upper layer-untrafficked part 3.95 0 5.63 0
Middle layer-depression part 6.42 −0.01 1.35 −0.15
Middle layer-untrafficked part 6.49 0 1.59 0
Lower layer-depression part 7.34 0.05 2.34 −0.16
Lower layer-untrafficked part 7.02 0 2.8 0

Variables such as specimen handling and accuracy
of layer measurement, made it difficult to determine
which specific layers were most affected by wheel
trafficking. Consequently, void ratio was considered
to be a more appropriate means of determining the
degree of compaction of each layer. Accordingly, this
was used for the analysis, rather than specimen height.

Reduction in void ratio in each asphalt layer in the
cores removed from the wheelpaths was about 22%
for both test tracks. Differences between layers could
not be distinguished. In the cores taken from adjacent
to the wheelpaths, the void ratio was different in the
different layers, ranging between 27% in the top layer
and 16% in the middle layer on Track 1, compared to
5.5% in the top layer and 15% in the middle layer on
Track II.

The differences in results of reduction in void ratio
between the two test tracks were again attributed to
temperature.

4 CONCLUSIONS

The APT study to evaluate the performance of asphalt
pavement structures with cement stabilized base and
subbase layers on fine sand subgrades influenced by
changing water table depth, proved to be successful.
The conclusions are as follows:

– The influence of the depth of the fine sand subgrade
on pavement rutting was negligible in terms of
permanent deformation and vertical compression
strain.

– Rutting occurred mostly in the top and middle lay-
ers of the asphalt. The middle layer was apparently
more susceptible to rutting.

– As expected, the rate of rut depth accumulation
increased with increasing temperature and increas-
ing number of load repetitions.

– The coefficient of upheaval volume can be used for
analysis and evaluation of rutting resistance more
precisely with smaller discretion interval than that
of upheaval depth.

275



– The phase rate discrepancy of rutting rate between
high and ambient air temperature increased with
number of load applications.

– High temperature caused continued lateral flow of
asphalt mixture.

– The height of the upheaval adjacent to the wheel-
paths was less than the depression in the wheel-
paths, especially under high temperatures.

– Reduction in void ratio was higher in cores removed
from the track tested at high temperature compared
to those removed from the track tested at ambient
temperature.

– At high temperature, permanent deformation grew
linearly with the attenuation of PSPA modulus and
the increase of temperature.

There are several issues that remain to be studied,
such as the effect of different loading rate on rut-
ting, the conversion relationship between conventional
resilient modulus of asphalt and PSPA modulus, and
the influence of lateral wander.
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ABSTRACT: The Mobile Load Simulator (MLS10) is a new type of Accelerated Pavement Testing (APT)
equipment recently purchased by Empa, Swiss Federal Laboratories for Materials Science and Technology. This
paper summarizes the results of the first calibration tests of the MLS10 in Switzerland. The objective was to
evaluate the performance of the machine for testing pavements constructed with local materials under local
guidelines. The focus of the study was the structure of the A4 motorway near Zürich. Three pavements were
constructed and trafficked with a total of 1.6 million 65 kN load passes over a period of approximately seven
months. To access the structural response throughout the loading history, the pavements were instrumented
with different sensors. Transverse profiles of the surface were periodically taken. Falling Weight Deflectometer
(FWD) and static deflection bowl measurements were taken before, during, and after trafficking to evaluate the
structural condition. Finally, pavement samples were obtained from the section and tested in the laboratory. The
pavement response was analyzed and validated with a model using the Finite Element Method (FEM). At the
end of the tests almost no sign of distress was observed, showing the durability of the pavement.

1 INTRODUCTION

1.1 Background and motivation

In 2006, the University of Stellenbosch in SouthAfrica
developed a prototype APT device. In 2008 the Swiss
Federal Laboratories of Material Science andTechnol-
ogy (Empa) purchased the prototype device, known
as the MLS10 Mobile Load Simulator, a new APT
technology that can apply 6,000 unidirectional load
applications in one hour. This device is composed
of four loading bogies running in a closed loop and
powered by contactless linear induction motors (LIM)
(Partl and Arraigada, 2011). Further, the machine is
mobile and can be transported on standard low bed
trucks. It also has the ability to move autonomously
at walking speed to change position within the testing
site. With the MLS10 it is possible to consider real
climatic and construction conditions.

Since no previous experience with a mobile load
simulator of this type was available in Switzerland,
an experimental project to evaluate the performance
of the machine with pavements constructed following
local guidelines, with local materials and construc-
tion was planned. The primary objective was to test
a typical Swiss pavement in order to know how many
MLS10 loading cycles were necessary to produce dis-
tress in the structure. In addition, it was expected

that these tests would provide some basic information
about the design norms used in the country.

A second but equally important objective was to
learn the operation of the MLS10 itself, detect possible
operational shortcomings and technical defects, and to
improve the performance of the machine, which is a
prototype and the first of its class in the world.

Finally, the project was used to propose and evaluate
pavement testing procedures as well as instrumen-
tation and software to collect research data. Estab-
lishment and formalization of the data handling,
formatting, processing, storage and backup protocols
and software was also a goal.

A new motorway was chosen for the experiment. A
dedicated testing site was constructed using the same
materials and design used in the Zürich A4 motorway,
considering four variations, as explained in the next
section. The site was located just beside the motorway
area to keep subgrade materials and climate as close
as possible to real conditions.

Due to the restricted time window, problems with
the prototype machine, and the lack of experience of
the personnel in charge of the tests, the number of
load repetitions applied to the test sections was limited
to 1.6 million over a period of approximately seven
months. Testing was carried out on three of the four
test sections.
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Figure 1. Layout of the sections and layers of the three
pavements trafficked with the MLS10.

In situ tests were carried out to establish the sub-
grade properties before starting with trafficking. In
order to evaluate the pavement deterioration, pave-
ment response to MLS10 loading was monitored using
strain gauges and accelerometers, as described later.
Since temperature cannot be controlled while load-
ing, several temperature sensors were installed in
the structure. Other non-destructive pavement test-
ing procedures were carried out on a regular basis,
as described later.

After completion of trafficking of the sections, the
pavement was cored and samples were tested in the
laboratory. Parameters including temperature depen-
dent elastic modulus and interlayer bonding between
the asphalt layers of the trafficked and non-trafficked
areas were assessed.

The analysis of all of these combined data was used
to establish the degree of deterioration of the structure
after APT with the MLS10. A finite element model
was prepared to evaluate the stress conditions under
load and compared with measured values.

2 EXPERIMENTAL SETUP

2.1 Test section layout and construction

The test site was constructed in September 2008 and
comprised four different test sections. Each section
consisted of a rectangular area 20 m × 5 m, totaling
a paved surface of 10 m × 40 m, as shown in Fig-
ure 1a. The materials used in each section (Figure 1b)

correspond to a heavy duty full-depth asphalt pave-
ment described in the Swiss Norms (VSS, 1997; VSS,
2008). This pavement is the thickest structure in the
design catalogue, prepared for the highest traffic load-
ing calculated in Switzerland. The difference between
each of the four sections was the number of layers.
Section F4 was constructed following the exact design
of the motorway pavement. Section F3 was built in
the same way as Section F4, but without the top layer
(AC MR 8). Finally, Section F1 was constructed with
no top and second layers (AC B 22H). The base layer
of all sections (ACT 22H) was placed on top of a stress
absorbing membrane interlayer (SAMI) separating the
asphalt layers from the two cement stabilized layers
of 18 cm and 22 cm thickness, respectively. The con-
cept behind test plan was to compare the response of
each of the structures to evaluate the validity of the
design norms. Each of the pavements in Section F1,
Section F3 and Section F4 corresponds to a Structural
Number (SN) of 128, 160 and 172, respectively.

For the tests, the MLS10 was regularly moved
through the testing site to have, on average, the
same temperature profile in each section. Due to
time restrictions, Section F2 was not trafficked and
therefore, is not discussed in this paper.

2.2 Subgrade and base layer material properties

During pavement construction, standard tests were car-
ried out to evaluate the subgrade and base course per-
formance. Load bearing capacity tests on the subgrade
and compressive strength of the cement stabilization
were performed prior to construction of the pavement.

2.3 Test section instrumentation

The response and deterioration of the pavement
was evaluated using different methods. Sensors were
installed in the structure to monitor the temperature of
the materials and measure the deformation and deflec-
tion under the MLS10 loading. A schematic of the
location of the sensors with their names is depicted
in Figure 2 (only for Section F4). The name and the
installation depth in all sections are shown in Table 1.
Deflection was measured indirectly using capacitive
accelerometers (A41 to A43 in the figure). Strain
gauges were installed during construction to monitor
deformation between the asphalt layers (BQ4, TQ4,
BL4 and TL4). No strain gauges were installed in
Section F1.

Kyowa (120 mm long) strain gauges were used.
These are covered with acrylic and use three con-
ductors for compensating resistance change due to
temperature. The cables of the original sensor were
changed for stranded silver-plated copper wires with
Teflon insulation, capable of withstanding the high
temperatures of the hot asphalt concrete during con-
struction. Data acquisition was done with a Spider 8
system. Catman software was used to control the sys-
tem. Data was collected continuously and recorded
every five minutes.
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Figure 2. Schematic of the position of the sensors in
Section F4.

Table 1. Location and naming of the sensors.

2.4 Periodic measurements

Permanent deformation of the structure was evaluated
during periodic measurements with a profilometer in
three transverse locations along the wheel path (P41 to
P43 in Figure 2). Rutting profiles for each pavement
were then calculated. Visual inspections of the pave-
ment surface were carried out simultaneously with the
profile measurements.

2.5 Non-destructive tests

Two types of non-destructive tests were carried out,
before, during and after trafficking (Table 2).A Falling
weight deflectometer (FWD) was used to measure
pavement deflection using a grid of 45 points dis-
tributed in an area of 12 m × 2.5 m. Deflection bowl
measurements were also taken with an ETH Delta
device, which determines the deflection bowl pro-
duced by a static axle load. It has 12 high precision
lasers that measure the rebound of the road surface

Table 2. Date and number of MLS10 load repetitions for
each non-destructive test.

FWD tests ETH delta tests

Section
Date
(2009) 1 3 4 1 3 4

29/06 0 0 353,000 – – –
15/09 188,000 427,000 396,000 – – –
16/09 – – – 188,000 427,000 396,000
22/10 439,000 427,000 550,000 – – –
10/11 – – – 439,000 – 740,000

when the loading axle moves away from the device
(Rabaiotti, 2008). Measurements were taken in both
the trafficked area and outside the trafficked area.
Results are in the form of three dimensional deflec-
tion bowls that can be compared or can be used for
backcalculation purposes.

3 TEST PROGRAM

The MLS10 is able to apply a maximum load of 65 kN,
corresponding to a full-scale axle load of 130 kN. It can
be converted to an equivalent single axle load with a
destructive amplification factor of 8.46. In theory, to
simulate 20 years of traffic it would be necessary to
load the pavement with 8,630,000 MLS10 load repeti-
tions.The goal of the first phase of the test program was
to apply 3 million MLS10 65 kN load repetitions and
after this, decide if an extension of the test period was
required to fulfill the main objective of the project.
Unfortunately, due to reasons already explained, a
total of only 1,606,000 load applications were reached
before the end of the project time period. Of that total,
the load applications were distributed in each of the
sections as summarized below:

– Section F1: 439,000 load repetitions
– Section F3: 427,000 load repetitions
– Section F4: 740,000 load repetitions

For these tests, the MLS10 was equipped with
Goodyear 455/50 R22.5 dual tires. The speed of the
moving tires was 22 km/h. In order to test under similar
temperature profiles and have the results comparable,
the machine was moved regularly from one section to
the other.

4 DATA ANALYSIS AND INTERPRETATION

4.1 Temperature

Table 3 summarizes the average temperatures mea-
sured for the duration of the tests. The first column
presents the total average temperature in the entire test-
ing period whereas the second column considers only
the temperature measured when the MLS10 was in
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Table 3. Temperature in each section.

Average Average temperature
temperature while trafficking

Sensor (◦C) (◦C)

T4D 22.6 23.4
T4B 22.8 20.3
T4T 22.5 18.7
T3B 23.2 28.5
T3T 23.8 29.6
T1T 19.7 27.5
T1S 20.0 23.8

Figure 3. Example of one transverse pavement profile for
different trafficking intervals.

Figure 4. Progressive comparative rutting of all the sections.

service. Average surface temperatures in Section F3
were the highest of all sections, whereas Section F4
recorded the lowest temperature with 23.4◦C.

4.2 Transverse pavement profile

Pavement permanent deformation for each section was
calculated by analyzing the three profiles taken with
the MLS profilometer. Figure 3 presents the accumu-
lated deformation of the pavement surface of profile
P42, corresponding to the second profile of Section F4.
Figure 4 shows the progressive rutting in terms of
load applications for all the test sections. The curves
extrapolated to one million loading cycles show very
small rutting depths of less than 2 mm for all sec-
tions trafficked. Section F4 had the highest rutting,

Figure 5. Deformation measured with the TQ3 strain
gauge showing the deformation with increase in pavement
temperature.

Figure 6a. Temperature dependent absolute deformation
obtained with sensor TL3. Every marker type represents a
day and a certain number of MLS10 loads.

despite the pavement having the most layers and lowest
temperature during the tests.

4.3 Strain gauges

In order to analyze the deformation obtained with the
strain gauges it was necessary to take into account
the influence of speed of the MLS10 loads and the
pavement temperature. Measurements were filtered
and only those records taken at a trafficking speed of
22 km/h were considered. Temperature change during
the day and the influence of tire friction on tempera-
ture were both taken into consideration as they both
had an effect on strain under the same load, as shown
in the example in Figure 5.

The average difference between tension and com-
pression peaks was calculated for every valid file
recorded and stored in a table together with the mea-
sured temperature, the timestamp and the number of
accumulated loads. Then, for every day with records,
curves of temperature dependent deformation were
drawn and fitted with sigmoidal functions (Figure 6a).
By repeating this procedure for everyday of the test,
it was possible to build deformation curves dependent
of the number of trafficking loads. An average tem-
perature for all measurements was determined and the
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Figure 6b. Deformation vs. number of MLS10 load repeti-
tions for average temperature.

Figure 7. Strain gauge analysis for TQ3.

deformation was again calculated. This deformation
was then plotted against the accumulated number of
loads (Figure 6b). By evaluating the data in this way,
it was possible to reduce the influence of temperature
in the results.

Other calculations for Section F3 and Section F4
are presented in Figure 7 and Figure 8, respectively.

None of the strain gauge measurements showed a
significant change in the deformation values. This can
be interpreted as evidence that the structures tested
with the MLS10 did not show any kind of distress
after trafficking.

4.4 Falling weight deflectometer

Data obtained with the FWD was used to prepare
deflection maps of the areas were the tests were carried
out. This area, about 12 m long and 2.5 m wide had the
MLS10 loading sector in its center (wheelpath). By
taking the maximum deflection of each point of the
measurement grid, the authors expected to identify rel-
atively weak zones in the scoped area. Deflection maps
for Section F1 and Section F4 are shown in Figure 9.

Figure 8. Strain gauge results for BL4 and BQ4.

The investigation revealed that no clear change
could be detected in Section F1. On Section F4,
however, relative deflection increased on the traf-
ficked sector. Unfortunately, no further data could be
collected in order to confirm this tendency.

4.5 ETH Delta

The data obtained with the ETH Delta device was used
to prepare three-dimensional (3-D) deflection maps.
Deflection maps for Section F1 and Section F4 are
provided Figure 10 and Figure 11, respectively.

The shape and order of magnitude of the deflec-
tion bowls do not show clear signs of change after
being trafficked. It can be seen that the amount of load
repetitions were insufficient to induce a change in the
structural response.

4.6 Laboratory tests

Bituminous layers on all sections were cored. No eval-
uation of the cement stabilized layers or subgrade was
done after trafficking.

Laboratory testing on the three top layers included
indirect tensile tests and evaluation of interlayer
bonding.

4.6.1 Indirect tensile test
Temperature dependent elastic moduli of the bitumi-
nous layers were calculated for six cores taken from
the wheel path and outside the trafficked area.An aver-
age elastic modulus for each condition was calculated
and compared. Results are presented in Table 4 and
Figure 12, and show that the difference between both
loading conditions was negligible.

281



Figure 9. 3-D deflection maps for FWD tests on Section F1 and Section F4. The footprint of the dual tires is marked in the
centre of the area.

Figure 10. 3D deflection measured with ETH Delta for two
trafficking conditions on Section F1.

4.7 Interlayer bonding

Four cores taken from the loaded area were tested
with the layer parallel shear test (LPDS) according to
Leutner (VSS, 2000), and then compared with results
obtained from untrafficked cores.Two interlayers were
analyzed: between MR8 and AC B 22 H (top and

Figure 11. 3-D deflection measured with ETH Delta for two
trafficking conditions on Section F4.

second course) and betweenAC B 22 H andACT 22 H.
The results, summarized in Table 5, and plotted in Fig-
ure 13, show that the MR8 and AC B 22 H interlayer
properties improved after trafficking. This confirms
earlier research findings on this topic (Raab and Partl,
2007).
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Table 4. Elastic moduli of the top layers.

Non-
Temp. trafficked Trafficked Difference

Layer (◦C) (MPa) (MPa) %

AC MR8 5 9,543 9,395 1.6
10 6,900 6,622 4.0
15 4,442 4,594 −3.4
20 3,435 3,481 −1.3
25 2,367 2,449 −3.5
30 1,128 1,187 −5.2
35 859 871 −1.4

AC B22 H 5 18,948 19,490 −2.9
10 14,668 13,561 7.5
15 9,925 10,700 −7.8
20 7,348 7,647 −4.1
25 4,856 5,019 −3.4
30 3,268 3,247 0.6
35 2,231 2,175 2.5

AC T22 H 5 20,248 19,865 1.9
10 15,985 14,279 10.7
15 11,295 11,109 1.7
20 8,060 7,927 1.7
25 5,170 5,058 2.2
30 3,522 3,332 5.4
35 2,315 2,235 3.5

5 FINITE ELEMENT MODEL

In this section, a finite element (FE) model of the
experimental phase is briefly discussed. The goal was
to establish a relationship between the measured defor-
mation on the test sections and the stress-strain field
of the structure. The simulation attempts to represent
as closely as possible the conditions of load dimen-
sion (footprint), speed, temperature of the structure,
materials, etc. To that end, the commercial finite
element software ABAQUS was used.

To take field conditions into consideration, a plug-
in of ABAQUS 6.8 was developed. A GUI (Graphical
User Interface) coded in Python was used to gen-
erate and simulate the experiments automatically, as
detailed below.

The GUI form was created in a way that the param-
eters were incorporated in each field through the
different tabs. Data entry was arranged by completing
five different forms, related to different stages of the
organization of the model. The names of the forms,
which are activated by selecting the appropriate tab
are: Geometry and Materials, Loads, Interactions, Ele-
ment Types + Mesh and Job + Visualization. This
plug-in has the ability to create a structure of four
layers with different thicknesses.

The material properties of each layer are stored in
a file establishing a library of materials. A drop down
menu in the materials form allows access to the list of
materials available in the library. The form also allows
incorporation of the influence of temperature in each
layer separately.

Figure 12. Top two diagrams show the moduli of traf-
ficked and non-trafficked cores. Bottom diagram shows a
comparison of both modules, with good correlation.

Table 5. Average results of the LPDS.

MR8-AC B 22H AC B 22H-AC T 22H

Un Un
Parameter Trafficked trafficked Trafficked trafficked

Load 41.9 32.9 37.1 39.5
(kN)
Tension 2,373.0 1,864.3 2,099.5 2,235.3
(kN/m2)
Deform. 2.7 2.2 1.5 1.3
(mm)

Loads were also stored in a load library. The GUI
user chooses from a menu of loads of different type,
shape, amplitude and speed. In the Interactions menu,
different types of contact models are chosen. It is
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Figure 13. Comparison of the LPDS for both interlayers and
loading condition.

possible to specify a coefficient of friction and tangen-
tial contact stiffness normal to the surfaces involved.
It is also possible to select whether the simulated lay-
ers are bonded, creating a situation where no relative
motion between them is possible.

An eight-node cubic element linear C3D8R was
used to define the mesh. This form allows defining a
refined element mesh directly under the load footprint
and setting the number of elements in each direction
of the model. In the last form Job +Visualization, the
user can name the simulation and select the type of
solver to use for resolution.

Figure 14 presents the FE model geometry for the
Section F4 test. The four layers of the structure are
displayed in different colors. By having similar char-
acteristics, stabilized granular layer bonding (HGT) is
considered as a single 400 mm (180 mm + 220 mm).
The overall dimensions of the model are 2,250 mm
long and 2,000 mm wide. These dimensions were
defined during different runs to achieve an appropri-
ate balance between accuracy and computation. The
computing time for these models was on the order of
four hours.

The mesh was designed to provide greater definition
in areas where a reasonable accuracy is required. In
total, 13,662 items were used to define the geometry
of the pavement.

Figures 15 and 16 present two examples of cal-
culated and measured strains. Figure 15 shows lon-
gitudinal strains at −30 mm depth with a pavement
temperature of approximately 20◦ C. The curve calcu-
lated with the FE model is on the left. The window on

Figure 14. Geometry of the FE model.

Figure 15. On left, the FE calculated strains. In the window,
the measured strain. (Strain gauge BL4).

Figure 16. On left, the FE calculated strains. In the window,
the measured strain. (Strain gauge BQ4).

the right shows one measured loading cycle. In Fig-
ure 16 the curve shows transverse strains for the same
temperature and position.

Table 6 summarizes the results of the strain (abso-
lute values) for each case: the real, as an average of
several measurements, and the simulated for the same
mentioned conditions of load speed and pavement tem-
perature. The results show that, although there are
still differences between the measured and calculated
values, they are small and the model developed here
can be used to estimate the pavement response. Fur-
ther research on this topic will be presented elsewhere
(Pugliessi, in prep.).
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Table 6. Summary of measured and simulated strains.

Modeled strains (µε) Simulated strains (µε)

Longitudinal Transverse Longitudinal Transverse

10 60 11 42

6 SUMMARY AND CONCLUSIONS

The main goal of the activities summarized in this
paper was to calibrate the MLS10 which is a prototype
for which there was no previous experience in Switzer-
land. To that end, the objective was to use MLS10 to
traffic a typical Swiss pavement structure until signs of
distress were observed. However, due to limited testing
time, this objective could only be partially fulfilled, as
there was no conclusive sign of distress shown in the
data presented. An exception was the interlayer bond-
ing between the top and second layers, where results
show that bonding increased after MLS10 trafficking.
FWD measurements on Section F4 also showed that
relative deflection increased in the trafficked zone,
which can be understood as the initiation of a dis-
tress mechanism in the structure. Almost no rutting
was recorded on any of the sections, with measured
deformation never exceeding 2 mm. It is interesting
to note that rutting was worst on the pavement with
multiple bituminous layers (Section F4). This shows
that the permanent deformation resulted mostly from
compaction of the asphalt layers and did not occur in
the stabilized and subgrade layers.

Experience gained over the seven-month test period
was, however, the most valuable offering of the project.
During this time many shortcomings of the MLS10
were identified and improved. Instrumentation, data
acquisition and analysis were all accomplished suc-
cessfully, given that all sensors worked as required.

Finally, the development of a FE model capable
of simulating the MLS10 loading with increasing
accuracy was another asset of this project.
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ABSTRACT: With the growing trend in shrinking budgets, as well as increased concern for sustainable engi-
neering, there is strong interest in determining how thin jointed concrete pavements can be constructed and still
provide predictable long term performance. In 2008, five thin concrete test sections were constructed at the
MnROAD pavement test facility toward addressing that question. Design slab thicknesses ranged from 130 to
165 mm (5 to 6.5 in.). The sections were constructed on the MnROAD mainline roadway, thus exposing them to
accelerated loading in the form of live, high volume interstate traffic. Other than some variations in panel length
and dowel type for the thinnest sections, all other design variables were kept constant. This paper summarizes
the performance of the test sections after more than two years of traffic and environmental exposure. Several
pavement performance parameters were analyzed, including visual distress, joint faulting and load transfer effi-
ciency, panel deflections, and ride quality. Observed performance was also compared to performance predicted
by the current Minnesota Department of Transportation pavement design procedure. Transverse and longitudinal
cracking occurred on the thinner sections. Causes for each type of cracking are discussed. While the sections
with slabs less than 150 mm (6 in.) thick in this study withstood over 1.5 million CESALS before cracking, it is
clear the thicker sections have much greater capacity. The data and observations gathered from these cells will
benefit the continuing development of mechanistic–empirical design procedures for thin concrete pavements.

1 INTRODUCTION

1.1 Background

Pavement engineers have always strived to balance
structural capacity and economics to meet the needs
of road agencies. With the growing trend in shrinking
budgets, as well as increased concern for sustain-
able engineering, there is strong interest in deter-
mining how thin jointed concrete pavements can be
constructed and still provide predictable long-term
performance.

Recent studies (Steyn et al., 2005; Snyder, 2008)
have demonstrated that thin concrete pavements can be
successfully designed to serve specific applications.
Most current concrete pavement design procedures
however were not developed or calibrated to design
sections with thicknesses less than 150 mm (6 in.). To
address this shortfall, several thin concrete test sec-
tions were constructed at the MnROAD facility in
2008.The objective of this project was to gather perfor-
mance data that can be used to expand the lower range
of slab thickness in modern mechanistic-empirical
design procedures.

The scope of this paper is to describe the
observed performance of the MnROAD thin con-
crete test sections for the time period 2009 to 2011.
The performance parameters examined include panel
cracking, joint load transfer behavior, and ride quality.

A comparison to predicted performance was also
carried out.

1.2 MnROAD facility

Since the early 1990’s, the Minnesota Road Research
facility, commonly known as MnROAD, has continued
to serve the purpose of validating pavement designs
and methods of current interest, particularly those used
in cold regions. With its unique layout, MnROAD can
accommodate a variety of research projects, including
short, long, and accelerated studies.

The MnROAD test facility is a full-scale test track,
subject to real-time environment and traffic. Divided
into two main segments, the MnROAD facility has
one set of test sections or “cells” placed end-to-end
that receive live traffic loading diverted from a parallel
section of Interstate 94 near Albertville, Minnesota.
Another portion of the facility contains a set of test
sections arranged in a closed loop.

As MnROAD began Phase 2 operations in 2007,
there was strong interest in understanding the capac-
ity of thin concrete pavement sections. Utilizing the
unique capability of shifting live traffic back to a par-
allel road in the case of early failures, several thin
concrete pavement test sections or “cells” were con-
structed in 2008 on the “mainline” or interstate portion
of MnROAD. Placement here allowed the opportunity
to accelerate the evaluation of their performance.
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Table 1. Test section design details.

Layer thickness (mm) Panel size (m)
Dowel

Cell Slab Base Subbase Long Wide type

113a 130 130 130 3.6 3.6 Round
113b 130 130 130 4.6 3.6 Round
213 140 130 115 4.6 3.6 Round
313 150 130 100 4.6 3.6 Round
413 165 130 90 4.6 3.6 Round
513a 130 130 130 4.6 3.6 Plate
513b 130 130 130 3.6 3.6 Plate

Unit conversion: 25 mm = 1 in.; 1 m = 3.28 ft.

2 TEST SECTION DESIGN

The concrete pavement test sections in this study are
designated Cells 113–513. Design slab thicknesses
range from 130 mm (5 in.) to 165 mm (6.5 in.). Stan-
dard panel dimensions are 4.6 m (15 ft.) long by 3.6 m
(12 ft.) wide, except for two areas (Cells 113a and
513b) which each have three panels (in each lane) with
a length of 3.6 m (12 ft.). It should be noted that in
using 4.6 m (15 ft.) panels, the design length to slab
thickness ratio for certain cells exceeds the recom-
mended limits as suggested in ACI 302.1R-04 (ACI,
2004).

The base and subbase layers consist of a dense-
graded granular material. The subgrade is a silty-clay
material. Table 1 shows the design dimensions and
dowel bar type in each cell.

The transverse joints in Cells 113–513 contain
round or plate dowels. Table 3.1 of ACI 302.1R-04
(ACI, 2004) recommends against using 25 mm (1 in.)
diameter bars in pavements less than 180 mm (7 in.)
in thickness. The reason for this is to prevent exces-
sive stresses in the concrete caused by the relatively
stiff round dowel bars. To test whether those guide-
lines remain valid for current thin concrete pavement
practices, the transverse joints in Cells 113–413 were
constructed with 25 mm (1 in.) diameter by 380 mm
(15 in.) long round dowel bars, spaced 305 mm (12 in.)
on center. Recognizing the suitability of using plate
dowels, which have demonstrated good long term
performance in thin floor slabs, Cell 513 transverse
joints were constructed with 9.5 mm (3/8 in.) thick by
305 mm (12 in.) long, tapered width (40–60 mm) steel
plate dowels spaced 305 mm (12 in.) on center. Three
#13 (12.7mm) tie bars were installed per panel along
the longitudinal joint.

Due to the short duration of the experiment, joints
and slab edges were not sealed. Both shoulders were
constructed with asphalt.

As designed, the test cells were to be constructed
with a difference in thickness of 12.5 mm (0.5 in.)
between them. Given the inherent variation in the
grade (base layer), and the practical tolerance achiev-
able with a large slip-form paver, the as-built thickness
of the cells varied from design values. Table 2 lists

Table 2. As-built concrete slab thickness.

Outer wheelpath Difference
Center- from

Drive Pass line Average design
Cell (mm) (mm) (mm) (mm) (mm)

113 145 151 132 143 +16
213 156 158 143 151 +11
313 158 159 157 158 +6
413 164 165 159 163 −2
513 156 150 144 149 +22

Unit conversion: 25 mm = 1 in.

Figure 1. History of traffic loads, in CESALs, applied to
Cells 113–513.

a summary of the results of thickness determina-
tion using core samples and magnetic tomography
(Johnson et al., 2008). Except for Cell 413, each cell
was built to an average thickness greater than the
design value.

3 TRAFFIC

Traffic on the “mainline” or interstate portion of
MnROAD consists of 24-hour live interstate traffic,
diverted off of an adjacent interstate highway. Periodi-
cally, traffic is diverted off the test sections to conduct
specific vehicle load tests, perform routine pavement
performance measurements, or carry out maintenance
or reconstruction activities.

Although the construction of Cells 113–513 was
completed on October 10, 2008, they were not opened
to live traffic until February 3, 2009. Traffic at
MnROAD is characterized through the use of equiva-
lent single axle loads (ESALs). Traffic loads applied
to concrete test cells are further transformed into
CESALs (Concrete Equivalent Single Axle Loads)
using load equivalency factors to account for concrete
pavement’s unique response to applied loads. Figure 1
shows a plot of the cumulative CESALs applied to
Cells 113–513 during the study period. As of June
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Figure 2. Cracking maps (plan view) from surveys con-
ducted since September 2010.

Figure 3. Cracking in area of embedded sensors in Cell 513.
Note condition of adjacent shoulder.

2011, the driving lane of each cell had received approx-
imately 2.4 million CESALs, and the passing lane,
approximately 614,000 CESALs (Mn/DOT, 2012).

4 TEST SECTION PERFORMANCE

4.1 Panel cracking

Traffic was first applied to Cells 113–513 on
February 3, 2009. Visual distress surveys were con-
ducted in the spring and fall of 2009 and 2010, and
three times during the spring of 2011. The survey con-
ducted on September 17, 2010 documented that the
first slab cracking occurred in Cells 113, 213 and 513.
Cracking maps from subsequent surveys are shown in
Figure 2.

The amount of cracking in Cells 113, 213, and
513 rapidly accelerated during the spring of 2011.
Two midpanel transverse cracks crossed both lanes in
Cells 113 and 213. In the driving lane, short transverse
cracks began to emerge, emanating from the edge of
the panel near the shoulder. This typically indicates
the onset of fatigue cracking. By June 2011, two areas
in the driving lane of Cells 513 and 113 developed
interconnected cracking which resembled punch-out
type failures (Figure 3). Figure 4 shows that a crack in
the sensor area of Cell 113 was detected in November
2010 near an embedded vibrating wire strain sensor.

To keep the sections in service, the panels in the
sensor areas of Cells 513 and 113 were replaced with

Figure 4. Crack formation indicated by disruption in
smooth continuous trend of vibrating wire data.

Figure 5. Embedded sensor wires and supports along crack
in Cell 513.

full depth repairs in August 2011. During the removal
of the failed areas, it was noted that the cracks followed
the sensor leads and supports that were routed within
the pavement. It became evident that the concentration
of sensor wires and supports likely formed a weak
plane within the thin concrete slabs, which reduced
their capacity to carry interstate type traffic. Figure 5
shows one such example.

In addition to the problems caused by embedded
sensor wires, Cells 113, 213, and 513 show evidence
of pumping of the underlying base materials. Figure 6
shows standing water in the deteriorated driving lane
shoulder of Cell 513. Visual observations during the
frequent rain events of spring and summer 2011 noted
that water in these areas would squirt upward from the
panel edges and unsealed transverse joints with each
passing truck. The driving lane shoulder was often
“stained” with mud pumped from the lane/shoulder
joint.

Cracking in the passing lane of Cells 113, 213, and
513 differed from the driving lane. Longitudinal crack-
ing progressed rapidly and in contiguous panels within
these cells. This type of cracking is often associated
with loss of panel support, either through settlement
or pumping of base materials. Another possibility is
damage from heavy trucks traveling over temperature
curled thin slabs.
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Figure 6. Standing water in deteriorated shoulder of
Cell 513.

4.2 Joint faulting

Examination of the transverse joint faulting data for
each cell in this study revealed that virtually no
faulting had occurred through spring 2011. The aver-
age value of joint faulting had not yet exceeded
1.0 mm (0.04 in.), which indicates measurements are
still within the range of surface texture depth.

4.3 Joint load transfer efficiency and deflections

The load transfer efficiency (LTE) history of trans-
verse joints is an important indicator of their remaining
service life. LTE values in this study were calcu-
lated using Equation 1 from the method outlined in
Section 3.5.4 of the AASHTO Guide for Design of
Pavement Structures (1993) (AASHTO, 1993).

where dje is the load transfer efficiency in percent, du
is the deflection at the joint of the unloaded slab, and
dl is the deflection of the loaded slab.

In addition to LTE, it is important to examine the
total deflection at the joint. High values of LTE will not
always indicate joints with excessive deflection, which
can mask the potential for pumping of subsurface
material.

Deflection measurements at MnROAD are accom-
plished using a falling weight deflectometer (FWD).
FWD testing is done on a seasonal basis for all cells at
MnROAD.To avoid artificially high LTE values (joints
closed due to temperature expansion), transverse joints
are only tested when pavement temperatures are below
25◦C (77◦F). For concrete test sections, the load lev-
els applied are 26.7, 40, and 53.4 kN (6,000, 9,000,
and 12,000 lbs.). For brevity, only the results from the
40 kN (9,000 lbs.) load level are reported in this paper.

Figure 7 shows the history of average LTE of all
measured joints in the driving lane for each cell. Due to

Figure 7. Average Load Transfer Efficiency (LTE) of trans-
verse joints in Cells 113–513. FWD load level = 40 kN
(9,000 lbs.).

Figure 8. Average deflection of transverse joints in Cells
113–513. FWD load level = 40 kN (9,000 lbs.).

the wide variability in the measurements, caused either
by seasonal effects on the panels and base layers, or
the effect of cracks located near FWD test points, trend
lines were not applied to the plots. In both lanes, the
joints containing plate dowels (Cells 513a and 513b)
exhibit lower LTE than joints containing round dow-
els, due to the lower inherent stiffness of plate dowels.
No discernible difference in LTE was noticed between
joints in the 4.6 m (12 ft.) or 3.6 m (15 ft.) long panels
in Cells 113 or 513. The LTE trend does not yet appear
to be declining for joints with round dowels.

Figure 8 shows the history of average deflection of
the joints in the outer wheelpath of the driving lane
(where LTE is measured). Similar to LTE, the deflec-
tions exhibit a wide range in magnitude, depending
on the season. In the driving lane, joint deflections
from thinner design Cells 113 and 513 were approxi-
mately one-third higher than Cells 213–413. The high
measurement values in September 2009 appear to be
related to measurement errors, rather than a trend
in increasing joint deflections. Joint deflections in
the passing lane were lower than those in the driv-
ing lane, and exhibit less variation. This is likely
related to the passing lane receiving one-fourth the
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Figure 9. Average deflection of panel corners in Cells
113–513. FWD load level = 40 kN (9,000 lbs.).

amount of traffic as the driving lane, and therefore
material transport (pumping) occurs less frequently.
The presence of longitudinal cracks is also likely
having an effect on measured joint deflections.

4.4 Other slab deflections

Fatigue cracking in thin slabs usually begins with
excessive deflections. It is important therefore to peri-
odically measure deflections in critical panel locations
throughout the life of a test cell. In addition to joint
load transfer testing in the outer wheel paths, FWD
tests at MnROAD are also conducted at concrete panel
corners, center of panel, and mid-panel edge locations.

Figure 9 shows the history of average corner deflec-
tions of all measured panel corners in the driving
lane of each cell. The corner deflections in this lane
show large variation, particularly for the thinner cells
113 and 513. In fact, corner deflections in Cell 113b
are consistently twice those of Cells 213–413. Corner
deflections in the passing lane exhibit less variation,
but are increasing with time, perhaps due to the effect
the longitudinal cracks have on these measurements in
Cells 113, 213, and 513.

Figure 10 shows the history of mid-panel edge
deflections for measured locations in the driving lane
of each cell. In this lane, the mid-edge panel deflec-
tions for Cell 113 are the highest. Those for Cell 513a
exhibit lower deflections, most likely due to the higher
as-built slab thickness. Mid-edge panel deflections in
the passing lane also demonstrate an increasing trend
for Cells 113, 213, and 513, likely due to the effect
longitudinal cracks have on measurements in these
locations.

4.5 Ride quality

The ride quality of a pavement is the predominant mea-
sure of its serviceability. It is also well understood that
pavements built smooth remain smoother throughout
their life (Smith et al., 1997). It is of great importance
therefore to monitor and understand the ride quality
behavior of Cells 113–513.

Figure 10. Average deflection of mid-panel edge in Cells
113–513. FWD load level = 40 kN (9,000 lbs.).

Figure 11. Lightweight profiler for measuring IRI and RN.

Ride quality measurements at MnROAD are
accomplished using two methods. One set of mea-
surements, conducted two times yearly, are taken by a
network level type pavement management van. More
detailed measurements, conducted on a more fre-
quent and seasonal basis, are taken by a lightweight
profiler device equipped with two laser types and
two different accelerometers. Figure 11 shows the
lightweight profiler device used at MnROAD. This
device, in combination with Federal Highway (FHWA)
“PROval” software, is used to determine both Inter-
national Roughness Index (IRI) with units in in./mile
(1 m/km = 63.36 in./mi.) and Ride Number (RN) data,
whose different algorithms are shown in Figure 12
(Sayers and Karamihas, 1998). Unlike IRI, RN is
dimensionless and increases with better ride quality.
Measurements from this device were used to determine
ride quality of the cells in this paper.

The objective of examining the ride quality trends
in this paper was to ascertain whether the pavement
thickness is in any way correlated to the measured
pavement roughness. Moreover, it is of interest to
determine the effect cumulative traffic had on the ride
quality in each of the lanes, and how it differed between
driving and passing lanes.
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Figure 12. Different gain algorithms for IRI (Top) and RN
(Bottom).

Figure 13. RN plot for passing lane, right wheelpath.

In Figure 13 the RN data for the passing lane, right
wheel path, shows an overall decrease in RN in all
the cells between 2008 and 2011. Note that for clar-
ity, data from Cells 113 and 513 were combined, due
to their equivalent design thickness. A drastic drop in
RN was noticed with the measurements in June 2009,
after which Cell 113 was consistently lower than the
other cells. Cell 313 appeared to be similar to 113,
likely due to the influence of one transverse joint,
which had begun to exhibit a small crack and faulting.
The other transverse joints in Cell 313 are performing
much better. Cell 213 appeared to outperform Cell 413,
but it is noteworthy that the entire RN ranged from
4.2 to 3.65, which is indicative of good performing
pavements (Khazanovich et al., 2005).

In Figure 14 the IRI data for the passing lane, right
wheel path, shows an overall increase in IRI in all
the cells between 2008 and 2011. Cell 313 appeared
to be the worst performing overall, again due to the
one distressed transverse joint. Cell 213 appeared to
outperform Cell 413. Note the IRI ranged from 40 to
90 in./mi. for all the cells, indicating good to fair per-
forming pavements. Mn/DOT’s terminal serviceability
threshold in terms of IRI is 2.16 m/km (137 in./mi.).

Figure 14. IRI plot for passing lane, right wheelpath.

Figure 15. RN plot for passing lane, left wheelpath.

Figure 16. IRI plot for passing lane, left wheelpath.

In Figure 15 the RN data for the passing lane, left
wheel path, shows a similar trend to Figure 13, but
there is a slightly lower corresponding RN. Cell 313
also shows an unusually lower smoothness value con-
sidering its relative thickness, performing worse than
Cells 113 and 213 until winter 2010. In Figure 16,
the passing lane left wheel path IRI data was gen-
erally similar to Figure 14. Evidently the RN clearly
shows Cell 113 as the worst performing section, but
IRI shows Cell 313 to be performing in a similar way.
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Figure 17. RN plot for driving lane, right wheelpath.

Figure 18. IRI plot for driving lane, right wheelpath.

In Figure 17 the RN data for driving lane, right
wheel path, shows a slight overall decrease in RN in all
the cells between 2008 and 2011. Unlike the passing
lanes, a drastic drop in RN was not noticed following
the June 2009 measurement. Cell 313 appears to be
the worst performing section, likely due to subsequent
pumping that was first observed in 2009. It is note-
worthy that apart from Cell 313, where the RN fell to
2.9, the entire RN ranged from 3.9 to 3.1, indicative
of good to fair performing pavements.

In Figure 18 the IRI data for driving lane right wheel
path shows an overall increase between 2008 and 2011.
Except in March 2010, cell 113 IRI was generally
higher than the other sub cells. Cell 213 exhibited
the next highest IRI. Cell 413 appeared to outperform
cell 313 in most of the analysis period. The entire IRI
ranged from 68 to 95, which is indicative of the limits
of good to fair performing pavements.

In Figure 19 the driving lane, left wheel path, shows
a general trend similar to Figure 17, but there is a
slightly higher corresponding RN. Performance on
Cell 113 dropped unexpectedly in 2010, perhaps due
to the influence of some of the increasing distresses

Figure 19. RN plot for driving lane, left wheelpath.

Table 3. Results of ANOVA and regression analysis of
traffic ESALs, pavement thickness with IRI and RN.

P-Values for dependent variables

Independent variables Ride number IRI

Thickness (T)
ESAL
Log Thickness
LOG ESAL

0.0253
0.0010
0.0239
0.0009

0.2606
0.0032
0.2293
0.0031

in the driving lane. Cell 313 also shows an unusually
lower smoothness value considering its relative thick-
ness, performing worse than Cell 113 and occasionally
worse than Cell 213.

Overall, it cannot be deduced that IRI and pavement
thickness are correlated simply by observing the plots.
It is also not easily detectable by observing the RN
trends. Consequently a statistical method was utilized
to better ascertain the extent to which the IRI and RN
may be correlated to pavement thickness. This method
identified the dependent variable as IRI in one case
and RN in the next case. The independent variables
were identified as pavement thickness T and ESALS.
The AASHTO thickness design algorithm (AASHTO,
1993) being a function of LOG T and Log ESAL, sug-
gested an investigation of LOG T and log ESAL as
dependent variables, while maintaining IRI and RN as
independent variables separately. Four separate multi-
ple regressions were carried out based on an implicit
confidence level of 95%, where it is hypothesized that
the variables have no effect on IRI and on RN. Based
on an α value of 0.05, the p-value of each independent
variable was examined. A p-value less than 0.05 was
thus considered sufficient evidence against the null
hypothesis (Izevbekhai, 2012). Therefore, by having α
less than 0.05, it can be concluded to a 95% confidence
level that the independent variable is significant.

The result of the analysis of variance and regres-
sion analysis conducted is summarized in Table 3.
It is evident that based on the traffic ESALs, pave-
ment thicknesses examined, and their corresponding
observed RN and IRI, Ride Number appears to be
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Table 4. Predicted CESALs to terminal serviceability
Pt = 2.5 using Mn/DOT design procedure.

As-built thickness
Cell (mm) CESALs

113 143 560,000
213 151 720,000
313 158 905,000
413 163 1,050,000
513 149 685,000

Unit conversion: 25 mm = 1 in.

significantly correlated to the thickness and traffic
ESALs in the cells examined. However, with IRI,
pavement thickness was not significantly correlated,
whereas ESAL was a significant variable. It may there-
fore be surmised that the distress features were in the
wavelength regimes that are amplified more by the
RN gain algorithm than by IRI. This is expected based
on the characteristics of the RN algorithm that facili-
tates better detection of early distress features than IRI.
Moreover, as both RN and IRI indicate significance
of ESALs, the damage effects may be environmental.
It may be extraneous to or independent of pavement
thickness. A bias in the statistics may have been intro-
duced by Cell 313 as a sub-cell with intermediate
thickness exhibiting early distress before the thinner
cells. It is probable that all the cells may have fol-
lowed the form of Figure 18, in which the IRI appears
to be negatively correlated to pavement thickness if
Sub-cell 313 did not experience the unexplained early
distress features. However, it is noteworthy that based
on RN and IRI, the pavements are performing well,
but their rate of roughness increase appears signifi-
cant. Overall there is a lack of significant correlation
between IRI and thickness.

While ride quality has not yet deteriorated to unac-
ceptable service levels, the cracking in the thinnest
sections is beginning to require frequent and costly
repairs. An unacceptable service level at MnROAD is
one in which there is a danger to the traveling public
due to debris on the roadway from deteriorating cracks,
or bumps or dips large enough to cause axles to lose
traction from the pavement surface.

5 DESIGN PREDICTIONS

The premise for the design of test Cells 113–513 was to
determine the performance levels provided by a range
of slab thicknesses for a common panel dimension.
It is certainly of interest to examine what a current
pavement design procedure might predict for a design
life for each of the sections.

For this study, the Minnesota Department of Trans-
portation (Mn/DOT) concrete pavement design proce-
dure (Minnesota Department of Transportation, 2010)
was used to predict the performance of the test cells.
This is a modified version of the AASHTO 1981

Interim Design procedure. Table 4 lists the predicted
CESALs to an AASHTO terminal serviceability level
of 2.5 for each test cell. Given that even the thinnest
sections have provided satisfactory service levels
beyond two million CESALs before major repairs were
required, demonstrates the inherent conservatism in
the Mn/DOT design procedure. A large part of the
successful performance of the test cells is likely tied
to the use of doweled transverse joints, something that
is not always considered for thin concrete sections
subject to much lower traffic levels.

6 SUMMARY AND CONCLUSIONS

In 2008, several thin concrete pavement test sec-
tions were constructed on the interstate portion of the
MnROAD facility. The objective of these test cells
was to determine the difference in performance of
thin concrete pavement sections utilizing accelerated
traffic loading. This paper examined several pavement
performance parameters that characterize the perfor-
mance of the sections for the time period of fall 2008
to spring 2011. Traffic was first applied to the sections
in February 2009.

Visual distress surveys have documented several
distinct types of cracking distress forming in the sec-
tions. Cells 113 and 213 have developed transverse
cracks crossing both the driving and passing lanes.
Cause for these cracks may be attributed to slab
fatigue caused by continued pumping of base material
toward the deteriorating driving lane shoulder. Areas
in Cells 113 and 513 containing embedded sensors
experienced punch-out type failures, likely caused by
the concentrations of embedded wire leads and sup-
ports. The passing lanes of Cells 113, 213, and 513
have developed longitudinal cracks in contiguous pan-
els, caused by loss of support or traffic damage to
curled slabs. No distresses have formed in the thickest
Cell 413.

An analysis of deflection measurements taken at
several locations of the test slabs showed a clear
distinction between the thinnest cells (113 and 513,
130 mm [5 in.] design) and the increasingly thicker
cells (213–413, 140–165 mm [5.5–6.5 in.] design).
Joint deflections in the thinnest cells are typically one-
third higher than those in Cells 213–413. Confounding
the joint deflection results however, is the fact that
Cell 513 has plate dowels, which are more flexible
than the round dowels used in the other test sections.
This results in joint load transfer efficiency results that
are markedly higher for Cells 113–413.

An analysis of the ride quality histories of the cells
was carried out using both graphical and statistical
methods. The graphical analysis proved to be incon-
clusive, due mainly to data influenced by an isolated
distress in Cell 313. The statistical analysis concluded
that Ride Number appears to be significantly corre-
lated to the thickness and traffic ESALs in the cells
examined. Also, based on RN and IRI, the pave-
ments are performing well, but their rate of roughness
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increase is increasing significantly.This seems reason-
able, given the accelerated amount of traffic applied
to the sections.

Whether due to their susceptibility to damage from
overloaded axles, or their tendency toward higher
amounts of panel warp and curl, thin concrete pave-
ments must be carefully designed and located. Cer-
tainly a 130 mm (5 in.) thick concrete pavement would
never be placed on an interstate route.An earlier report
(Snyder, 2008) on another 130 mm (5 in.) thick con-
crete pavement test section, located on the MnROAD
LowVolume Road, showed it could perform well under
much lower volumes of traffic. The physical dimen-
sions of that test section were different than those in
this experiment, and the joints did not contain dowels.
Therefore, a direct comparison of performance would
not be appropriate here.

The original premise for this experiment was to
rapidly determine “How Thin Can You Go?” in con-
crete pavement design and still achieve reliable and
predictable performance.While the sections with slabs
less than 150 mm (6 in.) thick in this study survived
over 1.5 million CESALS before cracking, it is clear
the sections 150 mm (6 in.) and thicker have much
greater capacity. And while the ride quality has not yet
deteriorated to unacceptable service levels, the crack-
ing in the thinnest sections is beginning to require
frequent and costly repairs. The data and observations
gathered from these cells will certainly benefit the
continuing development of mechanistic–empirical
design procedures for thin concrete pavements.
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ABSTRACT: Within the framework of the French National Research Agency (ANR), the project “Recyroute”
aims to investigate the use of Fiber-reinforced Roller-Compacted Concrete (FRCC®) mixed with Reclaimed
Asphalt Pavement (RAP) for heavy traffic road pavements. It comprises an accelerated pavement test conducted
by means of the Accelerated Pavement Testing (APT) facility at IFSTTAR. Eight different structures were tested,
including a reference section constructed with bituminous material, one structure constructed with ERTALH®

gravel (RAP aggregate treated with hydraulic binder), and six other structures constructed with FRCC® materials.
An associated laboratory test program was carried out to determine the mechanical properties of ERTALH® and
FRCC® materials with respect to pavement design applications. This paper presents the main features and
results of this APT experiment and the associated laboratory tests, leading to propose practical parameters for
the thickness design of these innovative pavement structures, according to the French rational pavement design
method.

1 INTRODUCTION

The experiment discussed in this paper is a part of
the French National Research Agency (ANR) project
named “Recyroute”. This study aims to evaluate, from
performance, environmental and economic points of
view, “Fiber-reinforced Roller-compacted Concrete”
(FRCC®) (Ficheroulle and Henin, 2004) mixed or not
with reclaimed asphalt pavement (RAP) as a long last-
ing composite material for heavy traffic roads below
a surface layer of thin asphalt concrete. This new and
innovative material allows firstly to delay and con-
trol tensile cracking by inclusion of steel fibers and,
secondly to preserve raw materials by using RAP,
which respects sustainable development. One partic-
ular property of pavements made with FRCC in the
base layer is the fact that the pavement structure is con-
structed continuously without any joints, which allows
considerable reductions in construction time.

Laboratory material property characterization, pro-
duction and placement of materials, realization and
interpretation of the APT experiment, and its appli-
cation to pavement design were conducted by seven
teams involved in the Recyroute project: three pri-
vate companies (EIFFAGETravaux Public,Autoroutes

Paris Rhin Rhône – APRR, Chaussée Technique et
Innovation – CTI) and four public organisms (Institut
Français des Sciences et Technologies des Transports,
de l’Aménagement et des Réseaux – IFSTTAR – previ-
ously the LCPC -, University of Lyon/École Nationale
des Travaux Publics de l’État – ENTPE, Laboratoire
Régional de l’Ouest Parisien - LROP, and Paris City).

The accelerated pavement testing (APT) experi-
ment was conducted at the accelerated load testing
(ALT) facility of the IFSTTAR. More than two mil-
lion of the French standard twin-wheel loads (65 kN)
were applied on the eight structures over a period of
nine months from January to September 2010. These
accelerated loads are equivalent to about 20 years of
service life of mean heavy traffic roads in France
(210 heavy trucks per day). The evolution of structural
behavior and damage of these pavement structures
was surveyed by means of periodic measurements of
different parameters such as deflection, deformation,
and visual surface observation.Temperatures at differ-
ent levels in the structures were also recorded every
ten minutes. Periodic Falling Weight Deflectometer
(FWD) measurements were also performed in order to
evaluate changes in bearing capacity of the different
structures.
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This APT experiment had two main objectives:

– Acquire data for calibration of the French rational
design method of new pavements for the design of
this new innovative pavement structure;

– Study the influence of different design parameters
(mainly the type of aggregate, and variation of base
thickness) on the behavior and damage of tested
pavement structures.

An associated extensive laboratory test program,
divided into two parts, was carried out in order
to determine the mechanical properties of tested
materials with respect to pavement design applica-
tion. The first part aimed to determine the classical
mechanical properties obtained from standard tests.
The second part consisted of a more comprehensive
thermo-mechanical test program (complex modulus
and fatigue tests) carried out to determine the viscous
properties (by complex modulus tests) and fatigue
resistance (by fatigue tests) of tested mixes as well
as the effect of the RAP content in mixes.

This paper presents the main features and results of
thisAPT experiment and summarizes the results of the
associated laboratory study completed to date.

2 THE IFSTTAR ACCELERATED PAVEMENT
TESTING FACILITY

The IFSTTAR’s ALT facility, in Nantes, is an out-
door circular carousel dedicated to full-scale pavement
experiments, carried out with public and/or private
partners. The carousel consists of a central tower and
four arms (each 20 m long) equipped with wheels,
running on a circular test track (Figure 1). The experi-
mental circular pavement has a mean radius of 17.5 m
and a width of 6 m, and thus a total length of approx-
imately 110 m. The position of the loading module
can be adjusted for different radii on each arm, for
instance to test simultaneously the effect of different
load configurations. During loading, a lateral wander-
ing of the loads can be applied to simulate the lateral
distribution of loads of real traffic (Autret et al., 1988;
IFSTTAR’ALT facility).

Figure 1. View of the IFSTTAR pavement testing facility.

The arms can be equipped with various load con-
figurations: single or dual wheels on single, tandem or
triple axles.A large range of loads can be applied: from
45 kN to 80 kN on a single half axle, and up to 135 kN
with multiple axles. The maximum speed in classical
load configuration (65 kN twin-wheels) is 100 km/h.
A low-stiffness suspension system enables control of
the loads applied to the experimental pavements dur-
ing the entire experiment, regardless of the state of
distress of the pavement. The test facility comprises
three circuits. The third one used for the Recyroute
tests is equipped with a 3 m deep, 10.4 m wide con-
crete circular waterproof pit, ensuring the hydraulic
insulation of the pavement subgrade from the exter-
nal water table. The tested pavements were built by
private pavement construction firms, using standard
road building equipment.

3 DESCRIPTION OF THE EXPERIMENT

3.1 Concept of experimental pavement structures

Eight different structures were tested simultaneously,
on two different radiuses of 16 m and 19 m (four struc-
tures each), and 3 m wide (Figure 2). Research in this
experiment focused mainly on the evaluation of new
pavement structures made of new base layer materials.
The tested structures include one reference structure
constructed with the French standard High Modulus
Asphalt Concrete (EME2) with well-known behav-
ior, one structure constructed with RAP aggregate
treated with 5% hydraulic binders (ERTALH®), and
six other structures constructed with FRCC® materi-
als treated with 12% hydraulic binder and with and
without RAP (three structures each). The three struc-
tures without RAP used two types of new aggregates,
namely “Crain” (soft limestone) and the “Haut-Lieu”
(hard limestone).

These structures were preliminarily designed using
the French official pavement design method (LCPC-
SETRA 1994), taking into account some additional
design parameters for the innovative structures not
considered by the official method. Nominal thick-
nesses of the base layer and the surface layer of each

Figure 2. Schematic of eight tested structures at the IFST-
TAR’s ALT facility.
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structure are given in Figure 2. Actual thicknesses
were measured at each phase of the pavement con-
struction by means of topographical survey as well as
from measurements on core specimens at the end of
the experiment.These measurements allowed the iden-
tification of homogenous sections in each structure,
which are helpful for the analysis and interpretation of
results.

3.2 Pavement materials

The subgrade consists of a silty sand 2.7 m thick above
the concrete raft of theAPT facility.The bearing capac-
ity of the subgrade was measured at different positions
on each structure by means of a dynamic plate test,
which gave values between 95 and 110 MPa.The mate-
rials used for base layer and surface layer are described
below.

3.2.1 Base layer materials
Five different materials were used for the base layer of
the eight experimental structures. The high modulus
asphalt material EME2 was produced and transported
from a nearby bituminous production plant. The four
other materials were produced in an on-site production
plant. The main characteristics of these four mate-
rials are given in Table 1. Mechanical performance
laboratory tests on these materials are discussed below.

The fibers used were Dramix® RC-80/60-BN
from Bekaert, consisting of curved filaments with
hooked ends of high resistant steel (tensile strength
1,050 N/mm2), 60 mm in length and 0.75 mm in diam-
eter.

3.2.2 Surface layer materials
Two different bituminous materials were used for
the surface layer of the eight experimental pavement
structures:

– On structures S1 to S4 on the inner radius and struc-
ture S7 on the outer radius, the surface layer was
hot mix asphalt (HMA) 0/10 with 35/50 ordinary
bituminous binder.

– On structures S5, S6 and S8 on the outer radius, the
surface layer consisted of HMA 0/10 with an SBS
modified binder, called Orthoprene, developed by
EIFFAGE Group, and used for the wearing course
of the Millau viaduct (Héritier et al., 2005).

Table 1. Main characteristics of FRCC and ERTALH used
for the base layers.

FRCC FRCC FRCC
Material Ht-Lieu Crain RAP ERTALH

Sand 0/4 23% 23% 18% –
Sand 0/6.3 35% 35% – 25%
Gravel 6.3/14 30% 30% – –
RAP 0/14 – – 70% 70%
Hyd. binder 12% 12% 12% 5%
Additive 0.50% 0.50% 0.50% –
Steel fiber 30 kg/m3 30 kg/m3 20 kg/m3 –

3.3 Loading characteristics

Total traffic of more than 2.15 million heavy loads
was applied over nine months. It should be noted that
loading started three months after construction of the
pavements, to allow the cementitious materials used in
the seven innovative structures to reach full strength. In
addition, the first 100,000 loads were carried out with
dual wheel loading of 45 kN (50,000 loads) and then
55 kN (50,000 loads). Thereafter, the reference French
standard dual wheel configuration with 65 kN load was
used for two millions passes. At the end of the experi-
ment, an additional 21,000 dual wheel loads at 70 kN
and 150,000 dual wheel loads at 75 kN were applied to
study the overload effect on the experimental pavement
structures (Figure 3).

According to the French rational design method, the
aggressiveness of the loads on each structure depends
on the slope of the fatigue law of the material used in
the base layer, as follows:

where NP = number of passes of the load P;
NE = number of reference loads (65 kN) equivalent to
the NP passes of the load P; and b = slope of the fatigue
law of the considered material.

Table 2 shows the cumulated equivalent traffic
(standard loads of 65 kN) for each tested structure cor-
responding to a given base layer material, according
to Equation 1.

For most applied loads, the speed was set at 10 rota-
tions/min, which corresponds to a linear speed of
71.6 km/h on the 19 m radius, and 60.3 km/h on
the 16 m radius. During measurements (deformation
and dynamic deflection), the rotation speed of the
carousel can be set at different speeds, from 0.6 to
10 rotations/min.

Lateral wandering of the loads was also applied dur-
ing the experiment.The wheel path with lateral wander
is 1.6 m wide, distributed according to an approximate
normal law. The load modules were fixed at a 19 m
radius on arms 1 and 3 of the carousel, for circulation

Figure 3. Evolution with time of the cumulative traffic
during the Recyroute experiment.
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Table 2. Cumulated equivalent traffic for each tested
structure.

Structure S1-S2-S4 S3 S5-S8 S6 S7

FRCC FRCC FRCC
Material RAP EME2 Crain Ht-Lieu ERTALH

−1/b 9.9* 6.6** 16* 16* 10.7*
NE 2.6 × 106 2.4 × 106 3.5 × 106 3.5 × 106 2.7 × 106

(65 kN)

*slope of the fatigue law for preliminary design of pavements
**slope of the fatigue law according to fatigue tests on EME2

on the structures S1 to S4, and a radius of 16 m on
arms 2 and 4, for circulation on structures S5 to S8
(Figure 2).

3.4 Instrumentation and pavement monitoring

In each structure, at least ten horizontal strain gauges
were placed at the bottom of the base layer for measur-
ing longitudinal (5 sensors) and transverse (5 sensors)
reversible strains. These ten sensors were positioned
in both radii in the middle of the outer and the inner
wheel-paths.

Thermocouple sensors were placed at different lev-
els inside the three pavement structures constructed
with bituminous material (S3 – EME2) and RAP
(S4 – FRCC with RAP, S7 – ERTALH) in order to
monitor the temperature in each layer. Two other ther-
mocouples were used to measure air temperature in
sunlight and in the shade.

In the middle of each structure, an anchored deflec-
tometer was placed inside the structure for dynamic
deflection measurement under load. Periodic deflec-
tion measurements were also performed after different
levels of traffic by means of an FWD and Benkelman
beam.

Visual surveys of the surface of the pavement were
completed each day.

4 ASSOCIATED LABORATORY TESTS

The French pavement design method was used to
design the reference structure EME2. No procedure
is currently available in this guide for designing the
FRCC and ERTALH structures.Therefore, these struc-
tures designed as cement treated materials. Prelimi-
nary design parameters of these composite materials
were given by the patent holders (CTI for FRCC® and
EIFFAGE Travaux Publics for ERTALH®) (Table 3),
based on their past experience with the use of these
techniques. In order to more accurately determine
the mechanical properties of FRCC and ERTALH
materials, an extensive laboratory test program, was
carried out.

The mechanical behavior of the new composites
was obtained from three different laboratory tests: ten-
sile splitting tests, complex modulus tests and fatigue

Table 3. Preliminary design parameters and complex mod-
ulus test results for FRCC and ERTALH materials.

Preliminary design parameters

Complex
Stiffness modulus E*

σ6 modulus E (15◦C–10 Hz)
Material −1/b (MPa) (MPa) (MPa)

FRCC Crain 16 2.47 39,000 30,340
FRCC Haut-Lieu 16 2.47 35,000 44,100
FRCC with RAP 9.9 1.26 12,000 23,360
ERTALH 10.7 0.68 10,260 14,110

Figure 4. Tensile splitting strength.

tests performed on cylindrical samples. Only results
from the tensile splitting and complex modulus tests
are presented below.

4.1 Tensile splitting test results

Laboratory made samples using mixing similar to the
APT Recyroute experiment materials were tested after
three curing times (28, 60 and 360 days at constant
relative humidity of 90% and temperature at 20◦C).An
extended laboratory test program was also performed
to evaluate the effects of the fiber content on the FRCC
made in the laboratory. A total of seven FRCC and
ERTALH mixes were tested with the tensile splitting
test on laboratory produced specimens:

– ERTALH (no fiber)
– FRCC with RAP and 0 kg/m3 and 20 kg/m3 of

fibers
– FRCC Crain with 0 kg/m3, 20 kg/m3 and 30 kg/m3

of fibers
– FRCC Haut-Lieu with 0 kg/m3 of fibers

On-site specimens, extracted from the seven FRCC
and ERTALH APT sections, were also tested after
about 180 days.

Figure 4 shows the tensile splitting strengths for all
tested specimens. As expected for materials treated
with hydraulic binders, the strength increased with
time. Laboratory prepared specimens showed about
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Figure 5. Complex modulus results: (a) Black diagrams; (b) Master curves at 15◦C.

90% of final strength at 28 days, then about 94% at
60 days and finally 100% at 360 days. For the two
FRCC materials with new aggregates (Haut-Lieu and
Crain), strengths of the on-site specimens were about
8% lower than the laboratory prepared specimens.That
can probably be explained by the difference in the
curing process (on-site vs. humidity-temperature con-
trol room), fiber content, compaction, and specimen
dimensions. Materials containing RAP did not seem to
be affected by this change. Adding RAP materials into
FRCC decreased strengths by about 35% in the FRCC
Crain and by about 45% in the FRCC Haut-Lieu).

4.2 Complex modulus results of extracted
on-site specimens

Complex modulus tests were performed on cylindri-
cal core specimens (75 mm in diameter and 120 mm
in length) extracted 200 days after construction from
outside of the wheel path on the APT sections.

Black’s curves of all tested materials are presented
in Figure 5a. A unique curve was observed in the
Black’s diagram for FRCC with RAP, with behavior
similar to that of thermo-rheological simple bitumi-
nous materials. The FRCC with RAP and ERTALH
also satisfied the Time Temperature Superposition
Principle (TTSP).A unique master curve at 15◦C could
be plotted for each material (Figure 5b).

According to the French pavement design method,
the Young’s modulus for the thickness computation is
the modulus value at 15◦C and frequency of 10 Hz,
obtained from two points on the complex modulus
curve. Table 3 presents the complex moduli (from
tension-compression tests on cylindrical specimens) at
15◦C and 10 Hz for the FRCC and ERTALH materials
as well as the preliminary values used for the initial
thickness design of the APT structures. The FRCC
Crain, FRCC Haut-Lieu and ERTALH, preliminary
stiffness values derived from past experience corre-
lated well with the new values. However, this was not
the case for the FRCC with RAP, where the modu-
lus results appeared to be considerably higher than
expected and have yet to be confirmed.

5 EVALUATION OF THE TESTED
STRUCTURES

5.1 Deflection measurements

During the experiment, deflections on each structure
were measured with three different methods: falling
weight deflectometer (FWD), Benkelman beam, and
anchored deflectometer.

5.1.1 FWD Measurements
FWD measurements were carried out five times at
different load repetition counts at seven equidistant
positions, on each structure.At each position, four lev-
els of FWD force were applied, namely 25, 40, 50 and
65 kN.

Deflection bowl parameters were calculated with
the following expressions (according to Horak and
Emery, 2009):

– D0: Deflection at the center of test load
– RoC = L2/[2(D0 − D200)]: Radius of Curvature,

with L = 200 mm
– BLI = D0 − D300: Base Layer (performance) Index
– MLI = D600 − D300: Middle Layer (performance)

Index
– LLI = D900 − D600: Lower Layer (performance)

Index

where D200, D300, D600, D900 are deflections at
200 mm, 300 mm, 600 mm, and 900 mm from the
center of the test load, respectively.

Figure 6 shows results of mean values of these
bowl parameters determined at the 40 kN FWD load-
ing level (i.e., corresponding to an 80 kN single axle) at
the beginning of the APT experiment before any load-
ing has been applied.The values given in this figure are
representative of a sound structural condition rating
according to Horak and Emery for both cementitious
base as well as bituminous base pavements (at the same
80 kN single axle loading level), which confirmed the
very good performance of the tested structures at that
time.
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Figure 6. Deflection shape parameters from FWD measurement at a 40 kN load level (corresponding to an 80 kN single axle
loading level) at the before the start of the APT, at a pavement temperature of 13◦C.

The four sections on the inner ring (S1 to S4) had
higher deflections (D0) and lower RoC than the four
sections on the outer ring (S5 to S8). This clearly
shows the lower rigidity of the sections constructed
with new bituminous materials (S3) or RAP materials
(S1, S2, S4) compared with the sections constructed
with thicker base course (S7) or more rigid new aggre-
gates (S5, S6, S8). The bituminous structure (S3) was
the most flexible pavement (highest D0), and S7 (the
thickest one) was the most rigid (lowest D0). For the
three structures made of RAP materials (S1, S2, S4),
S1 and S2 had similar performance, but higher deflec-
tions compared to S4 (the thicker one). In the outer
ring, performance on the two structures constructed
with new aggregates (S5 and S8) was different to
expectation, with the thicker structure (S8) having a
higher deflection and RoC compared to the thinner
structure (S5), as expected. S5 was also constructed on
a platform of existing cracked pavement, which would
typically also have higher deflections. At the end of
APT testing, the S8 structure showed higher levels of
distress compared to the S5 structure.

The FWD deflection measurements were used to
backcalculate stiffness moduli of the individual lay-
ers in each structure. FWD data can also be used to
calculate the degree of load transfer efficiency (LTE)
(Al Qadi and Elseifi, 2006) near the joint between two
pavement structures, or close to a crack. Interesting
results from the modulus backcalculation as well as a
dynamical analysis procedure for the FWD test were
presented in Balay et al. 2010. Additional analyses on
the FWD data, including deflection bowl shape param-
eters, backcalculation modulus, and change in these
parameters during theAPT will be presented in another
paper.

5.1.2 Benkelman beam measurements
In parallel with the FWD measurements, deflections of
experimental pavements under the 65 kN dual-wheel
load of the carousel were measured with a Benkelman
beam at very low speed. This method allows the rapid
determination of pavement deflection response in a
simple and inexpensive way.

Pavement deflections measured with the Benkelman
beam were performed at the same seven positions used
for FWD testing. Benkelman deflections compared
well with the maximum deflections measured under
the centre of the load plate (D0) of the FWD at the same
65 kN loading level. This comparison is not detailed
in this paper.

5.1.3 Anchored deflectometer measurements
The dynamic deflection of each structure was mea-
sured with an anchored deflectometer. The effects
of the following parameters on dynamical deflection
were studied:

– Speed of the load from 0.6 to 10 rotations/min (i.e.,
from 3.6 to 60 km/h at R = 16m and from 4.3 to
71.6 km/h at R = 19m)

– Distance between the load trajectory and the point
of deflection measurement, from zero to 0.5 m,
depending on the lateral wandering of the load
modules.

– Weight of the load from 45 to 75 kN.

Deflections measured with the three different
deflection measurement methods presented above
were correlated with the temperatures measured con-
tinuously during the experiment.A synthesis of results
of these three methods will be presented in another
paper.
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Figure 7. Effect of speed on strain measurement (45 kN wheel load, mean pavement temperature of 6.5◦C).

Deflections determined by the three different meth-
ods did not show any increase in the mean values with
the cumulated traffic in the bituminous pavement, or
in the pavements constructed with and without RAP.

5.2 Strain measurements

Longitudinal and transverse strains at the bottom of
the base layer were measured with strain gauges.
The effects of the same parameters considered in
the anchored deflectometer measurements (i.e., speed,
lateral wandering position, and load) were also
studied.

An example of the measurements collected showing
effect of variation of the speed under the 45 kN wheel
load at a temperature of 6.5◦C is provided in Figure 7.
This figure shows that the strains measured under dif-
ferent speeds on the sections in the inner ring vary
more than those in the sections on the outer ring. In
the structures made of FRCC RAP (S1, S2, and S4),
strain measurements on the nominally thicker struc-
tures (S1, 13 cm and S4, 15cm) were similar, while
the nominally thinner structure (S2, 12 cm) had lower
mean values.This result is probably due to a difference
in actual thickness of the pavement layers compared to
the nominal thicknesses at the actual locations where
strain gages were installed. Differences in the bearing
capacity of the subgrade layer of these structures could
also be a factor.

Like deflections, strain measurements are used to
assess the validity of numerical modeling used for the
application of the APT results to the design of FRCC
structures. More analysis of these measurements needs
to be undertaken and is not discussed further in this
paper.

5.3 Behavior and principal damage of tested
pavement structures

5.3.1 Structural damage
In terms of the structural functioning of the tested
structures, the first general observation was the very
encouraging performance, despite the generally low
thicknesses of material used and the severity of the
loading applied. The observed structural damage (Fig-
ure 8) was as follows:

Structure S2 (FRCC with RAP)
A transverse crack appeared at the surface of the pave-
ment at the end of the experiment under the overload
of 75 kN, after 2.3 million of the 65 kN standard dual-
wheel load. The shrinkage, measured between both
sides of the crack using a double sensor beam (Fig-
ure 8a), showed a value of 31 mm/100 revealing a
rather low value of LTE. It has to be emphasized that
FRCC with RAP was used in three other structures (S1,
S2, and S4) over three-quarters of the inner ring.There
was no joint between these structures (i.e., one 75 m
long continuous pavement made of FRCC with RAP).
Section S4 had the thickest FRCC layer. The other two
structures (S1 and S2) were thinner and comparable to
each other. However the load-bearing capacity of the
subgrade under Section S2 was less than that under
Section S1, which may explain the appearance of the
crack through the surface layer on Section S2.

Structure S6 (FRCC with Haut-Lieu)
An open transverse crack appeared in the top 9 cm of
actual thickness, 3 cm less than the nominal design
of 12 cm. The mode of this degradation was initially
attributed to shrinkage, which then developed into a
fatigue crack (Figure 8b). Dust from abrasion of the
aggregate on either side of the crack first appeared
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Figure 8. Structural damage of the structures: (a) S2 –
FRCC with RAP; (b) S6 – FRCC Haut-Lieu; (c) S8 – FRCC
Crain.

after 350,000 load cycles. Total loss of LTE between
crack edges was recorded after 750,000 load cycles.

Structure S8 (FRCC with Crain)
A similar pattern of degradation to that recorded on
Section S6 was recorded on Section S8. An 11 cm
transverse crack (4 cm less than the nominal design
thickness of 15 cm) appeared on the surface. LTE
reduced with increasing load cycles and eventually
formed a network of cracks (Figure 8c).

No structural damage was observed in the other five
structures (S1, S3, S4, S5, and S7) at the end of the
experiment.

5.3.2 Non-structural damage
Some non-structural damage was observed during the
experiment, which affected thin HMA surface layer.
This included potholes and the pumping of fines onto
the road surface. Potholes were caused by:

– Poor homogeneity of the fiber mixing due to incor-
rect positioning of the fiber feeder plant (which
generated balls of fiber) on Section S4. Four
potholes resulted. This dosing defect was then
corrected.

– Excess gravel on the curing layer of FRCC. One
pothole on Section S1 and two on Section S2 were
attributed to this.

The origin of fines on the surface came from two
sources: abrasion of aggregates on either side of cracks

in the FRCC base layer, or crushing of aggregates
during high energy compaction, leading to a weak
interface between the base and the surface layers. The
presence of water and hydrostatic pressure caused by
the passing wheel load pumps these fines to the sur-
face. Crushing during compaction caused fines to be
absorbed into the tack coat, explaining in part the low
bonding quality of the surface layer in some of the
sections. As a result of this, vacuum sweepers are now
required on all FRCC construction sites to clean the
surface prior to tack coat application.

6 PROPOSAL OF DESIGN PARAMETERS FOR
FRCC PAVEMENTS

6.1 Adjustment principle of pavement design model
based on the Recyroute APT results

According to the French pavement design method, the
thickness design criterion for pavements treated with
hydraulic binders only considers fatigue failure of the
treated base layer, since plastic deformation (rutting)
of the subgrade is not a determining factor due to the
rigidity of the base layer.This fatigue criterion amounts
to checking that the maximum calculated tensile stress
σ t,max at the base layer is less than or equal to the
admissible stress value σ t,adm given by the following
equation (2):

where:

– σ t,max = maximum calculated tensile stress at the
base layer, using Burmister’s multi-layer elastic
model.

– σ 6 = mean value of the stress at which failure
occurs in bending tensile conditions at 360 days
for 106 loadings, determined from two point labo-
ratory fatigue tests or correlated to indirect tensile
strength.

– NE = number of equivalent standard loadings
(130 kN axle load) calculated from the cumu-
lated traffic (NPL) and the coefficient of
mean aggressiveness (CAM) by the relationship:
NE = NPL × CAM.

– b = slope of the fatigue law of the considered
material (Wöhler bi-logarithmic law).

– kc is a coefficient of adjustment intended to adjust
the results of the calculation model to the observed
behavior of pavements of the same type (feedback
from real networks).

– kd is a coefficient introduced to account for the
effect of discontinuities in the base layer, which
cannot be reproduced by Burmister’s model.

– kr , dependent on the “level of service” expected for
the pavement, reflecting the capability of the road
to meet the needs of both the users and the owners.
kr takes into account the allowable risk of pave-
ment degradation at the end of the service life, and
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the dispersion of both the base layer thickness and
the fatigue behavior determined from laboratory
testing.

– ks is a coefficient of reduction to account for the
low bearing capacity of the subgrade.

In the framework of the Recyroute experiment, the
“known” data are as follows:

– σ t,max = determined using the Alizé-LCPC soft-
ware, taking into account the actual thicknesses
of the different layers and the modulus values
determined by means of preliminary laboratory
testing.

– NE = equivalent traffic at a considered time “t”
(different stages from the beginning to the end of
the tests).

– b is chosen as −1/9.9 for FRCC with RAP; −1/16
for FRCC Haut-Lieu and Crain; and −1/10.7 for
ERTALH (preliminary design values).

– kc is maintained at the value of 1.5 adopted for rigid
and semi-rigid structures in the French pavement
design manual, which means that final adjustment
will be based on the value of the discontinuity
coefficient kd .

– kr is based on risk calculation, representing the
level of structural degradation of the pavement at a
considered time “t”.

– ks = 1 because of the good homogeneity and well
controlled bearing capacity level of the subgrade
on the circular carousel.

The two remaining parameters are σ 6 and kd which
were determined by backcalculation based on the
Recyroute APT results. The backcalculation of the
product of σ 6 × kd is discussed in Section 6.4.

6.2 Need for APT vs. real pavement calibration

In the reference structure EME2, the risk of degra-
dation at the end of the Recyroute experiment was
27%. This value, backcalculated using the French
design method, takes into account the thicknesses and
mechanical performance of the materials used for
the experiment. This theoretical value disagrees with
the very good structural performance observed dur-
ing the entire APT experiment (no damage observed)
corresponding to a risk of damage below or equal
to 5%.

As the design parameters of this reference structure
cannot be questioned, the very good performance of
the EME2 structure on the APT facility was attributed
to the favorable test conditions, including:

– Good construction of the base layers, due to the
high level of quality control and short construction
length,

– Good homogeneity of the platform,
– Minimal aging effect of the materials,
– Favorable dynamic mode of loadings (no over-

load effect, no dynamic effect due to significant
roughness of pavement surface, etc).

Therefore, an additional coefficient (kh), which har-
monizes the APT results with the behavior of actual
pavements on in-service networks, was introduced into
Equation 2. This coefficient, determined as a ratio of
kr27% (for risk of damage = 27%) and kr5% (for risk
of damage = 5%), is 1.10. This value will also be
applied to the other structures tested in the Recyroute
experiment.

6.3 Effects of hypothetic wide shrinkage cracking
on design parameters of FRCC

The basic principle of FRCC is that the pavement
works as a continuous structure, because the fibers
should contribute to uniformly distribute the shrinkage
cracking into a transversal micro-cracking network.

The openings of this micro-cracking remains so
tight that load transfer at each micro-crack is con-
sidered as complete. This leads the promoters of the
FRCC technique to consider, in the design of FRCC
structures, the same value of coefficient kd (= 1/1.07)
as the value taken into account by the French Cat-
alogue of New Structures (SETRA – LCPC 1998)
for FRCC composite pavement placed on an asphalt
concrete foundation. Despite the very encouraging
behavior of FRCC observed all in this study, this mode
of functioning has not yet been fully demonstrated by
the APT experiment.

On the one hand, no microcracks were identified at
the end of the test in a 20 m long trench excavated on
Section S6, or in the many block specimens taken from
the other sections for the final laboratory characteriza-
tion of the materials.This, however, does not eliminate
the possible existence of such micro-cracking, which
is not easily detected. On the other hand, it should be
noted that the short sections tested on the IFSTTAR
APT facility – 27 m maximal length – are not neces-
sarily representative of actual structures on in-service
networks, which are significantly longer, and conse-
quently the development mechanisms and distribution
of cracks may be different.

Furthermore, international experience with roller-
compacted concrete without fibers (RCC), particularly
the ACI Committee 325 Report (ACI 2001) mentions
that crack opening of RCC is at least 3 mm for cement
contents of 280 kg/m3 and crack spacing is about 20 to
25 m. For the same cement content and crack spacing,
crack opening was less than 0.5 mm in FRCC, when
observed on other FRCC site projects under heavy traf-
fic. This comparison between RCC and FRCC crack
opening provides significant indications in favor of
microcrack and shrinkage crack control due to the high
performance steel fibers in the FRCC material.

The remaining doubts concerning the validity of
microcrack development are also due to the single
transverse wide crack that appeared at the surface
on the longer 75 m section (continuous pavement of
the S1, S2, and S4 sections) at the end of the test,
without being able to determine the precise origin or
cause of this crack (i.e., shrinkage or fatigue crack, or
combination of the two).
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Figure 9. Transverse crack effect calculations: 3D-FEM
modeling of the structure S6 – FRCC Haut-Lieu 12 cm with
tensile stresses at the bottom of the base layer.

As a result of this uncertainly about the micro-
cracking mechanism, which is not shared by the
promoters of the FRCC technique, the IFSTTAR has
undertaken numerical 3D-FEM modeling using the
César-LCPC program, to evaluate the effect of a
hypothetic, wide and transversal crack on the design
parameters of FRCC pavements (Figure 9).

The results of the 3D FE calculations (Figure 10)
taking into account a wide transverse cracking without
any load transfer efficiency (pessimistic hypothesis)
gives the following values of the coefficient kfiss:

– 1.19 for the FRCC Haut-Lieu material (E = 35 GPa)
at 15 cm thickness

– 1.07 for the FRCC with RAP material (E = 12 GPa)
at 15 cm thickness

6.4 Backcalculation of the product σ6 × kd

To backcalculate the product σ6 × kd for each struc-
ture represented for one base layer material used in

Figure 10. Transverse crack effect: Synthesis of FE calcu-
lations for FRCC Ht-Lieu and FRCC with RAP.

this experiment, data needed to be collected based on
the APT results (Table 4). On each structure, the risk
of degradation was evaluated for a representative sec-
tion. A number of core specimens were also extracted
from each structure to determine actual thickness of
pavement layers for this representative section.

Backcalculation of the product σ 6 × kd was deter-
mined using the pavement design program Alizé-
LCPC. An example of the backcalculation for
damaged and undamaged sections on the FRCC Haut-
Lieu structure is presented in Figure 11. This figure
shows that the value of σ 6 × kd = 2.7 MPa leads to a
coherent simulation of the observed behavior on these
sections:

– Risk of degradation equal to 50% with transverse
crack at 350,000 cycles for the 9-cm thick damaged
section.

– Risk of degradation close to 10% at the end of the
experiment (e.g. 3.5 million equivalent loads for the
12 cm undamaged section).

The same procedure of backcalculation was fol-
lowed for the other pavement structures. Table 5
summarizes results for each material.

Observations from these results include:

– These findings apply to FRCC structures on
untreated platforms, such as those tested in this
experiment.

– Two hypothesis concerning the mode of shrinkage
cracking are considered:
• Hypothesis h1 (continuous pavement): shrinkage

develops within a closed micro-cracking trans-
verse network without any open cracks. As full
load transfer at the cracks remains unchanged
over the pavement life, this hypothesis, advocated
by the FRCC promoters, has to be considered as
optimal; and still needs to be validated by further
study before application to heavily trafficked or
high service level pavements.

• Hypothesis h2 (discontinuous pavement): shrink-
age develops through opened cracks without load
transfer, with a large distance of between 25 m
and 40 m between cracks. This hypothesis has to
be considered as pessimistic, leading to a proba-
ble increase in FRCC thicknesses in comparison
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Table 4. Data needed for the backcalculation of σ6 × kd .

FRCC with RAP FRCC Haut-Lieu ERTALH FRCC Crain

S1 S2 S6 S7

Transverse
Layer Parameter Undamaged Crack Damaged Undamaged Undamaged Damaged Undamaged

Surface h (cm) 3.3 2.9 3 3 4.3 2.8 3.4
E (MPa) 5,400 5,400 5,400 5,400 5,400 5,400 5,400

Base h (cm) 3.3 2.9 3 3 4.3 2.8 3.4
E (MPa) 12,000 12,000 35,000 35,000 10,000 39,000 39,000
−1/b 9.9 9.9 16 16 10.7 16 16
SN 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Sh (mm) 11 4 6 10 15 8 12

Platform h (m) 2.9 2.9 2.9 2.9 2.9 2.9 2.9
E (MPa) 141 118 95 95 121 105 133
(MPa) 1.9 2.05 4.29 3.46 1.04 3.07 2.42

Other data NE (loads) 2.6 × 106 2.6 × 106 0.35 × 106 3.5 × 106 2.7 × 106 0.45 × 106 3.5 × 106

Risk (%) <10 ≈50 ≈50 <10 <10 ≈50 <10

Figure 11. Backcalculation of the product σ6 × kd for
the S6 Section (FRCC Ht-Lieu) for damaged section and
undamaged sections, respectively.

with an optimized design taking into account the
real performance of this innovative technique.
However, as actual performance and mode of
functioning of FRCC are not yet fully under-
stood, IFSTTAR recommends that this second
hypothesis should be taken into account for the
thickness design of high service level pavements,
in accordance with the precautionary principle,
until the long-term performance of FRCC is fully
understood.

– Difficulties in identifying the cracking process in
FRCC pavements suggests the need for further
research to understand microcracking behavior and
evolution means to identify when it has occurred.

– Modulus of FRCC and slope of fatigue have a
strong influence on the back-calculated values of
σ 6 × kd .

Table 5. Synthesis of backcalculation of σ 6 × kd and other
adjustments.

σ6 × kd
for pavement

σ6 × kd design
from

Materials APT kh kfiss (h1) (h2)

FRCC Haut-Lieu 2.7 1.1 1.19 2.45 2.06
FRCC Crain 2.0 1.1 1.19 1.82 1.53
FRCC with RAP 1.6 1.1 1.07 1.45 1.36
ERTALH 0.9 1.1 1 0.82 0.82

– A minimum value of σ 6 × kd by default was pro-
posed for the ERTALH material in the absence of
any structural damage at the end of this experiment
(kfiss = 1).

– These proposed observations are provisional, until
full results of the laboratory test program, includ-
ing fatigue tests results, are available. In particular,
the hypothesis about shrinkage cracking patterns
may be reviewed based on the monitoring of
experimental sites.

6.5 Examples of thickness design of FRCC
pavements in comparison with traditional
solutions

Based on the data in Table 4 and Table 5, four
examples of FRCC pavement structures were eval-
uated for FRCC Haut-Lieu and FRCC with RAP
respectively (Table 6). The two hypotheses concerning
the shrinkage cracking distribution were considered.
These FRCC pavement structures are compared to four
French reference structures (SETRA – LCPC, 1998).
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Table 6. Comparison on the total thickness of FRCC pavements with traditional structures.

For traffic of class TC5 (9.2 million in 30 years), on platform of class PF3 (E ≥ 120 MPa)

French pavement catalogue FRCC structures

Sheet 20
Sheet 2 Sheet 3 FRCC FRCC FRCC FRCC

Layer GB3 EME2 BC5g/BC2 BAC/GB3 Haut-Lieu Haut-Lieu with RAP with RAP

Surface (cm) 8 2.5 19 2.5 4 4 4 4
BB BBTM BC5g BBTM BB BB BB BB

Base (cm) 21 19 15 15 15 17 16 17
GB3 EME2 BC2 BAC FRCC FRCC FRCC FRCC

Subbase (cm) – – – 9 – – – –
– – – GB3 – – – –

Htotal (cm) 29 21.5 34 26.5 19 21 20 21

GB: base asphalt concrete;
EME: high modulus asphalt concrete;
BC5g: dowelled concrete slabs;
BC2: foundation lean concrete;
BAC: CRCP – continuously reinforced concrete pavement

The pavement design examples presented inTable 6
identify several comparative points between FRCC,
bituminous structures techniques, and reference rigid
pavements:

– The FRCC with RAP had a lower modulus than the
FRCC Haut-Lieu, and thus requires an increase in
thickness of about 1 to 2 cm;

– The thickness of FRRC and high modulus asphalt
concrete EME2 are similar.The competitive advan-
tage varies in favor of one technique to another,
depending on the traffic and directly related to
the slope of fatigue that is flatter, particularly for
the FRCC Haut-Lieu. This confirms the potential
applicability of this technique for heavy traffic;

– Compared to the BAC (continuously reinforced
concrete pavement) structure, the FRCC structures
should allow significant reductions in thickness.

– The FRCC structures presented in Table 6 are still
considered to be experimental. Production and con-
struction will also need to be strictly controlled, and
potential risks will need to be fully quantified.

7 CONCLUSIONS

The APT Recyroute experiment was carried out at
the IFSTTAR’s ALT facility. It investigated the use of
an innovative material, FRCC with and without RAP,
in pavement structures. More than 2 million 65 kN
French standard dual-wheel loads were applied on the
eight tested structures over a period of nine months.

The experiment showed encouraging behavior in the
tested structures, despite the thin thicknesses of mate-
rials used in the base and surface layers and the severe
loading conditions. Structural damage was limited to
sections with very thin layers (less than 3 or 4 cm).
However, it is well known that layers constructed with
hydraulic binder-treated materials, must be optimally

placed and compacted, and tack coat must be correctly
applied, in order for the pavement to perform well.
This is especially important if thin asphalt concrete
surfaces, which are susceptible to different types of
risk (potholes, stripping, etc), are used. These critical
issues have been clearly highlighted by the Recyroute
experiment.

Results from this APT experiment were used to
backcalculate the product of σ 6 × kd for each pave-
ment material tested, in the absence of fatigue test
results, which are not yet available. This parameter
directly impacts the level of allowable flexural tensile
stress according to the French rational design method.
These values were largely influenced by the FRCC
modulus and the slope of the fatigue curve. They still
need to being confirmed with the results of dynamic
fatigue tests presently being carried out in the ENTPE
and IFSTTAR laboratories.

Based the on theseAPT results, two adjustments for
the pavement design model of the tested pavements
were proposed:

– Inclusion of a dynamic coefficient which takes into
account the favorable dynamic mode of loading on
the IFSTTAR’s circular carousel;

– An adjustment coefficient taking into account that
no “open” transverse cracks formed on the APT
track, due to the limited length of the experimen-
tal sections. However, in comparison with roller-
compacted concrete without fibers, international
experience indicates that FRCC has significant
benefits in terms of cracking control and limited
presence of micro-cracks. Nevertheless a precau-
tionary principle is recommended, especially for
the design of new pavements with heavy traffic at
high service levels, by using an additional coeffi-
cient (kfiss), which reduces the allowable flexural
tensile stress of FRCC materials. This security
hypothesis proposed by IFSTTAR is considered to
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be conservative and will be reviewed in the future,
on the basis of the monitoring of further FRCC
experiments on in-service pavements.

Pavement design examples show that the FRCC
structures have thicknesses similar to those of high
modulus asphalt structures (EME2) used in France,
but exhibit significant reductions in thickness when
compared to CRCP structures. The construction of
these FRCC structures will have to be strictly con-
trolled, with a proper assessment of the risks taken
and efficient monitoring under heavy traffic. Results
of laboratory tests currently being undertaken will help
to confirm the above provisional proposals.

ACKNOWLEDGMENTS

The authors would like to acknowledge the French
National Research Agency (ANR) for financing this
project, as well as the other partners of the Recyroute
project not directly involved in the IFSTTAR APT
experiment, namely APRR, LROP and the Paris city.
FWD testing performed by Regional Laboratory of
Saint Brieuc is also appreciated.

REFERENCES

ACI. 2001. State-of-the-art Report on Roller-Compacted
Pavements. Report of the Committee 325, reapproved.

Al-Qadi, I.L. and Elseifi, M.A. 2006. Mechanism and mod-
eling of transverse cracking development in continuously
reinforced concrete pavement. International Journal of
Pavement Engineering, Vol.7, N◦ 4: 341–349.

Autret, P., Baucheron de Boissoudy, A. and Gramsammer,
J.C. 1988. Le manège de fatigue du Laboratoire Central
des Ponts et Chaussées: Premiers résultats. Bulletin de
liaison des Laboratoires des Ponts et Chaussées, N◦ 155:
33–45.

Balay, J.M., Nguyen, M.L. and Gritti, R. 2010. Dynamical
analysis of FWD test on LCPC’s accelerated load testing
facility. The 6th European FWD User Group Meeting –
Structural Condition Assessment, BRRC, Brussels.

Ficheroulle, B. and Henin, M. 2004. Compacted rolled
fibre-reinforced concrete composition and method for pro-
ducing a pavement based on same composition. Patent
EP1278925B1.

Héritier, B., Olard, F., Loup, F. and Krafft, S. 2005. Design
of a specific bituminous surfacing for the World’s high-
est orthotropic steel deck bridge: France’s Millau viaduct.
Transportation Research Record, Journal of the Trans-
portation Research Board, Vol. 1929. Washington, DC.
T141–148.

Horak, E. and Emery, S. 2009. Evaluation of airport pave-
ments with FWD deflection bowl parameter bench-
marking methodology. 2nd European Airport Pavement
Workshop, Amsterdam.

SETRA – LCPC. 1994. French design manual for pavement
structures – Technical guide.

SETRA – LCPC. 1998. Catalogue des structures de
chaussées. The Dramix fibres: http://pdf.directindustry.
com/pdf/bekaert/dramix-rc-80-60-bn/5919-56674.html

The IFSTTAR’s Alizé-LCPC software for the thickness
design of pavement according to the French ratio-
nal method: http://www.lcpc.fr/english/products/lcpc-
products-alize-lcpc-routes/

The IFSTTAR’s ALT. facility: http://www.lcpc.fr/english/
presentation-209/human-and-financial-resources / lcpc-
exceptional-testing-220/

The IFSTTAR’s César-LCPC FEM software for the reso-
lution of civil engineering and environmental problems:
http://www.lcpc.fr/english/products/lcpc-products-cesar/

311



This page intentionally left blankThis page intentionally left blank



Advances in Pavement Design through Full-scale Accelerated
Pavement Testing – Jones, Harvey, Mateos & Al-Qadi (Eds.)

© 2012 Taylor & Francis Group, London, ISBN 978-0-415-62138-0

Provisional results from accelerated pavement testing
of roller-compacted concrete in South Africa

L. du Plessis & S.J.H. Louw
CSIR BE, Pretoria, South Africa

G. Rugodho
Gauteng Department of Roads and Transport, Pretoria, South Africa

S. Musundi
Cosal Consultants, Meyerton, South Africa

ABSTRACT: In conjunction with the Gauteng Department of Roads and Transport and Cosal Consultants CC
in South Africa, the CSIR Built-Environment is evaluating the applicability of Roller Compacted Concrete
(RCC) as an option for the upgrading and rehabilitation of low-volume residential and provincial roads. The
ultimate aim of the study is to build confidence in the use of RCC, with cognizance being taken of the pavement
structure, support conditions, construction, climate, and traffic. Whereas RCC is normally constructed with a
relatively low labor component and with heavy mechanical equipment, the goal of this investigation was to
evaluate the structural performance of RCC constructed with a relatively high labor component using hand-
operated equipment. This is in line with the South African Government’s drive towards sustainable job creation,
together with the pressing need for the upgrading and maintenance of the low-volume road infrastructure. Full-
scale Heavy Vehicle Simulator (HVS) tests were conducted to determine the structural capacity of the RCC. This
paper summarizes the provisional results from the first Accelerated Pavement Test (APT) on the control section,
constructed using conventional methods and equipment. Through APT testing it was shown that this type of
pavement performed exceptionally well in the dry state, even though it was constructed on a substandard support
system. Initial indications are that actual performance exceeded predicted performance. Sensitivity to water is
an important factor that will be investigated in subsequent testing. Testing of the labor-intensive constructed
sections will be documented in a separate paper.

1 INTRODUCTION

The upgrading of unsurfaced residential roads has
become a priority for many metropolitan areas in South
Africa. Coupled with this is the need to construct
roads using labor-intensive construction techniques.
In 2007 the South African Gauteng Department of
Roads initiated its Expanded Public Works Program
(EPWP). The goals and objectives of the EPWP
are to alleviate unemployment, targeting especially
women, youth, and the disabled (Gautrans, 2007; and
Gautrans, 2010).This goal will be achieved by creating
work opportunities in the following four constructive
ways:

– Increasing the labor component of government-
funded infrastructure projects;

– Creating work opportunities in public environmen-
tal programs;

– Creating work opportunities in public social pro-
grams, and

– Utilizing general government expenditure on goods
and services to provide the work experience com-
ponent of small enterprise learner ship/incubation
programs.

In line with these objectives the EPWP embarked
on a research program to evaluate Roller Compacted
Concrete (RCC). Whereas RCC is normally con-
structed with a relatively low labor component and
with heavy mechanical equipment, the main goal of
this project was to evaluate the structural performance
of RCC using a relatively high labor component and
hand-operated equipment.

A short full-scale test section was constructed at
the accelerated pavement testing (APT) facility of the
Council of Scientific and Industrial Research (CSIR)
in Pretoria, South Africa. The experiment was con-
ducted in two phases. During Phase 1 a portion of
the test section was constructed as a control section
with normal heavy mechanical equipment and rel-
atively low labor component. Phase 2 entailed the
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construction and testing of a section using a high labor
component and hand tools.

The primary objective of this project is to assess
the performance of RCC under real field conditions
using APT coupled with a laboratory-testing program.
Comparative testing of the sections constructed by the
two techniques will assist in the evaluation of labor-
based RCC construction practices.

This study is aimed at building confidence in the use
of RCC as a structural layer, with due cognizance being
given to pavement structure, construction, climate,
and traffic, by providing practitioners with reliable
design information to enable them to make informed
decisions.

Full-scale Heavy Vehicle Simulator (HVS) tests
were conducted to determine the structural capacity
of the RCC. This paper summarizes the provisional
results from the first HVS test conducted during
Phase 1 (conventional RCC construction) in the dry
state. Subsequent testing will include the evaluation
of the labor-intensive constructed sections (Phase 2).

2 ROLLER COMPACTED CONCRETE

RCC gets its name from the heavy vibratory steel
drum and rubber-tired rollers used to compact it
into its final form. RCC has similar strength prop-
erties and consists of the same basic ingredients as
conventional concrete, including graded aggregates,
portland cement, and water but has different mixture
proportions (Harrington et al., 2010).

The largest difference between RCC mixtures and
conventional portland cement concrete mixtures is that
RCC has a higher percentage of fine aggregates, which
allows for tight packing, low void content, and consol-
idation. Fresh RCC is stiffer than typical zero-slump
conventional concrete. Its consistency is sufficiently
stiff to remain stable under vibratory rollers, yet wet
enough to permit adequate mixing and distribution of
paste without segregation. The use of RCC on roads
can potentially offer multiple benefits by comparison
with more conventional approaches.

RCC is typically placed with and asphalt-type paver
equipped with a standard or high-density screed, fol-
lowed by a combination of passes with rollers for
compaction. Final compaction is generally achieved
within one hour of mixing. Unlike conventional con-
crete pavements RCC pavements are constructed with-
out forms, dowels, or reinforcing steel. Joint sawing is
not required, but when sawing is specified, transverse
joints are spaced farther apart than in conventional
concrete pavements.

Compaction is the process by which the aggre-
gate particles in the RCC mixture are forced closer
together, reducing the amount of air voids in the mix-
ture and increasing the density of the layer. RCC
mixtures should be dry enough to support the weight
of a vibratory roller after placement, yet wet enough
to ensure adequate hydration and even distribution of
paste. Proper proportioning is essential for ensuring
that the mix has sufficient paste to coat the aggregate

Figure 1. Strength versus density for various RCC mixes
(after Schrader, 1992).

particles and fill the voids of the compacted mix.
Coating of the aggregate particles must be achieved
in order to obtain a strong and durable pavement and
to ensure load transfer through aggregate interlock at
joints (Water resources, 2004).

The increased density makes the pavement suit-
able for load bearing applications. Rolling must occur
before cement hydration begins to harden the paste
between the aggregate particles. Achieving proper
density during the rolling process helps prevent
non-uniform consolidation and isolated weak areas.
Depending on the specific mixture and construction
equipment used, external mechanical compaction by
rollers may result in a 5 to 20 percent reduction
in volume. Minimizing the air void content in the
RCC mixture is crucial to the durability of RCC.
Excess air voids allow the penetration of air and water.
Non-entrained air weakens the mixture, while exces-
sive water can cause material-related distresses in the
aggregates, low field densities, and insufficient early
strength gain. The strength of RCC decreases with
reduced density as shown in Figure 1 (Schrader, 1992).

3 POSSIBLE BENEFITS

The use of RCC on roads can potentially offer multi-
ple benefits by comparison with more conventional
approaches. The primary benefit of RCC is that it
can be constructed quicker and less costly than con-
ventional concrete. Other beneficial characteristics of
RCC include the following (Harrington et al., 2010):

– The lower paste content in RCC results in less
concrete shrinkage and reduced cracking from
shrinkage-related stresses.

– RCC can be designed to have high flexural, com-
pressive, and shear strengths, which allow it to
support heavy, repetitive loads without failure such
as in heavy industrial, mining, and military appli-
cations, and to withstand highly concentrated loads
and impacts.

– With its low permeability, RCC provides excellent
durability and resistance to chemical attack, even
under freeze-thaw conditions.

– RCC provides chemical and rut resistance in indus-
trial areas where point loading from trailer dollies
is a concern.
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– Occasional light vehicles, such as cars and light
trucks, can travel at low speeds on RCC pavements
soon after completion without causing damage.

– Construction of RCC at ambient temperatures is
suitable for labor-based construction and hence is
ideally suited for Gauteng’s EPWP.

– Apart from the basic road building equipment
(grader, roller compactor, water cart), only simple,
inexpensive construction equipment is required.

– The existing subgrade and alignment can be used.
– RCC can be used as an overlay on existing roads

where there is no limitation on vertical alignment.
– A significant percentage of the cement in the mix

can be replaced by fly-ash, a waste product from
coal-fired power stations.

– RCC pavements require less lighting energy at
night than bituminous surfaces because of the high
surface reflectivity.

– Repairs of potholes and utility cuts are simple using
the same material.

– Water demand is lower than that of conventional
concrete, which is a benefit in water-scarce areas.

If the technology is proven to be appropriate, RCC
can have:

– Lower life-cycle cost for comparable performance;
– Lower maintenance costs, and
– Better performance in difficult areas where heavy

loads and stop-start traffic are common, such as
container terminals and parking areas.

4 METHODOLOGY

– The general methodology followed for the labora-
tory and field evaluations of the RCC mixes was as
follows:

– Two full-scale test sections with a total length of
approximately 65 m and a width of 3.6 m were con-
structed. Structural design input parameters from
laboratory testing such as flexural strength, fatigue
life, and durability were determined.

– Accelerated pavement testing during which the
RCC was subjected to a range of loading conditions
and moisture regimes under the HVS (Figure 2) in
channelized, bi-direction trafficking mode to assess

Figure 2. The Heavy Vehicle Simulator.

the influence of the input parameters on the bearing
capacity of the material.

– Analysis of laboratory and field data.

Although RCC is continuously cast and compacted,
it is important to realize that, at the end of each work-
ing day, a construction joint will have to be made to
finish the day’s work. Formwork used to ensure cor-
rect compaction will be removed on the next day for the
continuation of slab casting.The structural integrity of
this construction joint will also be evaluated through
HVS testing.

5 PAVEMENT CONSTRUCTION

The RCC test section was designed for local and
provincial low-volume roads with design traffic of one
to three million standard 80 kN axle loads (ESALs).
The South African Mechanistic Pavement Design
Method was used for the structural design of the pave-
ment. Data from falling weight deflectometer (FWD),
dynamic cone penetrometer (DCP), test pits, soil sam-
pling, and laboratory material test results were all used
to characterize the behavior of the pavement struc-
ture.The design specifications for the RCC test section
were:

– Subgrade: Min. CBR of 25 at 95% modified
AASHTO, PI < 12, Maximum swell 1%;

– Subbase: 150 mm thick in situ material compacted
to 93% modified AASHTO;

– Base: 150 mm thick in situ material stabilized with
3% cement (of which 20% was replaced with fly-
ash), compacted to 95% modified AASHTO, and

– RCC: 150 mm thick layer. Mix design according to
consultant’s specification.

In the Phase 1 construction process the subgrade
was ripped and re-compacted. After compaction, the
in situ material had an average CBR of 58 and a field
density of 1,788 kg/m3 (at 94% modified AASHTO),
which was above the specified limit (minimum CBR
of 25 at 95% modified AASHTO) (Figure 3).

The density of the subbase was measured with
a nuclear density gauge after compaction and was

Figure 3. Subgrade preparation and compaction.
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Figure 4. Subbase construction.

Figure 5. Mixing cement and fly ash with in situ material.

Figure 6. Compacting base with roller compactor.

determined to be 90.7% of the laboratory determined
density, 2.3% short of the target density of 93% (see
Figure 4)

The construction of the base material is shown in
Figures 5 and 6. The in-situ material was stabilized
with the addition of 2.4% cement and 0.6% fly-ash.
Laboratory results indicated that after stabilization, the
base material had an unconfined compressive strength
(UCS) of 244 kPa. This is lower than the acceptable
standard for a South African C4 type stabilized base,
which requires a specified minimum UCS of 750 kPa.
The field compaction was 92.3%, which was also lower
than the specified minimum limit of 95%.

A tractor-loader-backactor (TLB) and 10 ton vibrat-
ing roller compactor were used to mix the stabilizer
into the excavated in situ material for the base and
imported materials for the RCC layer (Figures 7). Due
to the short test section the contractor chose to use

Figure 7. Mixing RCC materials.

Figure 8. Spreading RCC materials.

Figure 9. RCC layer after Phase 1 construction (mechanical
equipment).

the TLB for the placement of the RCC layer as well
(Figure 8), instead of using an asphalt paver normally
used in larger projects. Uniformity and possible seg-
regation as a result of this equipment choice will be
investigated after the completion of HVS testing.

The RCC layer was constructed with river sand and
9.5 mm crushed quartzite stone. The mix design con-
sisted of a cement-to-sand-to-stone ratio of 1:2:3. As
in the case of the stabilized base, 20% of the cement
content was replaced with fly ash. CEM III A 32,5N
cement was specified.

The sand, stone, cement, and fly ash were mixed
according to the mix design and distributed over the
base (Figure 8).The material was compacted with a 10
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Figure 10. Test section layout.

ton steel roller while water was being added.The water:
cement ratio was 0.36. The section was cured under
plastic sheeting for 10 days. The final RCC surface is
shown in Figure 9.

Laboratory tests were conducted on the RCC to
determine the 7-day and 28-day cube strengths, which
averaged 6.45 MPa and 9.74 MPa, respectively. This
slow rate strength gain was attributed to the type of
cement (CEM III) and the fly ash.

6 INSTRUMENTATION

Various instruments were used to record the perfor-
mance of the RCC and the underlying layers during the
test, including thermocouples (which measure air, sur-
face, and layer temperatures), joint deflection measur-
ing devices (JDMD), and multi-depth deflectometers
(MDD).

6.1 Joint Deflection Measuring Devices (JDMDs)

JDMDs are linear variable displacement transducers
(LVDTs) mounted vertically on the concrete slab (Fig-
ures 10 and 11).They record surface movements under
the influence of traffic (deflections) and the envi-
ronment (temperature-related curling effects). Several
JDMDs were used to record deflections immediately
adjacent to the trafficking wheel, as well as movements
at longitudinal edges, transverse joints, and cracks.

JDMDs can also be used to measure the deterio-
ration of load transfer across the construction joints
and cracks under accelerated trafficking, by recording
the relative movement of two JDMDs placed directly
across a joint or crack as shown in Figure 11.

6.2 Multi Depth Deflectometer (MDD)

MDDs also use LVDTs and record surface as well as
in-depth deflections. These LVDT modules are placed
inside the pavement at various depths. In this exper-
iment, the MDDs were placed at the surface, in the
base layer 200 mm deep (MDD200) and in the sub-
base layer 400 mm deep (MDD400). MDDs were
installed just before HVS testing started, after the

Figure 11. Shrinkage crack at Station 12 prior to trafficking.

formation of shrinkage cracks. Since the MDDs were
only installed after the formation of shrinkage cracks
it is believed that they did not have a significant influ-
ence in the deterioration of the shrinkage crack during
HVS trafficking.

7 HVS TEST LAYOUT

The HVS test section covered the area on which a
shrinkage crack had appeared. Instrumentation was
concentrated around the shrinkage crack to enable
the determination of cumulative damage in terms
of deflections, load transfer efficiency (LTE), joint
faulting, crack growth, and deformations. Although
the entire test pad was instrumented, the results pre-
sented in this paper are focused on the damage which
accumulated around the original shrinkage crack. The
instruments described above, together with a laser pro-
filometer were used to measure the response of the
RCC under HVS loading. All loading was done in the
dry state and no water was added. All trafficking was
in a bi-directional, channelized mode.

8 HVS RESULTS

Only one test (Phase 1) was partially completed at
the time this paper was submitted, and consequently
only provisional results are presented. The section was
tested in a dry state under a standard half axle load of
40 kN for one million repetitions. Because of time and

317



budgetary restraints and the slow rate of deterioration,
the load was increased to 60 kN after the one million
load repetitions had been applied. Using a damage fac-
tor of 4.2, the number of standard 80 kN axle load
(ESALs) repetitions was equivalent to 5.5 for each
60 kN load repetition. The result of this increase in
load level is clearly visible in the elastic response and
permanent deformation of the pavement (Figures 12
and 13, respectively). To date, a total of 1.76 million
repetitions had been applied, which equates to 5.18

Figure 12. Elastic deflection data.

Figure 13. Permanent deformation data.

million ESALs. This surpasses the design life of the
pavement which was between one and three million
ESALs.

8.1 Elastic deflection response

The variation in the elastic deflection (Figure 12) was
mainly due to daily temperature variations and the
increase in load to 60 kN after one million repeti-
tions. The sudden drop in deflection at approximately
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1.6 million repetitions was the result of an addi-
tional crack that formed around the instrumented
shrinkage crack at Station 12 (Figure 12). The fig-
ure shows the data from JDMD 1 and JDMD 2
(placed across the shrinkage crack) and MDD 12 at
three levels The MDD data is presented on a negative
scale in the figure to differentiate between the JDMD
data although both instruments recorded deflections
positively downwards.

The measured deflections were high and are mainly
due to the increase in the load level as well as the char-
acteristics of the material, including concrete strength
and the underlying base and subbase being weaker
than designed. After the load was increased to 60 kN,
the peak surface deflections increased to over 1.0 mm.
MDD surface deflections were higher than JDMD data
mainly because the instrument records data close to
the load (between the HVS wheels) whereas JDMD
deflections are recorded further from the loaded wheel.
From the MDD data it can be seen that most of the early
deflections originated from the base and deeper layers
(surface deflections similar to deflections at 200 mm),
but during the 60 kN phase most deflections originated
between the top and the base at 200 mm inside the
pavement.

Table 1. Average rate of deformation per 100,000
repetitions.

Phase JDMD 1 JDMD 2

Embedment phase (mm/100,000 reps) 0.838 0.953
40 kN phase (mm/100,000 reps) 0.198 0.193
60 kN phase (mm/100,000 reps) 0.657 0.519

Figure 14. Load transfer efficiency and relative movement.

8.2 Permanent deformation

Permanent deformation in the pavement is illustrated
in Figure 13 and shows a significant increase after the
load was increased from 40 kN to 60 kN in line with the
elastic deflections discussed above. The average rates
of deformation per 100,000 load repetitions are shown
in Table 1. The initial high rate of 0.84 mm/100,000
repetitions is termed the “embedment phase”. This
embedment phase is indicative of most APT tests,
after which the pavement enters a stable phase of lin-
ear increase in deformation, as shown in Figure 13.
The total average deformation of the slab was 6 mm
after 1.76 million load applications, which is excep-
tionally high for a concrete pavement structure. This
was attributed to the substandard base course which
did not provide the required support.

Figure 13 also shows the permanent deformation
recorded by the MDDs. Although all movements
recorded were downwards, the MDD measurements
are plotted positively upwards for clarity and to
distinguish between JDMD and MDD plotted results.

The MDD recorded higher deformations mainly due
to its location. It is interesting to note that even at
a depth of 400 mm the granular layers had a signif-
icant amount of deformation. The total deformation
recorded at this depth was 5.8 mm in relation to the
total surface deformation of 8 mm after 1.8 million
repetitions.

8.3 Load transfer efficiency and
relative movement

Relative movements (RM) and LTE across the shrink-
age crack at Station 12 are shown in Figure 14. LTE
is a measure of the efficiency with which the load is
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Figure 15. Crack formation.

transferred across a crack. It is defined as the relation-
ship between deflection of the unloaded slab (�U) and
the deflection of the loaded slab (�L) or:

An LTE of 100 percent is consistent with full load
transfer, and an LTE of zero percent indicates zero load
transfer.

Relative movement is the movement of the loaded
slab (�L) relative to the movement of the unloaded
slab (�U), or:

An RM of 0 mm indicates that both the loaded and
unloaded slab had the same reaction to the applied load
and corresponds to an LTE of 100 percent.

By considering the above two parameters, it is
possible to quantify the effectiveness of the load trans-
ferred through pavement deflection across a crack or a
joint. RM will measure a greater movement with high
deflection at a certain LTE, but will measure smaller
movement with a lower deflection given the same LTE.
LTE will be higher with lower deflections at a certain
RM, but lower with higher deflections at the same RM.
These two factors underline the importance of con-
sidering both LTE and RM together with the elastic
deflection behavior for crack movements.

The LTE was relatively high (above 80%) during
the first 800,000 repetitions, with a maximum RM of
approximately 0.2 mm.The LTE dropped to just below
70% after the load was increased to 60 kN, after which
it remained fairly constant. The RM ranged between
0.25 mm and 0.4 mm.

The drop in LTE signifies a significant loss in
aggregate interlock across the shrinkage crack after
the application of approximately 1.2 million load
applications.

8.4 Crack formation

Cracking caused by the repetitive HVS loading is
shown in Figure 15. Cracks formed in quick succession
during the embedment phase (0–100,000 load repe-
titions). Although clearly visible, crack widths were
small (less than 0.2 mm) and were not considered to

Figure 16. Circular crack formation toward the end of the
test.

be structural cracks. Some additional cracks developed
during the stable 40 kN trafficking phase.

Structural cracks wider than 0.3 mm appeared after
the 60 kN loading phase (from one million repetitions
onwards). They are shown in Figure 14 (orange, black
and red cracks). These cracks encircled the original
shrinkage crack at Station 12 (Figure 16).

9 CONCLUSIONS

This paper summarizes the initial findings of the first
as-yet uncompleted HVS test conducted on a full-
scale roller compacted concrete test section which
was constructed using conventional methods. It reports
on typical pavement performance measures, includ-
ing deflections, crack growth, load transfer efficiency,
permanent deformation, and crack faulting.

The initial results are promising.Although the RCC
layer was constructed on a substandard base and sub-
base and the RCC strengths were below expectation
for a CEM III cement mix, it has performed well in
the dry state. The pavement has significant cracking,
high surface elastic deflections and low LTE, but is
still considered not to have failed even after the appli-
cation of over 5 million equivalent 80 kN axle load
applications.
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Permanent deformation (rutting) is not a typical
failure mechanism in concrete pavements, but was
observed in this study due to the substandard granular
layer works under the concrete, with base and subbase
layers both not meeting their respective design speci-
fications. More than 8 mm of surface deformation was
recorded between the HVS wheels, all of which origi-
nated in the granular layers (per MDD measurements).
Test pit analysis investigations will be carried out after
the completion of the HVS testing to verify the extent
and degree of layer deformation below the RCC.

An important factor not evaluated in this part of
the study is the effect of water. The test discussed in
this paper was conducted during the dry months when
no rainfall was recorded. It is anticipated that the rate
of deterioration will increase under the influence of
water, especially with the presence of structural cracks,
which will allow the ingress of water into the base.

Follow-up testing will include the evaluation of
a labor-intensive constructed section, as well as the
determination of the water sensitivity of this type of
pavement construction.
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ABSTRACT: To optimize the thickness of slab and block pavements and also to test new large-format slabs
an Accelerated Pavement Test (APT) using the Mobile Load Simulator (MLS10) was carried out in Austria from
September to October 2010. The APT was an international cooperation with the Swiss Federal Laboratories
of Material Science and Technology, Semmelrock Ebenseer and the Vienna University of Technology. The
experiment consisted of seven different slab and block pavements. Selected pavements were instrumented with
soil pressure cells and horizontal strain gauges to assess primary responses under the wheel load. For the APT
the MLS10 used Goodyear super single tires with a wheel load of 65 kN. The test speed was 22 km/h and no
lateral wandering and no application of water was used during the tests. Falling Weight Deflectometer (FWD)
measurements were taken after construction of the test sections and after completion of loading. Deformation of
the surface (rut depth) was determined periodically.The results of theAPT are intended to evaluate the parameters
for a developed Finite-Element Model (FEM) for slab and block pavements, which enables simulation of the
whole superstructure, traffic loads and thermal stresses. The FEM is the final tool to optimize the thickness of
slabs and blocks for new designs and heavy traffic areas.

1 INTRODUCTION

Block pavements or slab pavements made of concrete
or natural stones are mainly used for communal areas,
where aesthetic variety (shape, color, texture) is wel-
comed. The economic efficiency and lifespan of the
pavement are also very important.

At bus stops or pedestrian precincts for example,
which are also trafficked by delivery trucks, high ver-
tical and horizontal loads (braking and accelerating)
often occur. If the layers of the pavement superstruc-
ture are not properly designed, the pavement often
suffers damage and as a result of this expensive
reconstruction is necessary. To avoid this in Austria,
pavements with blocks or slabs for areas with light
or medium traffic loads are designed according to
the Austrian regulation RVS 03.08.63 (FSV 2008a).
In this regulation the thickness of the layers for the
superstructure can be determined depending on a given
design traffic load and a chosen pavement type. The
maximum sizes and the aspect ratio for blocks and
slabs are also defined in this regulation. For heavy-duty
trafficked areas, high traffic-loads and other formats,
project specific structural designs are necessary.

To optimize the thickness of slab and block pave-
ments for special areas of applications and also to
design new large-format slabs, a research project was
started in December 2009.A new finite element model

(FEM) was created and evaluated with the data from
an accelerated pavement test (APT). The APT was
carried out in Austria from September to October
2010 using the Mobile Load Simulator (MLS10) from
Switzerland.

This research project represented a challenge with
no precedents for the partners involved and it was
the first time an APT was undertaken in Austria
on block pavements. The international cooperation
involved two research institutes, the Technical Univer-
sity Vienna (TU) and the Swiss Federal Laboratories
of Material Science and Technology (EMPA), and two
industry partners, Semmelrock Ebenseer Baustoffind-
ustrie GmbH & CoKG (SEB). The industry partners’
main activity is the development and production of
concrete block pavers.

2 CONCEPT FOR ACCELERATED
PAVEMENT TEST

2.1 Layout, construction and instrumentation
of the test sections

Seven different test sections were built for the APT
in the summer of 2010 on privately owned land. TU
and SEB designed and constructed the test sections,
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Figure 1. Layout of the seven test sections.

which included design and installation of the measur-
ing devices. EMPA provided and operated the MLS10
with the support of SEB.

Slab pavement test sections were 6.4 m (21 ft.) long
and 5.0 m (16.4 ft.) wide, and block pavement test
sections were 6.4 m long and 4.0 m (13.1 ft.) wide (Fig-
ure 1). The length of each test section was adjusted to
the length between the corner jacks of the MLS10,
because the machine should not stand on the pave-
ment itself during the traffic simulation. All sections
were surrounded with a concrete foundation to sup-
port the MLS10 and to confine the pavement. Because
of the design of the MLS10 (corner jacks) the maxi-
mum difference in height between the surface of the
pavement and the foundation was limited to ±20 mm
(0.79 in.).The test sections were built flat with no slope
in longitudinal or cross direction.

The structural design of each test section was cho-
sen according to the requirements in RVS 03.08.63
(FSV 2008a), depending on the calculated loading
class (Table 1). For laying pattern a stretcher bond was
selected for each test section. Bedding sand (2/4 mm),
jointing sand (0/2 mm and 0/4 mm), base materi-
als (0/63 mm and 0/32 mm), and porous concrete
(C16/20) were chosen according to the requirements
in regulations RVS 08.18.01 (FSV 2009) and RVS
08.15.01 (FSV 2008b).

Test sections 2, 4, 5 and 7 were instrumented in
the main wheelpath of the MLS10 with the follow-
ing devices to determine the response under loading
conditions (Figure 2 and Figure 3):

– Strain gauges (type DMS LY 41-50/120) installed
on the bottom of the slabs in the center and at the
edge of the slab to monitor expansion.

– Soil pressure cells (type EBKE 20/30 K10 A)
installed on the surface of the subgrade and the
unbound base course to measure vertical pressure.

– Special strain gauges (type EKD 1002) installed on
the bottom edge of the porous concrete to measure
expansion.

– Thermocouples to measure air, surface and bedding
sand temperatures.

Table 1. Test section design.

Thickness
Section Layer (cm) Instrument

1 Slab 100/50 cm 18
Bedding 3
Unbound base 20
Frost protection 30
Subgrade –

2 Interlocking slab 125/62.5 18 6 strain
Bedding 3
Unbound base 20 2 pressure
Frost protection 30
Subgrade – 2 pressure

3 Interlocking slab 125/62.5 14
Bedding 3
Unbound base 20
Frost protection 30
Subgrade –

4 Interlocking slab 125/62.5 12 6 strain
Bedding 3
Unbound base 20 2 pressure
Frost protection 30
Subgrade – 2 pressure

5 Interlocking block 20/20 10
Bedding 3
Unbound base 20 2 pressure
Frost protection 30
Subgrade – 2 pressure

6 Interlocking block DoubleT 10
Bedding 3
Unbound base 20
Frost protection 30
Subgrade –

7 Interlocking block 20/20 10
Bedding 3
Porous concrete 20 4 strain
Frost protection 15
Subgrade – 2 pressure

The exact position and designation of the instru-
mentation is show in Figure 2 with the following
abbreviations:

– U Soil pressure cell on subgrade
– O Soil pressure cell on base course
– DMS Strain gauge on bottom edge of slab
– BD Special strain gauge on bottom edge of porous

concrete

2.2 Test program

2.2.1 Visual inspection
Visual inspection was done before and after the APT
and included the following checks on each test section:

– Laying pattern and width of joints
– Filling of joints
– Damage of blocks or slabs
– Surface evenness and rut depth (also done during

maintenance stops of the MLS10)
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Figure 2. Layout of instrumentation on slab and block
pavements.

2.2.2 Falling weight deflectometer
measurements

Falling weight deflection (FWD) measurements were
conducted on the surface of each pavement before and
after the accelerated loading to assess the development
of the bearing capacity of the test pavements.The mea-
surements followed a fixed scheme as given in Figure 4
with an applied load of 50 kN.The following distances

Figure 3. Strain and stress instrumentation.

between the geophones were chosen: 0–200–300–
450–600–900–1,200–1,500–1,800 mm. Geophones
were never positioned over a joint.

2.2.3 Response measurements
Four test sections were instrumented with different
strain and stress measurement devices to determine
the primary response under wheel load to verify the
results of the developed FEM. A scan rate frequency
of 100 Hz was used for all sensors. The maximum,
minimum, average and standard deviation per minute
were calculated for each sensor for later analysis.

2.3 Traffic simulation with mobile load simulator

The Mobile Load Simulator MLS10 from Switzerland
(Partl, 2008) was used for the APT (Figure 5). Due to
the given time and budget restrictions of two months
for the tests it was necessary to increase the wheel
load in order to reach the same amount of deterioration
as for a standard axle load in Austria. Total testing
was limited to a maximum of about 1.2 million load
applications for all test sections.

The MLS10 was equipped with Goodyear 455/40
R22.5 super single tires with a tire pressure of
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Figure 4. Scheme of FWD measurement points.

1.06 N/mm2 (10.6 bar) and a wheel load of 65 kN.
Changes in the geometry of the machine to accom-
modate these wheels were done prior to transporting
the machine from Switzerland to Austria.

2.3.1 Calibration of the MLS10
At the start of the APT the wheel load was adjusted
with a calibrated static scale and controlled with a
mobile weigh-in-motion device (WIM) to achieve a

Figure 5. Mobile Load Simulator MLS10 with super single
tires.

Figure 6. Static scale and weigh-in-motion.

wheel load of exactly 65 kN (Figure 6). Adjustment
time for the first wheel was about three hours, and the
same settings were used for the other three wheels.
Although load checks were planned for after the test,
scale availability and time restrictions prevented this
being carried out. Operating staff adjusted the MLS10
manually during maintenance stops when required.

2.3.2 Preloading and continuous operation
At the start of the traffic simulation a pre-loading
phase with reduced wheel load and a speed of 7.2 km/h
(4.5 mph) was completed on each test section for
about 15 minutes (1,000 passes). During this time
the MLS10 was not fully lowered to the pavement.
After this initial phase, the MLS10 was lowered to
the pavement and the speed was increased to 22 km/h
(13.7 mph). During the tests no lateral wandering or
application of water was performed.

The MLS10 was inAustria for 55 days and operated
on 31 days with a total of 1,189,353 load applications
distributed over the seven different pavements. This
averaged 38,400 load cycles per day (Table 2).
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Table 2. APT schedule.

Test Load
Day Section Passes Notes

01-Feb 01-Jul 0 First visual inspection and FWD
3 2 14,146 Sect. aborted due loss of jointing

sand and swinging of slabs
4 6 20,052 Sect. aborted due strong rutting
5 5 5,042 Rut depth at 1,000 and 5,000
6 5 49,018 Rut depth at 35,000
7 5 44,280 Rut depth at 80,000
8 5 47,919
9 5 50,241 Rut depth at 150,000
10 5 19,452 Rut depth at 200,000
11 5,7 51,641 Sect. 5 aborted due strong rutting

at 250,000, Sect. 7 rut depth
at 17,000

12 7 47,914 Rut depth at 43,000
13 7 49,430 Rut depth at 115,000
14 7 27,490
15 7 56,680 Rut depth at 165,000
16 7 50,000 Rut depth at 200,000
17–18 1–6 0 2nd visual inspection and FWD
19 7 36,000 Finish at 285,000
20 6 50,026 Rut depth at 33,000
21 6 20,158 Rut depth at 70,000
22 6 48,376
23 6 54,598 Rut depth at 130,000
24 6 50,015 Rut depth at 175,000
25 6 42,560
26 6 19,422 Finish at 285,000
27 2 48,011 Rut depth at 5,000
28 2 49,121 Rut depth at 65,000
29 2,4 37,891 Sect. 2 finished at 100,000,

Sect. 4 finished at 35,000
30 3 40,094 Rut depth at 26,000
31 3 46,694 Rut depth at 75,000
32 3 13,242 Finish at 100,000
33 1 42,271 Rut depth at 35,000
34 1 37,921
35 1 19,830 Sect. 1 finished at 100,000
36–37 1–4,6,7 0 3rd visual inspection and FWD

Total 7 sections, 1,189,535 load applications,
31 operating days, average 38,400 load applications
per day

The authors had little experience with the use of
APT on block and slab pavements and there is lim-
ited published information on the topic. This study
was also the first use of the MLS10 for testing block
and slab pavements; in the past it has only been used
for asphalt or concrete pavements. The main concern
was the possibility of exposing the machine, especially
the loading system, to damage. If no lateral wander-
ing is used, rutting on block pavements will depend
on how the wheelpath of the APT device is located
in relation to the laying pattern of the blocks. Some
blocks will get the full load of the tires whereas oth-
ers next to them have partial or no loading. This can
result in uneven settlement/compaction of the bedding
under the blocks resulting in an uneven surface with
sharp borders that could be detrimental to the machine

Figure 7. Uneven settlement of pavement.

(Figure 7). The most critical scenario would occur if
a slab or block broke and was dislodged from the
pavement and interfered with the loading action. To
avoid this problem and to have a more representative
situation of how loading distributes in real block pave-
ments, the MLS10 was carefully positioned in order
to set the wheelpath so that it covered as many blocks
as possible. Regular visual inspections of the surface
were also carried out to check that the surface did not
have unevenness of more than 20 mm. This is also the
threshold value for rut depth in Austria.

3 FINITE ELEMENT MODEL

3.1 Description of the FEM

In this section, a brief overview of the developed finite
element model is provided to illustrate the use of
the MLS10 test data for the validation of numerical
simulation tools of the whole pavement structure.

The geometry and the boundary conditions of the
FEM are illustrated in Figure 8. The thicknesses of
the pavement layers are given in Table 1. The concrete
slabs as well as the concrete blocks were modeled as
linear elastic material.An anisotropic friction criterion
in tangential direction and a nonlinear elastic mate-
rial behavior in the normal direction were assigned to
the vertical joints. A Drucker-Prager type yield func-
tion with a cap-hardening rule was assigned to all
unbounded layers (2)–(4). All layers have continuous
lateral elastic support.

The material parameters for the unbound layers
were backcalculated from the FWD-measurements on
the pavement surface and static plate load tests during
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Figure 8. FEM for block pavement structures.

the construction of the layers.The linear elastic param-
eters of the concrete were determined from ultrasonic
measurements. Different joint-tests were developed
and conducted for the determination of the anisotropic
friction behavior of the joints between the concrete
slabs/blocks.

The full model is discretized with about 30,000
three-dimensional (3-D) finite elements and 50,000
contact elements, both having quadratic interpolation
functions.

3.2 Validation of FEM with sensor data

Static calculations for different positions of the super
single tire (65 kN wheel load) were conducted to
validate the FEM. In Figure 9 the vertical defor-
mation fields of a concrete slab pavement structure,
for two different loading positions, obtained from
FE-calculations are shown as an example.

The results were compared to the sensor data gained
from the MLS10 tests. Both the strains measured with
the strain gauges applied at the concrete slabs and
the pressure measured in the unbound layers agreed
well with the results obtained from the FE simula-
tions (Table 3). A comprehensive comparison of the
FE results with the experimental test data will be
presented in a follow-up paper.

Mechanically-sound designs and optimization of
the full pavement structure is now considered possi-
ble comes possible with this simulation tool, which

Figure 9. Vertical deformation of a concrete slab pavement
structure loaded with a wheel load of 65 kN (a) in the middle
of the slab and (b) at the edge of the slab.

Table 3. Sensor data and FEM results for slabs.

Section 2 Section 4

Sensor Unit Sensor FEM Sensor FEM

DMS 1, 4 µm/m 20 21 40 50
DMS 2, 5 µm/m 65 52 80 95
DMS 3, 6 µm/m 35 30 55 66
O1 bar 0.80 0.43 0.60 0.64
O2 bar 1.70 2.00 0.40 2.40
U1 bar 0.40 0.35 0.40 0.39
U2 bar 0.55 0.54 0.50 0.57

has been validated using pavement tests with the
Mobile Load Simulator MLS10, Realistic pressure
and deformation states within all layers are also now
available.

4 EXPERIENCES AND CONCLUSIONS

4.1 Execution of APT

The main problem of the APT was the rapid loss of
jointing sand, since the joints of the new surfaces had
no time to consolidate. Therefore it was necessary to
add jointing sand during the maintenance stops of the
MLS10. However, inspection and refilling of joints
are normal maintenance actions for block and slab
pavements during their life time. For further tests on
these types of pavements, it is recommended that new
test sections are exposed to environmental conditions
(rain, dust) for a few weeks before the start of the APT
and until the jointing material consolidates.

Although a few slabs and blocks were damaged,
and some surfaces were deformed during theAPT, this
had no influences on the operation of the MLS10. To
minimize damage to moving parts of the MLS10 from
jointing sand and water, theAPT was undertaken with-
out application of water to the pavement surface. The
authors are aware of the unrealistic conditions for the
test pavements, but the risk of damaging the MLS10
during the APT needed to be minimized.
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Figure 10. Rut depth of slab and block pavements.

In summary it can be said that the execution of the
APT and the planned load applications were completed
successfully and considerable time was saved com-
pared to test sections on public roads with high traffic
volumes.

4.2 Performance of test sections

The performance of Test Section 1 was as expected as
it was a standard structure used in Austria. No slabs
were damaged and vertical deformation was within
the allowed tolerances. After the application of addi-
tional load passes deformation increased slightly and
some slabs started to tip. The lager slabs used in Test
Section 2 performed well, no slabs were damaged
and vertical deformation was less than on Section 1
(Figure 10), although this design format is not stan-
dard in Austria.

The thinner slabs on Test Sections 3 and 4 broke in
the center along the loading line of the MLS10. This
was expected as these design formats are outside the
regulations of the Austrian standards. However, the
number of load passes could be determined up to
the break. Vertical deformation was higher than on
Sections 1 and 2, because of the loss of joint material
and tipping of the slabs, which were loaded at the edge.

On Test Section 5, the APT was stopped before
reaching the planned load passes because of a rut depth
of more than 20 mm, which is the threshold value
in Austria and also the maximum tolerance for the
MLS10. The largest deformation was situated directly
above the soil pressure cells in the unbound base course
and it was concluded that the compaction of the base
course around the instrumentation was unsatisfactory.

Although considerable deformation was measured,
no blocks were broken and only minimal spalling on
two stones occurred. The width of joints in the middle
of the load line was less than the allowable tolerances.

On Test Section 6 the rut depth was 20 mm at the
planned end of the APT, but no damage was visible on
the blocks. Some horizontal deformation and a little
tipping of two pavers were observed in the touchdown
area of the super single tires. The width of joints in the
middle of the load line was mostly below 1 mm.

The structure with porous concrete onTest Section 7
is a new construction method in Austria for which
there is only limited knowledge and experience. The
performance of this pavement was excellent, with no
measurable deformation and no visible damage.

In summary, it can be assumed that the performance
of the test sections showed realistic behavior during
the APT compared to real traffic loads. The only dis-
advantage of the MLS10 is that no horizontal forces
can be applied on the pavement surface. For further
tests an additional braking system for the MLS10 is
recommended to evaluate the behavior of different
block/slab pavements under brake load.
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Environmental and load effect on dowelled and undowelled portland
cement concrete slabs

S.M. Sargand & I. Khoury
Ohio Research Institute for Transportation and the Environment, Ohio University, Athens, Ohio, US

ABSTRACT: Two Portland Cement Concrete (PCC) slabs, one dowelled and one undowelled, were placed and
instrumented in theAccelerated Pavement Load Test Facility in Lancaster, Ohio. The objectives of the study were
to determine the forces generated in steel dowel bars and in the surrounding concrete resulting from PCC slab
deformations during curing, thermal cycling, and moving wheel loads; monitor PCC slab shape during curing
and thermal cycling with LVDTs and a Dipstick®; measure strain generated in the PCC slabs from moving wheel
loads traversing the slab; and determine the magnitude of residual stress remaining in the slabs by taking cores
at the rosette locations at the conclusion of testing. The slabs were cured at a constant temperature, and then
subjected to temperature variations and wheel loads. Data were collected from the sensors and a Dipstick® was
used to measure the shape of the slabs as they cured and when subjected to temperature gradients. It was found
that slab temperature gradients were moderate during the curing period because of constant room temperature.
LVDT data indicated that the amount of warping on undowelled slabs was much greater than on the dowelled
slabs. As slab temperature gradients changed, the undowelled section had greater deflection than the dowelled
section. Corner deflection increased with time during the period of constant temperature. Dowels restrained joint
movement, thus reducing the amount of curling. Therefore, dowel bars not only transferred load but also reduced
loss of support.

1 INTRODUCTION

1.1 Overview

During the curing of portland cement concrete (PCC)
slabs, and as they are exposed to subsequent daily and
seasonal temperature and moisture cycling, differen-
tial expansion and contraction change slab shape, and
the magnitude and distribution of support under the
slabs. Higher temperature and/or moisture in the upper
portion of PCC slabs cause that stratum to expand rel-
ative to the lower portion of the slab, thereby forcing
the slab edges down. Conversely, higher temperature
and/or moisture in the lower portion of the slab results
in the slab edges being raised. Slab distortion caused
by differential temperatures is referred to as curling
and slab distortion caused by differential moisture is
referred to as warping.

Any differential vertical displacement of a PCC slab
from its original as-placed elevation results in non-
uniform support under the slab and bending stress
induced in the slab. This distortion has a major impact
on the long-term performance of rigid pavements. In
locations where the slab surface is higher than its initial
elevation, contact with the underlying support layer is
significantly reduced, and dead load bending stresses
will develop where the slab bridges these areas. Higher
than normal live load bending stresses will then be
superimposed on the dead load bending stresses in
these areas when traffic passes over the unsupported

slab. The extent of slab displacement and the magni-
tude of dead load bending stresses depend upon several
factors, including: temperature and moisture gradients
in the slab; concrete material properties; slab dimen-
sions; and boundary conditions along the slab edges.
Live load bending stresses will be dictated by these
same parameters plus the weight and distribution of
wheel loads on and around the slab.

One mechanism commonly used to stiffen PCC
slab ends is the addition of dowel bars to distribute
or transfer vertical shear and horizontal bending
moments longitudinally across joints to adjacent slabs.
These round, smooth bars are typically epoxy-coated
steel, 32 mm (1.25 in.) to 38 mm (1.5 in.) in diameter,
460 mm (18 in.) long and spaced 300 mm (12 in.) on
centers across the pavement width. They are installed
as prefabricated baskets at the time of concrete place-
ment, and one end of each bar is lubricated before
coverage to prevent bonding with the concrete and to
facilitate horizontal slab movement. While these bars
provide additional stiffness to the slab ends, the forces
they transfer are resisted by stresses generated in the
bars and in the concrete surrounding the bars.

Mathematical models, including finite element
methods, have been used to simulate the response of
rigid pavements to dynamic loading. These models
assume that PCC slabs are flat and in uniform contact
with the underlying base material. Any loss of support
from initial curing and from subsequent environmental

331



curling and warping has traditionally been ignored.
However, research indicates that PCC slab edges begin
to deform upward within a few hours after concrete
placement and continue to deform throughout the tra-
ditional 28-day cure period and beyond, even when
ambient conditions remain relatively constant. This
displacement is caused primarily by a loss of moisture
in the upper portion of the slab during the hydra-
tion process. As ambient temperature or moisture
conditions change, further positive and negative dis-
placements are superimposed on the slabs. Since the
dynamic response of rigid pavements is affected by
slab support, accurate response calculations require
that the models properly account for non-uniform slab
support.

When heavy traffic loads pass over deformed pave-
ment slabs, significant live load stresses are added to
environmental and dead load stresses already existing
in the slabs. Various mathematical models have been
developed to describe the combined response of rigid
pavement slabs to environmental cycling and dynamic
loading but, additional data is required to adequately
verify and calibrate them.

1.2 Objectives

To verify results from previous studies and to
quantitatively measure dowel bar and slab response
under controlled conditions, dowelled and undow-
elled instrumented pavements were constructed in
the Accelerated Pavement Loading Facility (APLF)
in Lancaster, Ohio. Specific objectives for this study
included the following:

1. Determining forces generated in steel dowel bars
and in the surrounding concrete resulting from PC
concrete slab deformations during curing, thermal
cycling and moving wheel loads.

2. Monitoring PCC slab shape during curing and
thermal cycling with LVDTs and a Dipstick®.

3. Measuring strain generated in the PCC slabs from
moving wheel loads traversing the slab

4. Determining the magnitude of residual stress
remaining in the slabs by taking cores at the rosette
locations at the conclusion of testing.

1.3 Facility

The Accelerated Pavement Load Facility (APLF)
located on the Lancaster Campus of Ohio University
is a state-of-the-art research facility initially funded by
the Ohio Board of Regents and designed for the testing
of full-scale asphalt and concrete highway pavement
sections under carefully controlled environmental and
loading conditions. The initial investment in the facil-
ity by the Ohio Board of Regents was $1.1 million and
since its construction in 1997 an additional $500,000
has been added in improvements and updates.

The pit where experimental sections of pavement
are tested is 13.7 m (45 ft.) long by 11.6 m (38 ft.) wide
by 2.5 m (8 ft.) deep. Large (4.3 m (14 ft.) high × 7.3 m

(24 ft.) wide) doors are available on both ends of
the building for easy access by standard construc-
tion equipment in order to construct pavements. Air
temperature in the test chamber can be maintained
between −12◦C (+10◦F) and +54◦C (+130◦F), and
wheel loads of up to 13,000 kg (30,000 lbs.) can be
applied at up to 8 km/h (5 mph) with either dual or
super single tires.

Projects in the facility ranged from an Ultra White
topping study to most recently studying various
types of warm asphalt mixes and perpetual pavement
designs.

In addition to the ability to control the environmen-
tal conditions, this unique facility includes the ability
to change the underlying subgrade soil to depths up to
1.8 m (6 ft.), to vary the water table depth, and to add
water from the top to simulate rain. The APLF is also
equipped with monitoring cameras that allow users
outside the facility to monitor all aspects of the exper-
iment and give instant feedback to the technicians and
engineers on location.

2 CONSTRUCTION, INSTRUMENTATION,
AND LAYOUT

2.1 Construction

To define the impact of curing, environmental cycling,
and wheel loading on the performance of PCC pave-
ment, two separate 13.7 m (45 ft.) long by 3.7 m (12 ft.)
wide by 250 mm (10 in.) thick jointed concrete pave-
ments were constructed in the APLF. Each pavement
was sawed into three slabs with joints spaced at
4.8 m (15 ft.) intervals. The pavements were separated
with no constraints (e.g., tie bars) placed along the
sides. One pavement contained dowel bars to trans-
fer load across the joints between slabs and the other
pavement was undowelled.The pavements were other-
wise constructed in accordance with Ohio Department
of Transportation (ODOT) specifications, with the
150 mm (6 in.) dense-graded aggregate base and the
A-6 subgrade under the pavements being typical in
Ohio. The pavement surfaces were finished smooth to
facilitate the periodic measurement of surface eleva-
tions with a Dipstick®. Vertical plywood boards were
placed at the bottom of the slab at all four joints to
facilitate cracking of the pavements after joints were
sawed to a depth of 75 mm (3 in.) at the same loca-
tions on the pavement surfaces. This joint treatment
minimized aggregate interlock between adjacent slabs
during curling and warping, which permitted a clearer
definition of the effectiveness of dowel bars in resist-
ing slab curvature. Table 1 summarizes the physical
properties of concrete used in the two pavements.

2.2 Instrumentation and layout

Strain gauges and thermocouples were installed in
both test pavements during concrete placement to
measure strain in selected dowel bars, and strain
and temperature in the concrete slabs. Precautions
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were taken during construction to carefully place and
vibrate concrete around these sensors without dis-
turbing their alignment or damaging them. Linear
variable differential transformers (LVDTs) referenced
to a depth of 2.1 m (7 ft.) were installed along the pave-
ment edges soon after placement to monitor vertical
deflection at these locations.

2.2.1 Concrete sensors
Arrays of four equally spaced copper-constantan ther-
mocouples were installed vertically at five locations
in each pavement to measure temperature at depths of
25 mm (1.0 in.), 95 mm (3.7 in.), 160 mm (6.3 in.) and
230 mm (9.0 in.) below the PCC slab surface.

Two types of strain gauges were installed in the
slabs to measure concrete strain. Geokon VCE 4200
vibrating wire strain gauges were mounted 25 mm
(1 in.) from the top and bottom of the end slabs along

Table 1. Physical properties of PCC.

Parameter Result

Unit weight (kg/m3 [pcf]) 2,300 (143.6)
Poisson’s ratio 0.22
Compressive strength (MPa [ksi])
2-day 13.6 (1.97)
7-day 30.5 (4.43)
14-day 32.9 (4.77)
28-day 37.3 (5.41)
391-day 49.9 (7.24)

Modulus of rupture (MPa [ksi])
28-day 3.6 (0.52)

Young’s modulus (MPa [ksi])
2-day 16,000 (2,320)
7-day 21,300 (3,085)
28-day 23,500 (3,415)

Figure 1. Undowelled slab instrumentation.

the centerline to monitor environmental strain caused
by changing temperature and moisture in the slabs.
TML PMR-60 three-axis rosettes were mounted 25 mm
(1 in.) from the top and bottom of the middle slabs to
measure dynamic strain generated by a falling weight
deflectometer (FWD) and the rolling test wheel. Eight
Schaevitz 121–500 DC LVDTs were placed along each
pavement edge to measure vertical deflection from
environmental and dynamic effects. Instrumentation
installed in the two slabs is shown in Figures 1 and 2.

2.2.2 Data acquisition
Air temperature, relative humidity, and VCE 4200
vibrating wire strain gauges in the end slabs were mon-
itored at 30-minute intervals throughout all phases of
testing with Campbell-Scientific CR10 data-loggers.
The uniaxial dowel bar strain gauges LVDTs and ther-
mocouples were monitored every 30 minutes during
curing and temperature cycling with a Campbell-
Scientific CR7 data-logger. During dynamic load tests
with the rolling wheel and the FWD, an Optim Elec-
tronics Megadac 5108AC data acquisition system was
used to record responses of the uniaxial strain gauges
and rosettes on the dowel bars, LVDTs along the slab
edges, and PMR-60 rosettes in the concrete slabs at a
rate of 1,200 samples per second per sensor.

2.2.3 Dipstick®

A Dipstick®2000 was used to obtain slab profiles by
measuring vertical elevations to a thousandth of an
inch at 300 mm (12 in.) intervals. Slab profiles were
monitored periodically along a fixed traverse to deter-
mine the environmental response of the pavement
during curing and temperature changes. The traverse,
consisting of a rectangle 3.4 m (11 ft.) by 4.3 m (14 ft.)
and one diagonal across the rectangle, was drawn on
the middle slab of both pavements (Figure 3).
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Figure 2. Dowelled slab instrumentation.

Figure 3. Dipstick® path on pavement.

3 ENVIRONMENTAL RESPONSE

Data analysis of the environmental response of the test
pavements was measured during curing at constant air
temperature and as air temperature changed after cur-
ing. Thermocouples were used to measure concrete
temperature at different depths and locations in the
slabs. LVDTs and the Dipstick® profiler were used
to measure slab elevations, and strain gauges were
used to measure strain in the concrete slabs and on
the dowel bars during various induced environmental
conditions.

3.1 Curing under constant temperature

3.1.1 Slab temperature
Slab heating during hydration
Temperatures at the center of the middle dowelled slab
during the first five days after concrete placement
are shown in Figure 4. The highest slab temperatures
occurred approximately 15 hours after placement of
the concrete and the maximum temperature difference
measured between two thermocouples in the slab was
approximately 4◦C (7.2◦F), which is moderate com-
pared to gradients often observed in the field. During
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Figure 4. Initial temperature at center of the doweled slab
at various depths as a function of time.

Figure 5. Temperature distributions in center of slab after
final set.

hydration, the temperature gradients were nonlinear
and fluctuations observed 24 hours after concrete
placement were caused by changes in room temper-
ature as the doors were opened for placement of the
undowelled pavement section.After five days, the con-
crete and air temperatures were about the same and
the temperature gradients in the slabs were essentially
zero.

Temperature increases caused by concrete hydration
varied between the corner and middle of the dowelled
slabs. Differences in slab temperature at the two loca-
tions were approximately 2C◦ (3.6◦F), which again
is small compared to observations in the field. The
temperature of newly placed slabs is affected by mix
temperature, base temperature, and air temperature,
hydration properties of the concrete, wind and solar
radiation.

Determination of final set time
Generally, initial concrete set occurs when the heat
of hydration causes concrete temperature to begin to
rise, and final set occurs when concrete changes from
a fluid to a rigid state. In accordance with Comité Euro
(1993), initial and final concrete set times in minutes
are related as follows:

On this project, final set time was used for moni-
toring the vibrating wire strain gauges.

Concrete was placed in the dowelled pavement at
approximately 8:00 AM. The heat of hydration caused
the temperature to begin rising at about noon, mak-
ing the initial set time four hours; the final set time
was determined to be 6.3 hours after placement, using
Equation 1.

Temperature gradients
Slab temperatures measured in the dowelled and
undowelled slabs were relatively similar, therefore
conditions in the dowelled slab are considered to be
representative of both sections in this study. Slab tem-
peratures were higher on the bottom than on the surface
during curing, thereby indicating a negative built-in
gradient. Figure 5 shows temperature distributions in
the slab center at the final set time, and at 2.5 and 5.0
hours afterwards.

3.1.2 Slab shape
Temperature and moisture gradients and concrete
shrinkage are the main causes of slab deformation.
Immediately after placement, fluidity of the green con-
crete allows it to flow as it expands with increasing
temperature during early hydration. As the concrete
changes from a fluid to a rigid state at the time of final
set, it assumes a zero-stress state (Neville, 1997; Shah,
1998) dictated largely by internal environmental gradi-
ents generated within the concrete mix to that point in
time. These gradients are, of course, affected by exter-
nal environmental conditions imposed on the concrete
during the cure period. All subsequent temperature
associated stresses must be related to the zero-stress
temperature gradient. Strength then increases rapidly
in the concrete, and internal stresses develop as fur-
ther temperature and moisture changes, and shrinkage
of the concrete mix cause the concrete slab to alter
its shape. When tensile stresses in the concrete exceed
the tensile strength of the concrete, transverse cracks
will appear and stresses elsewhere in the slab will
be reduced. Transverse joints are sawed in the con-
crete before these cracks appear to control transverse
cracking.

Joints were cut in the test pavements at approxi-
mately 10 hours test time, or four hours after final set.
The temperature gradient at that time was assumed
to be the zero-stress temperature gradient. Since the
temperature gradient in the slab approaches zero as the
heat of hydration dissipates, deformation from final set
is downward curling. The magnitude of this tempera-
ture related deformation cannot be measured directly
since shrinkage is occurring simultaneously.

Dipstick® data
Shrinkage causes upward warping as moisture is lost
primarily from the top of the slab (Khan, 1997). In this
test, slabs were cured under a constant temperature of
21◦C (70◦F). Thus, all changes in slab curvature after
the slab temperature became uniform were caused by
warping. The zero-stress gradient only defined the
initial conditions for the warping process. Figure 6
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Figure 6. Dowelled slab shape after 1 week (x and y axis
[ft.], z-axis [in.]; 1 in. = 25 mm, 1 ft. = 300 mm).

Figure 7. Dowelled slab shape after 5 weeks (x and y axis
[ft.], z-axis [in.]).

through Figure 9 show typical slab deformation mea-
sured with the Dipstick® after one and five weeks for
the dowelled and undowelled sections, respectively.
The undowelled slab appeared to have a smoother
shape than the dowelled slab. After five weeks, dif-
ferences in elevation between the deepest point in
the center and the highest corner were approximately
1.5 mm (59 mil) for both sections.

LVDT data
LVDT data presents a somewhat clearer description of
the warping process. In general, the magnitudes of the
Dipstick® and LVDT deflections were in agreement.
The LVDT data, however, showed more corner deflec-
tion in the undowelled section than in the dowelled
section. LVDTs were set in six corners of the undow-
elled and dowelled slabs as shown in Figures 1 and 2,
respectively.

Figure 10 shows the rise of the corners in the dow-
elled section with data points for all six sensors and an
average reading, while Figure 11 shows the same data
for the undowelled section.These data indicate greater
warping in the undowelled section where the corners

Figure 8. Undowelled slab shape after 1 week (x and y axis
[ft.], z-axis [in.]).

Figure 9. Undowelled slab shape after 5 weeks (x and y axis
[ft.], z-axis [in.]).

Figure 10. Deflection of the dowelled slab during the first
five weeks (1 mm = 39 mil).

rose about 0.4 mm (16 mil) more than the dowelled sec-
tion to an average of 1.7 mm (67 mil) after five weeks.
The dowel bars appeared to reduce the amount of warp-
ing and improve the uniformity of corner deflections.
It is interesting to note that in both sections deflection
continued to increase steadily and showed no sign of
slowing after five weeks.
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Figure 11. Deflection of the undowelled slab during the first
five weeks (1 mm = 39 mil).

Figure 12. Strain development at center of the dowelled
slab.

Figure 13. Strain development at center of the undowelled
slab.

3.1.3 Strain data
GeokonVibratingWire Model 4200 strain gauges were
installed during concrete placement at the center and
third points of the outside slabs on both sections
to measure longitudinal strain approximately 25 mm
(1 in.) from the top and bottom of the slabs. Fig-
ure 12 and Figure 13 show strain in the slab center
of the dowelled and undowelled sections respectively
with the temperature gradient. The readings for com-
parable gauges in each section were very similar;
discontinuities in the lines reflect missing data.

The gauges were zeroed about the time of final
set (t = 6.3 hrs. and t = 30 hrs), thereby making the

measured strains shown in Figures 12 and 13 rela-
tive to that point in time. In the first hours after final
set, the gauges measured increasing positive strain
(i.e., continued slab expansion due to heat of hydra-
tion). As the heat of hydration dissipated, reduced
tensile strain indicated slab contraction, but friction
at the pavement/base interface resisted the contraction
and generated tensile forces in the slab. Joints were
sawed in the slabs approximately 10 hours after place-
ment to control transverse cracks that would develop
when these internal tensile forces exceeded the tensile
strength of the curing concrete mix. The presence of
these external constraints affected slab movement and
strain being monitored by gauge response.

Strain gauges near the top and bottom of the slabs
behaved differently due to temperature and moisture
gradients in the slabs, and bottom friction. Hydra-
tion temperatures were routinely higher on the slab
bottom because of insulation from the lower air tem-
peratures. Similarly, moisture was higher in the slab
bottom because of surface evaporation into the air.
Friction at the pavement/base interface retarded hor-
izontal slab movement from environmental effects.
After the heat of hydration dissipated in a few days,
the bottom strain stabilized, but the top strain con-
tinued to drop as moisture continued to evaporate,
causing an upward warping of the slab edges. Fig-
ures 10 and 11 show this warping to continue for at
least five weeks. Because the dead weight of the slabs
opposed this upward warping, slab deformation was
less than expected for free shrinkage (Nagy, 1997).
The differences between top and bottom strain sug-
gest that slabs had greater curvature at the one-third
point than at the center.

3.2 Environmental response to temperature
changes

The eight-week long environmental response testing
included a period of curing under constant temper-
ature, which lasted approximately five weeks, and
a period of controlled temperature changes, which
lasted approximately three weeks. Temperature was
first increased after 840 hours test time on the dow-
elled section. Since the undowelled section was placed
one day later than the dowelled section, the time of the
temperature increase began at 816 hours test time on
the undowelled pavement.

3.2.1 Temperature data
After five weeks of curing under constant temperature,
temperature changes were applied to both concrete
sections, as follows: air temperature was increased
from 20◦C (68◦F) to 35◦C (95◦F) for one week,
decreased to 22◦C (72◦F) for three days, decreased fur-
ther to 5◦C (41◦F) for three days and, finally, returned
to 21◦C (70◦F).

The negative gradient of −6◦C (−11◦F) observed
during this test was similar to maximum slab gradi-
ents measured in the field. In an annual distribution
of hourly temperature gradients, this maximum nega-
tive gradient occurs less than 10 percent of the time.
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Figure 14. Slab profile at greatest negative gradient; dow-
elled section (x and y axis [ft.], z-axis [in.]).

Figure 15. Slab profile at greatest negative gradient;
undowelled section ((x and y axis [ft.], z-axis [in.]).

The positive gradient of +6◦C (+11◦F) is a moderate
value, in that gradients of +6◦C (+11◦F) to +12◦C
(+22◦F) occur approximately 15 percent of the time
in an annual distribution (Comité Euro, 1990; Khan
et al., 1995).

3.2.2 Slab shape
Dipstick® data
The Dipstick®2000 was used to obtain slab profiles
during the various temperature conditions. As stated
earlier, however, LVDTs provide more precise mea-
surements of slab deformation. The greatest slab
deflection was observed at the −6◦C (−11◦F) gradi-
ent. The slab profiles of the dowelled and undowelled
sections, as measured with the Dipstick, are shown
in Figures 14 and 15, respectively. The undowelled
profile shows a slightly greater deflection than the
dowelled section.

LVDT data
LVDTs mounted along the slab edges measured pave-
ment curling resulting from positive and negative
temperature gradients. Corner readings of LVDTs 9,
10, 11, 12, 15 and 16 on the dowelled and undowelled
sections are shown in Figures 16 and 17, respectively.

Figure 16. LVDT measurements of corner deflections dur-
ing temperature cycling; dowelled section (1 mm = 39 mil).

Figure 17. LVDT measurement of corner deflections during
temperature cycling; undowelled section (1 mm = 39 mil).

The presence of dowel bars reduced slab edge
deflection during changes in temperature, with the
amount of curling being smaller in the dowelled sec-
tion. The greatest deflection in the undowelled section
occurred at 1,162 hours test time and was almost
4 mm. This was approximately 0.5 mm more than in
the dowelled section.

The slab edges on both pavements continued to rise
during periods of constant temperature. This suggests
that upward warping continued as moisture was lost
from the pavement surface. The variation in corner
deflections was higher in the undowelled section than
in the dowelled section and, the corners did not move
simultaneously. Corners neither stayed in the same
order nor did the difference in elevation between the
points remain constant.

Furthermore, due to the aggregate interlock, the
deflections in the undowelled slabs were more promi-
nent during periods of cooler temperature gradients
compared to the warmer temperatures. The effect of
temperature gradient on pavement deflection during
temperature cycling is illustrated best by plotting the
average corner deflection versus temperature gradi-
ent. This relation for the undowelled section is shown
in Figure 18.

Figure 18 shows the average corner LVDTs (9,
10, 11, 12, 15, and 16) versus the temperature gra-
dient for the period between 800 hours and 1,300
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Figure 18. Average LVDT deflection reading (lower curve
at left) vs. temperature gradient (upper curve at left); undow-
elled section (1 mm = 39 mil, 1◦C = 1.8F◦).

Figure 19. Strain readings during temperature change at
center of undowelled slab.

hours, and demonstrates the gradient based curling
of the pavement. However, it is also apparent that the
corner deflections measured during the periods of tem-
perature change were not solely driven by gradient.
Although the gradient after approximately 1,300 hours
was similar to the gradient after approximately 800
hours, the corner deflections differed significantly. In
addition to the temperature gradient, two other influ-
ences affected slab curvature. The first influence is
continuous warping caused by ongoing moisture loss
in the upper portion of the pavement during temper-
ature changes. The second is aggregate interlock at
the slab joints, which tends to restrain slab warping,
especially at higher temperatures.

3.2.3 Strain data
Vibrating wire strain gauge readings in the undowelled
section during the temperature changes are shown in
Figure 19. In general, strain in the slab is indicative of
slab curling.

3.2.4 Forensic studies
At the conclusion of testing, two forensic experiments
were performed on the dowelled section to evaluate
slab condition. First, rosette gauges in the center slab
were monitored as one joint was sawed to the top of
the dowel bars to remove aggregate interlock above the

Figure 20. Cutting of doweled slab at contractor’s yard.

bars. Plywood was installed vertically during place-
ment of the concrete to eliminate aggregate interlock
below the bars and the joints were sawed to a depth of
75 mm (3 in.) to facilitate cracking through the remain-
ing slab thickness. The new saw cut was made to
remove all interlock above the dowel bars.Any change
in strain during the sawing would be indicative of how
interlock above the bars affected internal slab stresses.
The longitudinal legs of rosettes at the center of the
slab recorded a reduction of about 200 µε as the joint
was sawed. Strain in the transverse direction remained
essentially unchanged as the joint was cut.

In the second experiment, a piece of intact concrete
at a dowelled joint containing concrete from both sides
of the joint and two dowel bars was removed and taken
to the ORITE laboratory for examination. Figure 20
shows the cutting process and Figure 21 shows the
pulled dowel bar. After removing the dowel bars from
the concrete, the holes were measured with a microm-
eter and determined to be approximately 0.25 mm
(10 mil) larger in diameter than the dowel bars. This
difference in hole and bar diameters likely occurred
soon after concrete placement as stresses generated
in the bars during early slab warping caused the green
concrete surrounding the bars to deform.As a result of
this looseness, load transfer was lost across the joints
and stresses were reduced in the slabs.

4 LOAD RESPONSE

4.1 Slab response to falling weight deflectometer
loads

ODOT performed nondestructive testing on the test
slabs with an FWD at three times when the pavement
temperature was relatively uniform at 11◦C (52◦F),
22◦C (71◦F) and 30◦C (86◦F). Figure 22 shows the
average effects of temperature on deflection under the
load plate (Df1) and load transfer on the two joints
of the dowelled pavement, while Figure 23 shows
similar data on one undowelled joint. Theoretically,
there should not have been any temperature effects
on the undowelled sawed joint, since the width of
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Figure 21. Dowel bar removed from the joint socket.

Figure 22. Normalized load plate deflection (top) and
load transfer (bottom) vs. temperature at dowelled
joints (1 mil/kip = 5.7 mm/MN; 52◦F = 11◦C, 71◦F = 22◦C,
86◦F = 30◦C).

Figure 23. Normalized load plate deflection (top) and load
transfer (bottom) vs. temperature at undowelled joints.

the saw cut was sufficient to prevent contact between
adjacent slabs at the three test temperatures. An exam-
ination of the joint, however, revealed that much of the
slurry created during the full-depth sawing of the joint
remained in the joint and, upon hardening as it dried
out, provided a mechanism for transferring vertical
shear forces across the joint.

4.1.1 Falling weight deflectometer analysis
The following observations were made from the FWD
analysis:

1. FWD deflection at slab ends decreased with
increasing air temperature. This was likely due to
temperature gradients existing in the pavements at
the time of the measurements, and increased aggre-
gate interlock at the joints. When the surface of
the slab was cooler than the bottom, the slab edges
tended to curl up away from the base, thereby reduc-
ing support and increasing deflections. Conversely,
when the surface was warmer than the bottom, the
slab edges curled downward against the base and
negated some of the warping from reduced surface
moisture.

2. Deflection in the wheel paths was higher than
deflection along the slab centerline at the 11◦C
(52◦F) and 22◦C (71◦F) temperatures, and about
the same as the centerline at the 30◦C (86◦F) tem-
perature. This trend also can be explained by slab
curling resulting from temperature gradients in the
slab.

3. Deflections were lower at the dowelled joints than
the undowelled joint. This is consistent with the
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mechanisms in place to transfer shear to adja-
cent slabs (e.g., dowel bars, aggregate particles and
hardened slurry).

4. Load transfer in the dowelled and undowelled
joints was high at all temperatures, again indicat-
ing good mechanisms were in place to transfer
shear. Load transfer in the sawed undowelled joints
increased significantly with temperature, indicat-
ing a compression of the hardened slurry as the
slabs expanded.

5 CONCLUSIONS

From data collected on this project, it was found that
slab temperature gradients were moderate during the
curing period because of constant room temperature.
After the heat of hydration had dissipated, slab temper-
ature gradients approached zero. LVDT data indicated
that the amount of warping on undowelled slabs was
much greater and more erratic than on the dowelled
slabs. Curvature was greatest at the one-third point
of the slab, rather than at the center of the slab. As
slab temperature gradients changed, the undowelled
section had greater deflection than the dowelled sec-
tion. Corner deflection increased with time during the
period of constant temperature. Because built-in curl-
ing can be reduced but not overcome or eliminated by
positive temperature gradients, permanent loss of sup-
port occurred. Dowels restrained joint movement, thus
reducing the amount of curling. Therefore, dowel bars
not only transferred load but also reduced loss of sup-
port. The forces in the dowel bars were not as large as
expected from reports of previous investigations, par-
ticularly during the curing process. The reason is that

during the curing process, the stiffness of the dowel
bar forced an increase in the diameter of the hole.
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ABSTRACT: Full-scale traffic tests were completed on three rubblized rigid airport pavements overlaid with
5 in. (130 mm) of hot-mix asphalt at the FAA’s National Airport Pavement Test Facility. Initially, the overlaid
pavements were trafficked with a four-wheel landing gear (with wander) and 55,000-lbs (25-tonne) wheel load.
No significant distresses were observed during the 5,000 passes, after which the wheel load was increased to
65,000 lbs (29.5 tonnes) and a six-wheel landing gear was used for testing. The rubblized concrete pavement
on conventional base section (MRC) exhibited complete structural failure. The rubblized concrete on subgrade
(MRG) section exhibited severe structural deterioration at the end of trafficking, but retained sufficient structural
capacity to support the applied load. The rubblized concrete over econocrete base section (MRS) did not exhibit
severe structural deterioration at the end of trafficking. Four trenches were opened perpendicular to the centerline
of the test sections to conduct post-traffic investigation into the failure mechanism of the pavement structure.
The trenching included testing for layer characterization (plate load tests, California Bearing Ratio tests, in situ
densities, moisture contents, layer profile measurements, and visual evaluations) and removal of each pavement
layer to reveal the subgrade interface and subsequent subgrade layers below. This paper summarizes the results
from the post-traffic tests. The performance of the MRS test section suggests that rubblized concrete pavements
with HMA overlay are a viable option on commercial airports. The results from post-traffic tests were useful in
providing insight into the failure mechanism of rubblized concrete pavements.

1 INTRODUCTION

Rubblization of deteriorated concrete pavements is
becoming a popular method of pavement rehabilitation
because of its ability to prevent reflective cracking,
and it being a cost-effective means of converting an
existing failed or failing pavement into a superior
base, thereby eliminating the expense of removal and
replacement. The rubblized concrete layer behaves
as a tightly keyed, interlocked, high-density unbound
base.A number of airfield projects have used rubbliza-
tion as a pavement rehabilitation technique (Buncher
and Jones, 2006). The projects range from heavy-
load military airfields to local general aviation (GA)
airfields. Engineering Brief (EB) 66 (Airport Engi-
neering Division, 2004) summarizes the guidelines
for rubblized portland cement concrete (PCC) base
courses. These guidelines are based on industry expe-
rience and although they provide interim guidance,
full-scale testing is still needed to develop design
standards. To study the performance of rubblized con-
crete pavements with hot-mix asphalt (HMA) overlays
under heavy aircraft loading, three rigid airport pave-
ment test sections (MRC, MRG, and MRS) at the FAAs
National Airport Pavement Test Facility (NAPTF)

with 12-in. (305-mm) thick concrete slabs on dif-
ferent support systems (slab on crushed stone base,
slab on grade, and slab on stabilized base) were rub-
blized with a resonant pavement breaker and overlaid
with 5 in. (127 mm) of P-401 HMA. The rigid pave-
ments had been trafficked to complete failure, prior
to rubblization, using dual-tandem and triple dual-
tandem landing gear configurations at wheel loads of
55,000 lbs (25 tonnes).All three test sections were con-
structed on medium strength (California Bearing Ratio
[CBR] ≈ 7–8) clay subgrades.The overlaid pavements
were subjected to full-scale accelerated traffic load-
ing until complete structural failure was attained. This
was the first full-scale, accelerated pavement testing
study conducted on rubblized concrete pavements with
HMA overlays under heavy aircraft loading.

Four trenches were opened perpendicular to the
centerline of the test sections to conduct post-traffic
investigation into the failure mechanism of the pave-
ment structure.The trenching included testing for layer
characterization (plate load tests, CBR tests, in situ
densities, moisture contents, layer profile measure-
ments, and visual evaluations) and removal of each
pavement layer to reveal the subgrade interface and
subsequent subgrade layers below.
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2 OBJECTIVES

The objectives of this research were to:

– Study the performance of rubblized concrete pave-
ments with HMA overlays under heavy aircraft
loading.

– Study the post-traffic trench results and failure
mechanism of rubblized concrete airport pave-
ments.

– Provide guidance for the characterization of rub-
blized concrete layers in the pavement thickness
design procedure.

This paper summarizes the results from the post-
traffic tests and provides some insight into the failure
mechanism of rubblized concrete airport pavements.

3 NATIONAL AIRPORT PAVEMENT TEST
FACILITY

The NAPTF is an indoor test facility located at the
Federal Aviation Administration’s (FAA) William J.
Hughes Technical Center, Atlantic City International
Airport, New Jersey. It is used to generate full-scale
pavement response and performance data for devel-
opment and verification of airport pavement design
criteria. It is a joint venture between the FAA and
the Boeing Company and became operational on
April 12, 1999. The test facility consists of a 900-ft.
(274.3-m) long by 60-ft. (18.3-m) wide test pave-
ment area, embedded pavement instrumentation and
a dynamic data acquisition system, environmental
instrumentation and a static data acquisition sys-
tem, and a test vehicle for loading test pavements
with up to 12 aircraft tires at wheel loads of up to
75,000 lbs (34 tonnes). Additional information about
the test facility is available elsewhere (www.airport-
tech.tc.faa.gov). A construction cycle (CC) at the
NAPTF involves test pavement construction, includ-
ing instrumentation, traffic tests to failure, post-traffic
testing (includes trenching activities and other tests),
and pavement removal.

4 PAVEMENT STRUCTURES

Three rigid pavement test sections were constructed
and tested during CC2 at the NAPTF. Each test section
was 75 ft. long by 60 ft. wide (22.9 m by 18.3 m) with
twenty 15- by 15-ft. by 12-in.-thick concrete slabs
(4.6 m by 4.6 m by 30 cm). The slabs were doweled
in both the transverse and longitudinal directions. The
MRG test section was built directly on the subgrade,
MRC was built on a crushed aggregate base on top of
the subgrade, and MRS was built on an econocrete base
over a crushed aggregate subbase. Each test section
was separated into two 30-ft. wide traffic lanes, north
and south. Construction was completed in April 2004.
Detailed information on the design and construction
characteristics of the pavement structures can be found

in (Ricalde and Daiutolo, 2005). Traffic testing was
completed in December 2004. More details about traf-
fic tests and post-traffic tests on CC-2 test sections
can be found elsewhere (Hayhoe and Garg, 2006). The
structural condition index (SCI) of all the rigid pave-
ment test sections, in both traffic lanes, was less than
20 (shattered slab condition) at the end of traffick-
ing. However, most of the cracks were tight, with none
rated worse than low severity. A detailed explanation
on SCI computation and slab condition is given in
(Brill, et al., 2005).

In January 2005, all the concrete slabs in the north
traffic lane were rubblized with an RMI RB-500
resonant breaker operating at 44 Hz. In June 2005,
the rubblized pavement was lightly wetted, rolled with
a vibratory steel drum roller, and overlaid with 5 in.
(127 mm) of P-401 HMA. Figures 1a and 1b show
the vibrating foot of the resonant breaker and the test
pavement surface after rubblization.

The pre-traffic test pits showed that the rubbliza-
tion process induced cracks/fractures over the entire
depth of the slabs and that the cracks were tightly held
(Hayhoe and Garg, 2006). Figure 2 shows the pave-
ment cross sections after the placement of the HMA
overlay.

P-401, P-306, and P-154 are FAA standard
specifications (Airport Engineering Division, 2005)
for HMA surface, econocrete base, and uncrushed
aggregate subbase (crushed aggregate screenings
were used at NAPTF), respectively.

Figure 1. Rubblized concrete pavement test sections at
NAPTF.
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5 TRAFFIC TESTS AND PAVEMENT
PERFORMANCE

The traffic tests were started with a four-wheel, dual-
tandem configuration (dual spacing of 54 in. [137 cm]
and tandem spacing of 57 in. [145 cm]) on both traffic
lanes. Wheel load was set at 55,000 lbs (25 tonnes)
because this was the load applied to the original
CC2 test sections, and although badly cracked at the
end of trafficking, all the test sections were capable
of structurally supporting the loads applied. Heavy-
weight deflectometer (HWD) tests were performed
using the FAAs HWD equipment on a 10-ft. grid to
study the uniformity of the pavement structures. The
results showed that the pavement structure within each
test section was fairly uniform (coefficient of variation
less than 25 percent). MRC showed the highest deflec-
tions, followed by MRG, and then MRS.This order was
counter to expectations because MRC had a crushed
aggregate subbase and would normally be expected to
have a higher stiffness than the MRG pavement built
directly on the subgrade. Pretraffic measurements of
subgrade strength in test pits excavated for material
characterization showed that water had migrated from
the crushed aggregate subbase into the subgrade of the

Figure 2. CC2 overlay pavement test sections
(1 in. = 25 mm).

Table 1. Trafficking Schedule for CC2 Overlay Test Sections.

Dates Repetitions
(from-to) (from-to) Test Sections Trafficked Load on North Lane* Load on South Lane*

07-07-2005 1 MRG-N, MRC-N, MRS-N 4-wheel, 4-wheel,
07/25/05 5,082 MRG-S, MRC-S, MRS-S 55,000lbs (25tonnes) 55,000lbs (25tonnes)

07/26/05 5,083 MRG-N, MRC-N, MRS-N 6-wheel, 4-wheel,
08-12-2005 11,814 MRG-S, MRC-S, MRS-S 65,000lbs (29.5tonnes) 65,000lbs (29.5tonnes)

08/15/05 11,814 MRG-N, MRC-NW**, MRS-N 6-wheel, 4-wheel,
08/18/05 14,256 MRG-S, MRC-S, MRS-S 65,000lbs (29.5tonnes) 65,000lbs (29.5tonnes)

08/19/05 14,257 MRG-N, MRS-N 6-wheel, 4-wheel,
08/24/05 16,302 MRG-S, MRC-S, MRS-S 65,000lbs (29.5tonnes) 65,000lbs (29.5tonnes)

09/13/05 16,303 MRG-N, MRS-N 6-wheel, 4-wheel,
10/06/2005 25,608 MRG-S, MRS-S 65,000lbs (29.5tonnes) 65,000lbs (29.5tonnes)

*Cold, unloaded tire pressures: 220 psi (1.52 MPa) at 55,000 lbs (25 tonnes) and 260 psi (1.79 MPa) at 65,000 lbs (29.5 tonnes).
**After the localized failure in MRC-NE (northeast portion of the test section), only northwest portion (MRC-NW) of the test
section was trafficked.

MRC section and softened the top three or so inches.
The CBR at the surface of the subgrade in the MRC
test pits was four, whereas at 12 in. below the surface
it was approximately eight. The subgrade CBR in the
MRG and MRS test pits ranged from seven to eight, as
constructed. The order of failure of the rubblized test
sections also followed the order of the HWD deflec-
tion magnitudes. A detailed discussion on the HWD
test results is presented elsewhere (Garg and Hayhoe,
2007).

Trafficking started on July 7, 2005, and contin-
ued until October 6, 2005, following the schedule in
Table 1.A fixed wander pattern was applied to the traf-
fic during the tests.The wander pattern consisted of 66
repetitions, 33 traveling east and 33 traveling west.The
transverse position of the gears was changed only at the
start of the eastward repetitions. The wander pattern
was designed to simulate a normal distribution with
standard deviation of 30.5 in. (775 mm) (equivalent
to a taxiway distribution for design). The distribution
of the transverse wheel positions is not random, but
consists of nine equally spaced wheel paths at inter-
vals of 10.25 in (260 mm).Additional details about the
wander pattern can be found elsewhere (Hayhoe et al.,
2003). The temperature of the asphalt varied between
66◦F and 85◦F (19◦C and 29◦C) during the test period.
The average temperature of the asphalt was about 78◦F
(26◦C).

Traffic testing was continued until either structural
failure occurred, or it was estimated that failure was
unlikely to occur within a reasonable number of passes
at the applied load. The failure criterion was the pres-
ence of at least 1.0 in. (25 mm) of surface upheaval
adjacent to the traffic lane. This is the same as the cri-
terion used by the U.S. Army Corps of Engineers in
previous full-scale tests of flexible airport pavements
and is indicative of shear failure in the subgrade. Dur-
ing the traffic tests, the test sections were monitored
through a combination of visual surveys and nonde-
structive testing, including periodic straightedge rut
depth measurements, surface profile measurements,
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Figure 3. Rut depth measurements in rubblized concrete test sections (1 in. = 25 mm).

and HWD deflection measurements. A 16-ft. (4.8-m)
long straightedge and laser profiler were used for rut
depth measurements. In each test section, the rut depth
and profile measurements were made at two different
longitudinal positions located at one-third and two-
thirds the distance into the test section.These locations
were designated as NW and NE for the rubblized test
sections (N stands for north side of the longitudinal
centerline). Figure 3 shows the rut depth measure-
ments during traffic tests (as computed from transverse
surface profile measurements). All the test sections
showed similar rut depths during the first 5,082 passes
(55,000-lb wheel load, 4-wheel landing gear). Due to
a minimal amount of distress (as shown in Figure 3),
applied wheel loads were increased from 55,000 lbs
(4-wheel dual-tandem landing gear) to 65,000 lbs
(6-wheel triple-tandem landing gear). The 6- and
4-wheel configurations at increased loading both had
the same dual and tandem spacings of 54 and 57 in.
(137 and 145 cm), respectively.

After approximately 10,000 passes on the MRC
section, 13,000 passes on MRG, and 15,000 passes
on MRS, significant upheaval in the HMA layer at
the longitudinal joints just outside the wheelpath was
observed in the rubblized test sections. After these
passes, the rut depth measurements (from straight-
edge) were exaggerated because the straightedge was
resting on top of the upheaval outside the wheelpath.
More accurate rut-depth measurements were com-
puted from the surface profile measurements and are
shown in Figure 3. Significant structural upheaval was
also observed outside the wheel track in MRC-N,
but neither the straightedge measurements nor the
transverse profile measurements could separate the
contributions of the underlying structural layers and
the asphalt upheaval movement. Transverse trenches,

Figure 4. Pavement failure in the east end of the MRC
rubblized test section.

were, therefore opened in the test sections so that
transverse profiles of the structural layer interfaces
could be measured. The NE end of MRC was the
first area of the rubblized pavements to show signs
of failure (Figure 4).

MRC-NW did not exhibit complete structural col-
lapse as had MRC-NE. Trafficking on MRG and MRS
was terminated after 25,608 passes. From a visual
inspection at the end of trafficking, MRG-N appeared
to have structural upheaval outside the wheel tracks,
while MRS-N did not.

6 POST-TRAFFIC TESTS

Four trenches were dug in the rubblized test sections
perpendicular to the centerline of test sections MRC
(two trenches), MRG (one trench), and MRS (one
trench) at the locations of the rut depth measurements
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Table 2. Location of test trenches.

Start Station End Station
Section Trench (ft.) (ft.)

MRC – 325 400
MRC MRC-W 354 364
MRC MRC-E 374 380
MRG – 425 500
MRG MRG 452 458
MRS – 525 600
MRS MRS 552 558

on the test pavements.The locations of the test sections
and the trenches are summarized in Table 2.

The purpose of the trenches was to conduct post-
traffic investigation into the failure mechanism of the
pavement structure. The trenching involved removal
of the P-401 HMA layer, the rubblized concrete layer,
the P-209 crushed stone base and P-306 econocrete
layer (in MRS), and the P-154 subbase layer (in MRC)
to expose the subgrade interface and subsequent sub-
grade layers below. After removing the P-401 HMA
surface, the rubblized concrete layer was exposed in
all four trenches. Plate load tests (AASHTO Desig-
nation: T 222-81, 2000) were performed inside and
outside the wheelpath on the surface of the rubblized
concrete layer, and visual observations were made.
Removal of the rubblized concrete layer exposed the
P-154 surface in the MRC trenches, the subgrade sur-
face in the MRG trench, and the P-306 econocrete
base surface in the MRS trench. In the MRC trenches,
plate load tests, CBR, and sand cone density measure-
ments were taken on the surface of the P-154 layer.
In the MRG trench (on the subgrade surface) the tests
included CBRs, in situ density measurements (drive
cylinder), and plate load tests. Only the plate load tests
were performed on top of the P-306 econocrete layer
in the MRS trench. After removing MRC P-154 sub-
base, CBRs and plate load tests were performed, and
density measurements were taken on the subgrade sur-
face. On the MRS section, the P-306 was removed to
expose the P-154 subbase surface on which sand cone,
plate load, and CBR tests were performed. Density,
CBR and plate load tests were also performed on the
subgrade surface after removal of the P-154 subbase.
In all the trenches, CBRs and density measurements
were also taken at a depth of 12 in. (300 mm) below the
subgrade surface. After completing the test, the trench
walls were cleaned to clearly expose the layer inter-
faces. Measurements of the pavement layer interface
profiles were taken relative to a horizontal string line
to quantify the contribution of each component layer
to the total pavement rutting and upheaval. CBR tests
on P-154 and subgrade were in situ CBR tests (ASTM
D4429).

7 TEST RESULTS

The test results from different pavement layers in
the four trenches are summarized in Table 3. One

of the more significant observations relative to
Table 3 was made from the subgrade CBRs in the
four trenches. Pre-traffic/pre-overlay measurements of
subgrade strength in the test pits showed that water
had migrated from the crushed aggregate subbase into
the subgrade of the MRC section and softened the top
±3.0 in. of the subgrade. The CBR at the subgrade
surface in the MRC test pits was approximately four,
whereas the CBR at 12 in. (300 mm) below the sub-
grade surface was between six and eight. The MRG
subgrade surface CBR was higher (about 11). It was
assumed that this was due to water being drawn from
the subgrade (since the slabs were directly cast over the
subgrade) by hydration of the concrete during curing.
This phenomenon was not observed in the MRC sec-
tion (slab over crushed stone base) or the MRS section
(slab over econocrete base). The results from trenches
confirmed the observations/measurements from the
pre-traffic test pits.

Performing any type of strength tests on the
rubblized material only is very difficult (if not impos-
sible) because of the nature of the material. In this
project, plate load tests were performed on the top of
the rubblized layer. Due to severe rutting in the MRC
section, plate load tests could not be performed inside
the wheelpath.

On the MRG test section, the ‘k’value from the plate
load test inside the wheelpath was lower (k = 322 pci
[87.3 kPa/mm]) than the k value outside the wheelpath
test (k = 457 pci [123.9 kPa/mm]). The lower k value
inside the wheelpath could be the result of incipient
failure in the MRG.

On the MRS test section, the k value from the plate
load test inside the wheelpath was higher (k = 780 pci
[211.4 kPa/mm]) than the k value outside the wheel-
path (k = 579 pci [156.9 kPa/mm]).

8 LAYER PROFILES

After completing the tests, the trench walls were
cleaned to clearly expose the layer interfaces. The
pavement layer profile measurements were used to
quantify the contribution of each component layer to
the total pavement rutting and upheaval. Measure-
ments of the pavement layer interface profiles were
made relative to a horizontal string line. Figure 5 shows
the layer profiles in the MRC test section.

The figure shows that the subgrade and the top
of the rubblized layer (top 3 in. [75 mm] of finely rub-
blized material) contributed to rutting. Shear failure in
the subgrade resulted in significant upheaval outside
the wheelpath. Subgrade penetration into the subbase
was observed. Significant shoving in the HMA layer
was also observed.

Figures 6 and 7 show the pavement layer profiles
for test sections MRG and MRS respectively. It is
observed that most of the rutting was contributed by
the top 3 in. of the thin rubblized layer and the HMA
overlay. The top 3 in. (76 mm) of the rubblized layer
was mainly composed of loose dust and stones with a
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Table 3. Summary of test results from trenching study.

Test Results

Inside Outside
Section Trench ID Layer Type Test Type Wheelpath Wheelpath

MRC MRC-W Rubblized concrete Plate load test (pci) – –
P-154 subbase Plate load test (pci) 144 92

CBR 35.9 33.7
In situ dry density (pcf) 122.4 122.1

Subgrade surface Plate load test – 70
CBR at (moisture content [%])1 5 (33.5) 4 (34.5)
In situ dry density (pcf) 89.4 88.2

1-ft. Below subgrade surface CBR at (moisture content [%])1 7 (31.3) 6 (31.6)
In situ dry density 93.1 93.2

MRC-E Rubblized concrete Plate load test (pci) – 270
P-154 subbase Plate load test (pci) – 87

CBR – –
In situ dry density (pcf) – –

Subgrade surface Plate load test (pci) – 60
CBR at (moisture content [%])1 4 (36.1) 3 (38.5)
In situ dry density (pcf) 89.4 86.8

1-ft. Below subgrade surface CBR at (moisture content [%])1 9 (30) 8 (30.7)
In situ dry density (pcf) 91.8 93.5

MRG MRG Rubblized concrete Plate load test (pci) 322 457
Subgrade surface Plate load test (pci) 106 149

CBR at (moisture content [%])1 11 (30.6) 11 (30.5)
In situ dry density (pcf) 91.7 92.9

1-ft. Below subgrade surface CBR at (moisture content [%])1 8 (31.5) 8 (31.5)
In situ dry density (pcf) 92 91.5

MRS MRS Rubblized concrete Plate load test (pci) 780 579
P-306 econocrete base Plate load test (pci) 409 504
P-154 subbase Plate load test (pci) 270 202

CBR – –
In situ dry density (pcf) – –

Subgrade surface Plate load test (pci) 171 101
CBR at (moisture content [%])1 7 (32) 6 (33.4)
In situ dry density (pcf) 91.3 90.7

1-ft. Below subgrade surface CBR at (moisture content [%])1 10 (30.4) 9 (30.2)
In situ dry density (pcf) 90 89.7

1As constructed moisture content for subgrade was 30.7%
1 pcf ∼ 16 kg/m3; 1 pci = 0.27 kPa/mm

top size of 1 in. (25 mm).The bottom 9 in. (230 mm) of
the rubblized layer were composed of between 4 and
15 in (100 and 375 mm) tightly locked concrete pieces.

A considerable amount of shoving in the HMA layer
was observed that resulted in significant upheaval just
outside the wheelpath. The subgrade in test section
MRG (Figure 6) showed indications of shear failure
as evidenced by the subgrade upheaval outside the
wheelpath.

9 FAILURE MECHANISM IN RUBBLIZED
CONCRETE PAVEMENTS

The NE end of the MRC section was the first area
of the rubblized pavements to show signs of failure
(Figures 3 and 4). This failure was not representa-
tive of the structural performance of the test section
as a whole because one of the pre-overlay test pits (for

subgrade evaluation) was located where the pavement
failed. A weakened support system resulted because
the replaced subbase aggregate material could not be
compacted to the same density as in the original con-
struction. A depression in the pavement surface was
observed at this location after about 400 load repeti-
tions. The depression migrated longitudinally towards
the east until it was about 15 ft. (4.6 m) long, but the
structure continued to support the full traffic load until
it appeared to be close to complete structural col-
lapse at 11,814 passes. The weakened area did not
migrate back into the west half of the test section and
the declared structural life of 14,256 passes for the
MRC-NW section is believed to be a true representa-
tion of the structural performance of the test section.
The MRC-NW section also did not appear to be in dan-
ger of complete structural collapse as had MRC-NE.
Trafficking on the MRG and MRS sections was ter-
minated after 25,608 passes. A visual inspection at
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Figure 5. Pavement layer profiles from trenches in the MRC test section (1 in. = 25 mm).

the end of trafficking indicated that the MRG-N had
structural upheaval outside the wheelpath, but the
MRS-N section did not. Figures 8 through 11 are pho-
tographs of the trench faces in the MRC test section
and close-ups of the failure zones. Figures 12 and
13 are photographs of the MRG and MRS section
trenches, respectively.

Excluding the top 3 in. (75 mm) of finely rubblized
material, the rubblized concrete layer behaved as a
tightly interlocked, high-density unbound base. The
strength of the rubblized concrete layer is derived
from the tight interlock between the rubblized concrete
pieces, the confinement provided by the HMA over-
lay, and the support system underneath (subbase and
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Figure 6. Pavement layer profiles from trenches in the MRG test section (1 in. = 25 mm).

Figure 7. Pavement layer profiles from trenches in the MRS test section (1 in. = 25 mm).

subgrade). This interlock deteriorates under repeated
wheel loads. The rate of deterioration is controlled by
various factors, including:

– Magnitude and wander of the wheel loads;
– Loss of confinement due to fatigue cracks in the

HMA overlay;

– Loss of confinement due to weak support system
(underneath the rubblized concrete layer) allowing
high vertical deflections in the pavement structure.

– Any moisture/water migration from base/subbase
into the subgrade.

In the MRC test section, the top 3 to 4 in.
(75 to 100 mm) of subgrade had reduced strength
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Figure 8. MRC-W test trench.

Figure 9. MRC-E test trench.

Figure 10. Close-up of failure zone in MRC-W trench.

Figure 11. Subgrade intrusion into subbase on MRC-E
trench.

Figure 12. MRG test trench.

Figure 13. MRS test trench.

(CBR 3 to 4) because of moisture migration from
the P-154 subbase into the subgrade. This weak area
of subgrade allowed higher vertical deflection in the
pavement structure, which resulted in a faster rate
of deterioration of interlock between the rubblized
concrete pieces and ultimate failure of the pavement
structure. Figures 6 and 12 (for the MRG section) and
Figures 7 and 13 (for the MRS section) show that the
rubblized layer did not experience severe deteriora-
tion since the support system and the HMA overlay
provided sufficient confinement and allowed limited
vertical movement. This resulted in longer pavement
structural life. The rubblization process also did not
induce cracking in the underlying econocrete layer
(as observed during the trenching study).

HWD tests were performed to study the variation in
the backcalculated modulus of the rubblized concrete
layer, impulse stiffness modulus, and the deflection
basin shape factor AREA as the traffic tests pro-
gressed. The results indicate that the backcalculated
modulus of rubblized concrete may not be a good
predictor of pavement performance (see Garg and
Hayhoe, 2007, for a detailed discussion on this topic).

10 SUMMARY AND CONCLUSIONS

Full-scale traffic tests were completed on three rub-
blized rigid airport pavements that were overlaid with
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5 in. (130 mm) of HMA. This paper presents the per-
formance of the three sections under full-scale traffic
using heavy aircraft gear loads. All the rubblized
pavements performed in a similar way to the original
concrete sections under the same wheel load. There-
after, the load was increased significantly to artificially
induce failure by overloading. Of the three rubblized
test sections, the MRC test section (original slab cast
on crushed stone base) had the most severe struc-
tural distress. The MRG test section (original slab
cast on the subgrade) was probably close to severe
structural deterioration at the end of trafficking but
retained sufficient structural capacity to support the
applied load. The MRS test section (original slab cast
on econocrete base) did not suffer severe structural
deterioration at the end of trafficking despite having
accumulated significant levels of rutting and shear
flow in the asphalt layer. Poor drainage led to moist
conditions and poor performance on the MRC sec-
tion. The results from post-traffic tests were useful
in providing some insight into the failure mecha-
nisms of rubblized concrete pavements. The results
also indicate that, for the conditions existing in the
test pavements, the assumptions for design in EB66
are overly conservative (“When strength parameters
are unknown, it is a fair assumption that most rubblized
material will perform equal to or better than FAA
standard Item P-209. Unless additional project spe-
cific information is available, a one-to-one substitution
should be used in the design procedures provided that
sufficient subgrade conditions exist to allow proper
rubblization.”).

For commercial airports serving wide-body aircraft
(gross weights >100,000 lb), as per AC 150/5320-6E,
rigid pavements are required to have a stabilized base.
MRS is the most representative of the pavement struc-
tures that are encountered on a commercial airport in
the U.S. The performance of MRS under a 65,000-lb
wheel load suggests that rubblized concrete pavements
with an HMA overlay are a viable rehabilitation option
at commercial airports. The presence of a stabilized
base underneath the rubblized concrete layer limits
the vertical deflection in the layer below the rubblized
concrete layer and helps in keeping the rubblized
pieces tightly interlocked.

A thickness design procedure for HMA over-
lays over rubblized concrete pavement is now incor-
porated in FAARFIELD (FAA airport pavement
thickness design procedure, AC 150/5320-6E). The
recommended modulus values for the rubblized
concrete layer range from 100 ksi (690 MPa) to 400 ksi
(2,760 MPa). Some engineering judgment is required
for the selection of an appropriate modulus value.
Suggested ranges for selecting a design modulus value
of rubblized PCC on airfields are provided in Table 4.
The selected value is influenced by considerations
such as level of conservatism in the design, exact
slab thickness within the above ranges, pre-rubblized
PCC modulus, anticipated particle size, steel debond-
ing conditions, and relevant historical data. Further
insights into selecting a design modulus of rubblized
PCC are provided in Buncher (2008).

Table 4. Suggested design modulus ranges for rubblized
PCC.

Slab Thickness Design Modulus

(in.) (mm) (ksi) (MPa)

6 to 8 150 to 200 100 to 135 690 to 930
8 to 14 200 to 350 135 to 235 930 to 1,620
>14 >350 235 to 400 1,620 to 2,760
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ABSTRACT: A relatively unique opportunity was recently identified for accelerated traffic load testing of a
bridge expansion joint designed to withstand severe seismic activity. This study was part of the construction
of the new East Span of the San Francisco–Oakland Bay Bridge and assessed whether the expansion joints
(which were designed to function in harmony with the bridge decks in the event of a high magnitude earthquake)
linking the Self-anchored Span with the Transition and Skyway spans would withstand traffic loading. A test
structure incorporating one of the joints was constructed close to the actual bridge and tested with the California
Department of Transportation/University of California Pavement Research Center Heavy Vehicle Simulator in
a series of phases. On completion of three months of testing, no structural damage was recorded by any of the
LVDTs or strain gauges installed on the steel plates, steel frames, bolts, or washers. There was also no visible
damage on any of these components. Excessive overloading caused some damage to the Trelleborg unit towards
the end of the test. Based on the results of this limited testing, it was concluded that the expansion joint would
perform adequately under typical Bay Bridge traffic. The distress observed to the Trelleborg unit under the high
loads in the last phase of testing is unlikely to occur under normal traffic. The findings from this study indicate
that the Caltrans seismic expansion joint tested will be appropriate for typical Bay Bridge traffic. These joints
will be used in the new bridge, due to be opened in 2013. The study also concluded that APT can be effectively
used for testing bridge deck components to provide rapid answers for design and construction teams.

1 INTRODUCTION

The 13.5 km (8.4 mile) San Francisco–Oakland Bay
Bridge connects the city of San Francisco with the
East Bay cities of Oakland, Emeryville and Berkeley
and is the start point of the Interstate 80 (I-80)
corridor. The bridge carries approximately 280,000
vehicles per day (compared to the 100,000 carried
by the Golden Gate Bridge). It currently consists of
two separate bridges linked by a short tunnel onYerba
Buena Island.The existing East Span, a steel box girder
design constructed in 1936, was damaged by the 7.1
magnitude Loma Prieta earthquake in 1989, during
which a section of the top span, carrying the five west
bound lanes, collapsed onto the lower east bound lanes.
Although repairs were made and the bridge reopened
approximately one month after the earthquake, a com-
plete seismic retrofit of the East Span to withstand
future similar or more severe earthquakes was not con-
sidered viable and construction of a new bridge was
approved. The West Span, which consists of two sus-
pension bridge spans connected at a center anchorage,
was easier to retrofit to accommodate higher magni-
tude earthquakes. Retrofit work on this part of the
bridge was completed in 2004 and retrofit work on
the West Approach was completed in 2009.

The new East Span consists of four separate parts
(Figure 1):

– The OaklandApproach andTouchdown, linking the
new bridge to the existing I-80 infrastructure.

– The Skyway, two side-by-side 1.9 km (1.2 mile)
long concrete spans (completed in 2008).

– The Main Span, a self-anchored suspension struc-
ture with two side-by-side 470 m (1,540 ft) long
spans supported by a single tower, which was still
under construction at the time this study was under-
taken. It will be the longest bridge of its kind in the
world. The span’s single 160 m (525 ft) tall tower
will match the height of the West Span’s towers. Its
placement closer to the west end of the structure
creates a distinctive asymmetrical design, with the
single 1.6 km (1.0 mile) long main cable presenting
a sharper angle on the west side and a more sloping
appearance on the east.

– The Yerba Buena Island Transition Structure
(YBITS), still under construction, will connect the
Self-anchored Suspension Span to Yerba Buena
Island (YBI), and will transition the new East
Span’s side-by-side road decks to the upper
and lower decks of the YBI tunnel and West
Span.
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Figure 1. Schematic of the new East Span of the San Francisco Bay Bridge (http://en.wikipedia.org/wiki/File:SFOBBEast
Span.svg).

The three radically different structures also require a
new expansion joint design to link the three main parts
(Skyway, SAS, andYBITS) while integrating with the
seismic functioning of the entire bridge system. This
expansion joint was subsequently designed and incor-
porates a Trelleborg Transflex 2400 expansion joint, a
steel connector plate, and fastening systems. The main
focus of the design was to ensure that the joint acted
in harmony with the three structures during seismic
activity. A secondary focus was the requirement for
separate joints for each lane, which would facilitate
maintenance without major disruption to traffic. Dur-
ing review of the joint design, questions were raised
with regard to how it would perform under traffic
loading, given the focus on seismic and maintenance
requirements. An accelerated loading test, using the
California Department of Transportation/University
of California Pavement Research Center Heavy
Vehicle Simulator (HVS) was therefore undertaken to
provide a quick indication of how the joint would
perform under truck traffic.

This paper describes the accelerated traffic load
study, summarizes the results, and relates performance
in the accelerated test with expected performance on
the actual bridge structure.

2 STUDY OBJECTIVE AND WORKPLAN

Two objectives were identified for this accelerated
load study:

– Identify any fatal flaws in the design related to
vehicle trafficking.

– Determine how the joint will fail under vehicle
trafficking.

A project was consequently designed to meet these
objectives (Jones and Wu, 2011). This included design

and construction of a test structure, instrumentation
of the test section, accelerated loading with a Heavy
Vehicle Simulator (HVS), data analysis, and recom-
mendations.The design of the test structure is provided
in Figure 2. A prototype of the joint was manufac-
tured and a replica of the joint support structures
constructed to accommodate the testing.

A review of the literature found no published refer-
ence to any similar studies and given a testing period
limitation of three months, best use of this time was
taken into consideration in preparing a test plan to meet
the study objectives. A phased approach was followed,
starting with normal truck loads in the center of the
joint to identify any fatal flaws, followed by incremen-
tal changes in loading and wheel position. A summary
of the test plan is provided in Table 1.

In the first phase (Phase 1.1), testing at standard
wheel loads for four weeks (i.e., equivalent to an 80 kN
[18,000 lb] axle load), was included to identify any
potential major flaws in the design. The following
phases would then evaluate the joint response under
wandering traffic, increasing wheel load, and different
wheel path (specifically along the edge of the joint).
Assuming that no damage was caused in the first two
phases, the final phase would investigate impact loads
and very high wheel loads and tire pressures with a
view to identifying the weakest point of the design.

Load variations on a single day were included in
the study to establish relationships between wheel
load and structural response, and to identify any
nonlinearity that might lead to structural damage.

Most trafficking was applied in a channelized,
bidirectional mode using dual wheel truck tires
(Goodyear G159 – 11R22.5 – steel belt radial inflated
to 720 kPa [104 psi]) with these exceptions:

– Phase 1.3, which assessed the effects of bidirec-
tional traffic wander using the dual tires.
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Figure 2. Test structure design.

Table 1. Loading Program for HVS Testing.

Phase Test Section Duration Half-Axle Wheel Loads Repetitions
No. Location (days) (kN) Applied

1.1 Center 30 1day at 25, then 29 days at 40 5,18,000
1.2 Center 6 1 day each at 25, 40, 60, 80, and 100, then 1 day at 40 1,20,000
1.3 Center + Edge 7 1day each at 40, 80, 100, then 4 days at 60 1,20,000
2.1 Edge 11 2 days at 40, 1 day each at 60, 80 and 100, then 6 days at 80 1,89,000
3.1 Edge 3 60, impact load* 23,000
3.2 Edge 15 5 days at 60, 5 days at 80, and 5 days at 100, all with impact load 2,40,000
3.3 Edge 15 1 day at 100, then 14 days at 150 1,50,000
– – 3 No test days 0
Total – 90 13,60,000

*Impact load was applied by forcing the HVS wheel over a step in the wheelpath created by either a 13 mm (1/2 in.) neoprene
pad or 19 mm (3/4 in.) hardwood board.

– Phase 3.1, which assessed the effects of an impact
load in a unidirectional mode, and

– Phase 3.3, which assessed the effects of very high
bidirectional loads using an aircraft tire (Boeing
737) inflated to 1,380 kPa (200 psi).

Load was checked with a portable weigh-in-motion
pad at the beginning of each test and after each load
change.

3 CONSTRUCTION

A suitable test site was identified on a temporarily
vacant area close to the bridge construction offices
at the Port of Oakland. Construction was started in
March 2011 and completed in July 2011. Photographs
of the construction are provided in Figure 3 and Fig-
ure 4 and completed project with the HVS in place in
Figure 5 and Figure 6.
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Figure 3. Formwork for test structure.

Figure 4. Deck joint installation.

Figure 5. Test structure prior to start of testing.

Figure 6. Test structure prior to start of testing.

4 INSTRUMENTATION

The expansion joint was comprehensively instru-
mented to monitor status and responses under HVS
trafficking (Jones and Wu, 2011). Parameters moni-
tored included: ambient and steel plate temperatures,
vertical deflections at various locations, and longitudi-
nal strain at the bottom of the steel plate.A layout of the
instrumentation is shown in Figure 7. Instruments #1
through #9 are Linear Variable Differential Transduc-
ers (LVDTs), Instruments #11 to #13 are strain gauges,
and Instruments #14 to #18 are thermocouples.

Figure 8 and Figure 9 show general views of the
instruments on top and underneath the plate, respec-
tively. Figure 10 and Figure 11 respectively show
closer views of two LVDTs positioned on bolts on the
surface of the steel plate, and how the movement of
washers underneath the steel plate was monitored.

Permanent deformation of the Trelleborg unit
was monitored daily using a laser profilometer that
recorded surface profiles in a longitudinal direction
(i.e., the trafficking direction) at 200 mm (8.0 in.)
intervals in the transverse direction (Figure 12).

5 HVS TRAFFICKING

HVS trafficking commenced on August 08, 2011 and
followed the test plan described earlier. The impact
loads used in Phase 3.1 and Phase 3.2 were applied by
creating a step in the wheel path using either a 12.5 mm
(1/2 in.) neoprene pad or a 19 mm (3/4 in.) wood panel
(Figure 13).

6 TEST RESULT SUMMARY

6.1 Phase 1: Normal load and pavement response
at center location

This section covers the test results for Phases 1.1, 1.2
and 1.3 as listed in Table 1. The main objectives of
these phases were identification of any major flaws
in the joint design and evaluation of the strain and
deflections caused by increasing wheel loads (Jones
and Wu, 2011).

6.1.1 Phase 1: Fatal flaw assessment
No apparent damage was observed at the end of
Phase 1.1. The permanent vertical settlement of the
structure after testing was 0.2 mm, which was consid-
ered minimal and unlikely to influence joint perfor-
mance. No permanent deformation in the steel plate
occurred during this phase, based on the strain data
recorded.

Example vertical deflection bowls and strain bowls
measured at the mid-span of the steel plate are shown
in Figure 14 and Figure 15, respectively. These fig-
ures show that the deflections and longitudinal strains
induced by the 80 kN standard axle load (40 kN half-
axle) at mid-span of the steel plate were approxi-
mately 0.9 mm and 60 microstrain, respectively, and
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Figure 7. Layout of instrumentation during HVS testing on the center of the expansion joint.

Figure 8. General view of instruments on top of joint.

Figure 9. General view of instruments under the joint.

remained constant throughout the phase (i.e., deflec-
tions and strains did not increase with increasing load
repetitions).

The vertical deflections at the bolts and washers
were less than 0.1 mm, with washers deflecting a little

Figure 10. LVDTs for monitoring vertical movements of
bolts on the steel plate.

more than the bolts. There was no distinct correla-
tion between temperature and elastic response in the
steel plate; however, very small changes in peak strain
between the coldest and warmest periods each day
were observed on the data plots on most days. Minor
fluctuations in strain and deflection measurements
were most likely caused by very small fluctuations in
the actual load applied by the HVS. No fatal flaws in
the deck joint design were identified.

6.1.2 Phase 1.2: Load response on the center
of the steel plate

No damage was observed at the end of Phase 1.2.
No permanent deformation in the steel plate occurred
during this phase, based on the strain data recorded.
Increases in peak deflection and peak strain showed a
linear relationship with increasing load.The maximum
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Figure 11. LVDTs for monitoring washer movements
(Instrument #3 and #4 in Figure 7).

Figure 12. Laser profilometer recording surface profile of
the Trelleborg unit.

Figure 13. Wooden step used for applying impact load.

deflection and maximum strain recorded was 2.3 mm
and 135 microstrain respectively, both at the mid-
point of the steel plate, under the 100 kN wheel load.
Examples of the data recorded are shown in Figure 16
(peak vertical deflection against number of load repe-
titions) and Figure 17 (peak vertical deflection against
load) for the LVDT corresponding to instrument #5 in
Figure 7. Changes in deflection and strain with increas-
ing wheel load showed similar trends. Very small daily

Figure 14. Deflection bowls (i.e., influence lines) mea-
sured during Phase 1.1. (Measurements for the three LVDTs
[JDMD for DC LVDT and LVDT for AC LVDT] installed
at mid-span of the steel plate. Legend indicates number
corresponding to Figure 7).

Figure 15. Strain bowls (i.e., influence lines) measured dur-
ing Phase 1.1. (Measurements for the three strain gauges
(SG) installed at mid-span of the steel plate. Legend indicates
number corresponding to Figure 7).

Figure 16. Vertical deflections measured by LVDT #5
during Phase 1.2.

variations in peak deflection and peak strain were
consistent with daily temperature change on the data
plots. Minor fluctuations in strain and deflection mea-
surements were again likely caused by very small
fluctuations in the actual load applied by the HVS.
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Figure 17. Vertical deflections measured by LVDT #5
during Phase 1.2.

6.1.3 Phase 1.3: Load response comparison at
center and edge of the steel plate

Phase 1.3 checked the joint response under wander-
ing traffic. No damage was observed at the end of
this phase and based on the deflection and strain data
recorded, no permanent deformation in the steel plate
occurred. Peak strain and deflection at any time was
influenced by the position of the wheels in the wander
pattern, as expected. Sensors furthest away from the
wheels (i.e., on the edge of the steel plate) had larger
differences between the lowest and highest deflection
and strain (ratio of ∼2.5) compared to the sensors
inside the wheelpath (i.e., at the mid-point of the steel
plate), which had highest strain to lowest strain ratios
of about 1.5. Increases in peak deflection and peak
strain continued to show a linear relationship with
increasing load. Very small daily variations in peak
deflection and peak strain were consistent with daily
temperature change on the data plots. Minor fluctua-
tions in strain and deflection measurements were again
likely caused by very small fluctuations in the actual
load applied by the HVS. Based on the results and
observations in this phase, it was concluded that there
was no significant difference in the measurements
recorded during traffic wander compared to those
recorded during channelized traffic and that wander
had very little effect on the behavior of the deck joint.
Consequently all further testing was carried out in a
channelized mode as this was considered more likely
to induce damage given the concentrated nature of the
loading.

6.2 Phase 2: Higher loads at edge location

During Phase 2, testing was carried out on the edge
of one of the expansion joints as shown in Figure 7.
The term “edge” was used because wheelpaths for this
location were closer to the edge of one of the steel
plates even though it was closer to the center of the
entire lane width. Normal trafficking on the actual
bridge would not occur in this way except when vehi-
cles change lanes. The objective in this phase was to

Figure 18. Histories of longitudinal strains at steel plate
mid-span during Phase 2. (Legends indicate instrument type
(SG for strain gauge) and instrument number shown in
Figure 7.)

Figure 19. Permanent vertical deformation of theTrelleborg
unit.

assess whether trafficking at higher loads on the edge
of the plate would cause any damage to the expansion
joint.

No damage was observed at the end of the phase
and based on the deflection and strain data recorded,
no permanent deformation in the steel plate occurred.
Responses were similar to those recorded in earlier
phases during loading on the center of the deck joint.
Increases in peak deflection and peak strain contin-
ued to show a linear relationship with increasing load.
Figure 18 shows the histories of longitudinal strains
measured at the mid-span of the steel plate. The fig-
ure indicates some slight daily variation (attributed
to temperature), but no significant increasing trend.
Figure 19 shows the permanent vertical deformation
of the Trelleborg unit, measured with the laser pro-
filometer. Approximately 4.0 mm of downward defor-
mation, caused by the HVS trafficking, was measured
at the end of this phase of testing.
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Based on the results and observations in this phase,
it was concluded that there was no significant differ-
ence in the trends of measurements recorded during
trafficking on the edge compared to those recorded
during trafficking on the center. However, since higher
deflections and strains were measured in this phase for
the same loads, it was decided to undertake all further
testing on the edge of the bridge deck joint as this was
considered more likely to induce damage.

6.3 Phase 3: Impact load and overloading

After reviewing the Phase 2 results, it was concluded
that continued trafficking at 80 kN and 100 kN was
unlikely to cause any significant structural damage to
the seismic joint in the time available. The study there-
fore proceeded to the third phase of the test plan, which
required significantly heavier wheel loads (using an
aircraft tire) and impact loading (caused by including
a step in the wheel path).

Figure 20. Example of vertical deflection bowls measured
on the bolts and washers during impact loading.

Figure 21. History of peak deflections at bottom of steel plate during Phase 3.3.

6.3.1 Phase 3.1: Edge test with impact load and
unidirectional traffic

A 60 kN impact load did not appear to influence
response in the deck joint at the location of the sen-
sors, and no damage was observed on completion
of this short phase. Responses were similar to those
recorded in earlier phases. There was also no dif-
ference observed between unidirectional and bidirec-
tional trafficking and consequently all further testing
was carried out in a bidirectional mode, which applies
more wheel loads than unidirectional trafficking in a
given period of time.

6.3.2 Phase 3.2: Load response with impact load
No damage was observed at the end of Phase 3.2 and
based on the deflection and strain data recorded, no
permanent deformation in the steel plate occurred.
Responses continued to be the same as those recorded
in earlier phases and increases in peak deflection and
peak strain continued to show a linear relationship with
increasing load.

Figure 20 shows an example of the deflections
on the bolt washers (LVDT3 and LVDT4) and bolts
(JDMD1 and JDMD2) caused by impact loading with
a 100 kN half-axle wheel load. The impact load had
some influence on the deflection bowls (influence
lines) for each instrument, but did not result in an
increase in the peak deflections. It was therefore
concluded that this level of impact (the maximum
possible without influencing the hydraulic load con-
trols of the HVS) would not cause additional damage
and consequently impact loads were not applied in
Phase 3.3.

6.3.3 Phase 3.3: Edge test with high load
The objective of Phase 3.3 of the testing was to cause as
much damage to the seismic joint as possible to iden-
tify the weakest part of the design. Loading was carried
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Figure 22. History of peak longitudinal strains at bottom of steel plate during Phase 3.3.

Figure 23. Contour plot of deformation at end of Phase 3.3

Figure 24. General view of structure after testing.

out with an aircraft tire with a half-axle load of 150 kN.
On completion of this testing, the measured data from
the LVDTs (Figure 21) and strain gauges (Figure 22)
indicated that there was still no structural damage on

Figure 25a. Close-up view of damage to Trelleborg unit.

Figure 25b. Close-up view of damage to Trelleborg unit.

any steel parts of the expansion joint. Observed dam-
age was limited to the wheelpath over the Trelleborg
unit only and consisted of significant wear and defor-
mation on the rubber sections of the Trelleborg unit
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and deformation and shearing in one of the steel ribs
supporting these rubber sections. Some cracking was
also observed in the concrete approach slab to the
expansion joint, but this was not considered relevant
to the study. Figure 23 shows the permanent vertical
deformation of the Trelleborg unit, measured with the
laser profilometer. Approximately 4.8 mm of down-
ward deformation, caused by the HVS trafficking, was
measured at the end of this phase of testing.

Photographs of the structure after completion of
testing and a close up of damage to the Trelleborg unit
are shown in Figure 24 and Figure 25, respectively.

The distress observed to the Trelleborg unit under
the very high loads (almost four times the legal limit)
applied in this last phase of testing is unlikely to occur
under normal traffic on the Bay Bridge.

7 CONCLUSIONS AND IMPLEMENTATION

A relatively unique opportunity was recently identi-
fied for accelerated traffic load testing of a new bridge
expansion joint designed to withstand severe seis-
mic activity. This study was part of the construction
of the new East Span of the San Francisco–Oakland
Bay Bridge and assessed whether the expansion joints
(which were designed to function in harmony with
the bridge decks in the event of a high-magnitude
earthquake) linking the Self-anchored Span with the
Transition and Skyway spans would withstand traf-
fic loading. A test structure incorporating one of the
full-scale joints was constructed close to the actual
bridge and tested with the California Department
of Transportation/University of California Pavement
Research Center Heavy Vehicle Simulator in a series
of phases.

On completion of seven phases of testing over
a three-month period, no structural damage was
recorded by any of the LVDTs or strain gauges installed
on the steel plates, steel frames, bolts, or washers.
There was also no visible damage on any of these
components. Excessive overloading with a 150 kN
half-axle load (four times the standard axle load) on
an aircraft tire in the last phase of the test caused some
damage to the Trelleborg unit in the joint. The dam-
age included abrasion, tearing, shoving and permanent
deformation of the rubber inserts, and deformation
and shearing of one of the steel supports directly under
the wheel load.

Although no seismic or structural testing was
undertaken and no recommendations towards its
seismic or structural performance are made, and no
vehicle suspension dynamics (i.e., vehicle bounce) or

speed effects were considered, based on the results
of this limited testing, it was concluded that the
Caltrans seismic expansion joint would perform ade-
quately under typical Bay Bridge traffic.The distresses
observed on theTrelleborg unit under high loads in the
last phase of testing are unlikely to occur under nor-
mal Bay Bridge traffic. However, the Trelleborg unit
was found to be the weakest point of the expansion
joint, as expected. On the actual bridge structure, these
units will need to be checked periodically to confirm
the findings of this study, and to assess any effects
of higher speeds and vehicle dynamics that were not
identified. The joints will require periodic mainte-
nance and replacement in line with manufacturer’s
specifications.

This study also demonstrated and concluded that
mobile accelerated pavement testing equipment can
be effectively used for testing bridge deck compo-
nents to provide rapid indications of how these will
perform/behave under traffic loading. The results
can be used by design, fabrication, manufacturing
and construction teams to ensure safe and efficient
performance of the bridge.

Based on the findings of this study and other studies
carried out to assess seismic performance and skid
resistance, the expansion joint design as tested in this
study will be used in the new Bay Bridge, due to be
opened to traffic in 2013.
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ABSTRACT: Noise properties of road pavements change over time due to wear from traffic, impact of weather
conditions, etc. With the introduction of noise reducing pavements in many countries, it has become increasingly
important to understand how the noise properties of pavements change as they get older. The Danish Road
Directorate and the University of California Pavement Research Centre have investigated the feasibility of using
test results from Heavy Vehicle Simulator (HVS) test sections to predict the development of the noise properties
of pavements. Pavement surface textures were measured at regular intervals with a three-dimensional scanner
on a range of different HVS test sections on various projects. The Dutch Acoustical Optimization Tool (AOT),
developed to predict the noise properties of road pavements based on texture data, and pavement type, was used
for the analyses of the measured texture profiles.

1 INTRODUCTION

There are increasing demands for general improved
environmental living conditions from modern soci-
ety and communities living near roads are especially
demanding reduced noise levels. Consequently there is
increased pressure on road authorities to reduce noise
levels. This has created a demand for durable and cost
effective measures for noise abatement. The devel-
opment of noise reducing road surfaces has in some
countries proved to be an attractive solution that can
be implemented by road authorities when construct-
ing new roads or when maintaining, rehabilitating or
widening existing pavements.

Noise emissions as well as noise reduction are often
measured when a pavement is new. It is known from
the literature (Lu, et al., 2009; Bendtsen, et al., 2009;
Bendtsen, 2010) that noise emissions from pavements
increase over time due to wear and environmental
influence. However, reductions in noise levels have
also been observed as pavements get older. When
introducing quieter pavements, authorities need to
know the expected average noise reduction over the
lifetime of the new pavement type, which could be
as long as ten to fifteen years. Long-term pavement
performance studies measuring changes in noise lev-
els over the life of the pavement, such as those being
conducted by the Danish Road Directorate (DRD)
in Denmark and University of California Pavement
Research Center (UCPRC) in California, are impor-
tant for research purposes, but of little immediate help
to road authorities who need to make decisions on
choice of pavement in a much shorter time frame.

In cooperation with the UCPRC, DRD recently
performed a study of acoustical aging on asphalt
pavements (Bendtsen, et al., 2009). This investigation
concluded that there appears to be a linear relation
between noise level and time/traffic. It also high-
lighted the need for measurements and analyses of the
change in pavement texture over time to get a deeper
insight and understanding of the ongoing noise level
increases. In a follow-on study by the two institutions,
a much faster method for predicting lifetime noise
increases on pavements has been developed and tested.
Some of the data used in the development of the predic-
tion models was obtained from accelerated pavement
tests (APT) at the UCPRC, where regular texture and
other pavement surface property assessments could be
taken on test pavements under controlled conditions.

2 EXPERIMENTAL LAYOUT

The UCPRC operates two Heavy Vehicle Simulators
(HVS) to test the structural characteristics and dura-
bility of pavements. This equipment applies truck tire
loads over a test pavement at a maximum speed of
8.5 km/h. An HVS Mk VI and close-up of the tires on
the pavement are shown in Figures 1 and 2. Between
10,000 and 25,000 repetitions can be applied in a 24
hour period, depending on the trafficking configu-
ration and time required to take measurements. Test
duration depends on the purpose of the test, but are
typically run until either an average maximum rut of
13 mm (high temperature rutting tests on asphalt) or a
predetermined level of cracking is reached.
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Figure 1. HVS at the UCPRC APT facility.

Figure 2. HVS dual tires in channelized mode on a test
pavement.

The primary purpose of the HVS tests discussed in
this paper was the comparison of rutting performance
of seven different gap-graded rubberized warm-mix
asphalt mixes against two hot-mix asphalt controls
of the same mix design. In order to accelerate the
rutting accumulation, pavement temperatures were
maintained at 50◦C at 50 mm depth.The pavement sur-
faces were kept dry during testing. Changes in rutting
were measured on a daily basis with a laser profilome-
ter at 500 mm intervals along the middle 6 m of the
8 m test section (the 1 m acceleration and deceleration
zones at each end of the test section are excluded).
The total rut, calculated as the difference in eleva-
tions between the top of the heaved material on the
side of the section and bottom of the deformed area
in the wheelpath, is derived from the profile measure-
ments. The testing was stopped once the average total
rut exceeded 13 mm.

The tests were carried out using a dual truck tire
configuration, standard tire pressures, unidirectional
trafficking, and half-axle loading starting at the legal
load (40 kN) and increasing to 60 kN after completion
of 160,000 load repetitions. An environment cham-
ber around the HVS is used to maintain pavement
temperature. Heaters are placed next to the test sec-
tion radiating heat onto the pavement. Thermostats in
conjunction with thermocouples in the pavement are
used to control the heaters and maintain the pavement
temperature at 50◦C ± 2◦C at 50 mm depth.

It was not possible to perform actual noise mea-
surements during testing due to the noise generated
by the HVS. The sections are also too short for
testing with other noise measuring equipment at the
required speeds (Close Proximity [CPX] noise trailer
at 50 or 80 km/h [ISO/CD 11819-2:2000] or Onboard

Figure 3. Ames Engineering Laser Texture Scanner used to
measure pavement surface texture.

Sound Intensity [OBSI] equipment at 80 or 100 km/h
[Standard Method, 2010]).

However, it is known from the literature (Sandberg
and Ejsmont, 2002) that there is a close relationship
between pavement texture and the tire rolling noise.
Therefore, pavement texture was measured on each of
the HVS test sections as an indicator for noise emis-
sion. These pavement textures were used as input to
a model that predicts the noise emission from a pave-
ment with a given surface texture (see description of
the Acoustical Optimization Tool [AOT] below).

Pavement surface textures were measured with an
Ames Engineering Laser Texture Scanner (Figure 3)
for the duration of seven of the nine warm-mix asphalt
tests in 2010 and 2011. The scanner is a stand-alone
unit that is placed on the pavement surface. The device
scans a surface directly under its base in multiple
line scans with a scan line length of 100 mm and a
maximum scan width of 75 mm. The number of lines
scanned can be set by the user. Up to 1,200 lines with
an average spacing between scan lines of as little as
0.064 mm can be scanned. It takes about nine seconds
to complete one scan line. The greater the number of
lines scanned, the longer it takes to complete one test.
In this experiment a resolution of 100 scan lines was
used.

Texture data were processed to create six 2,000 mm
long strings of surface texture representing six lines
of pavement texture in the direction of the wheelpath
for input into the AOT model. This was achieved by
randomly selecting 120 100 mm profile lines from a
pool of scanned texture profiles and combining them
into the six 2,000 mm long profile lines. Figure 4
shows a randomly selected example of 100 mm texture
sections for one of the pavements after zero and
309,000 load repetitions.

3 WORKING HYPOTHESES AND NOISE
GENERATING MECHANISMS

The working hypotheses for the experimental design
of the project are:

– Pavement wear by the HVS creates pavement sur-
face textures that are representative of pavements
exposed to real traffic on roads.
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Figure 4. Example of 100 mm texture sections for one
of the test pavements when new (top) and worn down after
309,000 repetitions (bottom) of the test tires passing over.

– AOT can be used to predict noise levels repre-
sentative of the trafficked pavements based on
the texture measured on these pavements.

The generation of noise when the tires are rolling
on a road surface is mainly caused by the follow-
ing mechanisms (Sandberg and Ejsmont, 2002). Other
mechanisms may have a minor role:

– Vibrations in the tires: Vibrations are generated by
the contact between the surface of the pavement
and the rubber blocks of the tread pattern on the
tire. Tire vibrations generate noise in the frequency
range from 500 to 1,500 Hz. The noise increases
with increasing roughness of the road surface. An
increase in the maximum aggregate size generally
leads to an increase in noise.The mean profile depth
(MPD) can be regarded as a very general indicator
for pavement roughness.

– Air pumping effect: When the rubber blocks on
the tread pattern of the tire contact the road sur-
face, air is pressed out of the cavities between the
rubber blocks. When the rubber blocks leave the
road surface, air is drawn back into the cavities.
This air pumping generates noise at high frequen-
cies above 1,000 Hz. If the road surface is open
or porous the air will be pumped down into the
pavement structure and the noise will be reduced.

– Horn effect: The curved tread pattern of the tires
and the road surface act as an acoustical horn which
amplifies the road noise generated around the con-
tact point between the tire and the road surface.
If the road surface is porous (and therefore sound
absorbing) the amplification effect will be reduced.

– Absorption under propagation: The engine and
road-tire noise propagate from the vehicles to the
receivers. Under this propagation, the noise may be

reflected from the road surface. If the road surface
is porous, and therefore sound absorbing, the noise
at some frequency bands will be reduced during
propagation.

– Stiffness effect: The stiffness of the pavement is
important for the determination of the noise gen-
erated by the contact between the surface of the
pavement and the rubber blocks of the tread pat-
tern on the tire. If the pavement has a low stiffness,
the generated noise will be reduced.

Porous pavements have connected cavities and are
open over the entire thickness of the layer, while open-
textured pavements are open only in the upper part of
the pavement with cavities having a depth less than
the maximum size of the aggregate used. The basic
concept of using open-textured pavements for noise
reduction is to create a pavement structure, with as
cavities as large as possible near the surface of the
pavement to reduce to some extent the noise gener-
ated from the air pumping effect, and at the same time
ensuring a smooth surface so the noise generated by the
vibrations of the tires does not increase. These noise
reducing open-textured pavements can be thin, since
the mechanisms determining the noise generation only
depend on the surface structure of the pavement.

4 ACOUSTICAL OPTIMIZATION TOOL

The texture profiles collected for theAPT experiments
were used to perform noise simulations/predictions
using the Dutch Noise Optimization Tool (AOT, 2009)
developed for the Dutch national road administration
(DVS) between 2006 and 2008. AOT is an acous-
tical optimization tool for low-noise road surfaces
(Kuijpers, 2008; AOT User’s Manual, 2009). The AOT
is based on models that describe the mechanisms gen-
erating tire road noise. Models included are a tire
contact model, a tire interaction model, and a noise
propagation model. The model framework was devel-
oped over a longer period and included theoretical
development as well as empirical measurement results.
A detailed presentation of the model framework is
discussed in Kuijpers (2008).

AOT can simulate noise emissions caused by vehi-
cles driving on a specific pavement surface at different
speeds in the range from 50 to 120 km/h. There are
four main input data describing the physical and acous-
tical properties of the pavement. These are presented
below and related to the previously described noise
generating mechanisms when a tire is rolling on a
pavement (AOT User’s Manual, 2009):

– Surface texture, which is a measure of the rough-
ness of the road. The road surface texture is
influenced by the size, shape, and arrangement
of the road surface constituents (such as aggre-
gates, binder, and additives). The surface texture
influences the noise generated from vibrations in
the tire.

– Acoustical impedance, which is a measure describ-
ing the influence of the road surface in terms of
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reflection and absorption on the sound field that
impinges on the surface. This term is related to
the acoustic absorption of the road surface. Porous
pavements have an absorbing effect on noise. The
acoustical impedance of the road surface is used in
the propagation part of the model. The acoustical
impedance also influences the horn effect.

– Flow resistance, which is a measure of the resis-
tance that the flow of air in the tire profile experi-
ences in the rolling contact area.The flow resistance
influences the noise generated from air pumping.
The air flow resistance is the resistance that in the air
that is expelled from the contact area between tire
and road during the rolling process. If the airflow
resistance is high, the air is effectively compressed
in the contact area and might produce air pump-
ing noise when the compressed air is released at
the beginning or end of the contact patch. When
the airflow resistance is low, for example on open-
graded and porous pavements, then air is pressed
down into the pavement structure with little resis-
tance and the generation of air pumping noise is
reduced.

– Mechanical impedance is a measure describing the
influence of the road surface in terms of stiffness
and damping on the vibrations of the tire. It has an
influence on the noise generated from vibrations in
the tire.

A series of measurement data from around forty
Dutch test sections with many different kinds of noise
reducing pavements are included in theAOT as default
values, which can be selected by the user that has lim-
ited or no data. These test sections included amongst
others single and double layer porous asphalt, thin
overlays, poroelastic surfacings, dense-graded asphalt
concrete, and standard stone-matrix asphalt (SMA)
pavements. User can choose to use their own measured
data for those parameters that they have available and
then use AOT system data for the other parameters.
In the study discussed in this paper, measured pave-
ment texture data from the test sections were used
in the analysis, together with AOT system data on
acoustical impedance, flow resistance, and mechanical
impedance. A standard SMA pavement with 11 mm
maximum aggregate was selected as being closest
to the tested asphalt pavements that had 12.5 mm
aggregates.

Based on the selected input data, AOT predicts the
noise for vehicles driving on the pavement described
by the input data. The user can define the vehicle type
used for the simulations (passenger cars or trucks)
and can select results related to either the CPX mea-
surement method (ISO/CD 11819-2:2000), or the SPB
method (ISO 11819-1:1997), where the distance to the
centerline of the road is 7.5 m and the receiver height
is defined at 1.2 m, 3 m or 5 m.

The results are given as A-weighted noise levels
(LA) as well as the total noise in the third octave band
spectra in the frequency range from 315 to 2,000 Hz.
The spectral contributions from three individual noise
generating mechanisms are also predicted. These are

Figure 5. Example of the CPX spectra output from an AOT
simulation of a dense-graded asphalt concrete (DGAC16).
LA is 96.6 dB at a speed of 100 km/h for passenger cars.

tire vibration generated noise (vibration), air pump-
ing generated noise (airflow), and noise related to
absorption (cavity).

Figure 5 is an example of the spectral output from
an AOT simulation of a dense graded asphalt concrete
(DGAC16) showing the total noise level as well as the
contribution from the three noise generating mecha-
nisms. The total noise level LA is 96.6 dB (decibels)
at a speed of 100 km/h for passenger cars. The fre-
quency curve for the total noise level is shown with a
black curve. In this example, the main contributor to
the total noise level over 1,000 Hz is the airflow noise.
At less than 1,000 Hz the noise from both vibrations
and air flow have significance. The contribution from
cavity or absorption is marginal as this pavement is
dense with no high noise absorption.

Results related to the US OBSI method are not avail-
able as this is a European developed tool following
ISO international standards. However, there is a close
relation between the results measured by the CPX and
the OBSI methods, depending on the reference tires
used in the two methods. Consequently, the two meth-
ods will rank pavements in the same way in relation to
noise. In principle, the noise levels and spectra that are
predicted are the SPB and CPX levels for the tire group
that was selected when the AOT was developed. They
do not necessarily correspond to the standard indices
for SPB and CPX (either survey or investigatory)
methods. However, validation (Personal communica-
tion Kuijpers, 2009) has shown that, for example, the
extended group of passenger car tires corresponds well
with the “CPXcars” from the CPX standard. In this
project CPX noise levels for passenger cars at a speed
of 100 km/h was selected. The noise levels presented
in this paper are A-weighted meaning that the noise
at the different frequencies is weighted according to
how the human ear perceives noise at these frequen-
cies. The decibel unit “dB” is used and is the same as
what is often denoted as “dB(A)” and “dBA”.

To date, practical experience with the use of the
AOT tool is relatively limited. Kuijpers (2008) eval-
uated the uncertainty of the AOT model, and based
on a comparison of results of SPB and CPX measure-
ments on five different pavements in the Netherlands
and AOT noise predictions using measured pavement
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Figure 6. Close up of untested (beside the wheelpath) and
tested pavement (in the wheelpath).

properties for these five pavements, it was concluded
that in these cases the standard AOT modeling uncer-
tainty was ±0.5 to 1.0 dB in the worst case. Noise
emissions from road traffic are normally measured
using the wayside SPB method or the Close-ProXimity
(CPX) method. There is always uncertainty related to
noise measurements. For measurements carried out
according to the SPB standard, the uncertainty of the
results for passenger cars is usually in the order of±0.3
to 0.5 dB. For measurements carried out according to
the CPX method the uncertainty is often stated to be in
the order of ±0.5 to 0.7 dB. Based on this limited eval-
uation of AOT (Kuijpers, 2008) it would appear that
the uncertainty of AOT predictions is higher than the
uncertainty for actual SPB/CPX noise measurements.

5 TEST PAVEMENTS

The main objective of the HVS testing in this project
was to compare the performance of different rubber-
ized warm-mix asphalt technologies against a rubber-
ized hot-mix asphalt control mix. The test pavements
were all gap-graded aggregate with a maximum aggre-
gate size of 12.5 mm and as-constructed air void
contents ranging from 9 to 14% by volume. The five
pavement sections discussed in this paper were 622HB,
623HA, 624HB, 625HA and 628HB.

Figure 4 shows a 100 mm section of the surface
texture of an untested pavement and the same pave-
ment after completion of HVS testing. Figure 6 shows
the difference between the untrafficked and trafficked
surface. From these two figures it can, as a first
visual impression, be seen that the test pavement has
a relatively rough surface texture before testing. After
testing, the pavement surface appears to have a more
convex surface structure where mortar and the smaller
aggregates have been removed from the surface leav-
ing the larger aggregates exposed. This can also be
seen in Figure 7, which shows a horizontal view of the
wheelpath after testing. In pavement acoustic analysis,
the more convex a pavement surface is the more tire
pavement noise is emitted.

6 RESULTS

As a very general indicator for the pavement surface
structure, the mean profile depth (MPD) has been

Figure 7. Horizontal view of the wheelpath after HVS
testing.

Table 1. Measured MPD and the AOT predicted noise
levels for the 5 pavements after different numbers of HVS
repetitions. Data from SMA11 pavement used for the AOT
predictions is included (SMA11-AOT).

Test Load MPD Noise LA
section Repetitions (mm) (dB)

622HA 15,000 0.91 97.5
75,000 0.86 97.5

1,29,000 – 98.1
1,90,000 1.03 97.8

623HA 0 0.76 97.5
10,000 0.87 98.0
73,000 0.89 97.9

1,71,020 0.94 97.8
1,99,000 0.92 97.4

624HB 0 0.94 98.2
10,000 0.83 97.6
41,500 0.99 97.8
73,000 0.78 98.5

1,44,000 0.92 97.6
1,60,000 0.88 97.7
2,61,000 0.94 98.1
3,20,000 1.03 98.1

625HA 0 0.92 97.8
31,500 0.9 98.0
43,000 0.93 98.6

1,21,000 1.08 98.6
2,60,000 0.86 96.8
3,13,000 1.06 97.8

628HB 0 1.07 96.8
20,000 1.01 98.4
91,500 0.88 97.7

2,70,000 1.07 97.8
3,09,000 98.3

SMA11-AOT 0 1.01 97.3

included in the data presented below. MPD generally
does not correlate as well with noise as other pavement
related factors like convex/concave texture, air void
content, and aggregate size, etc., which also play an
important role. Increasing MPD normally also leads to
increases in tire/pavement noise. The measured MPD
and the AOT predicted noise levels at different num-
bers of repetitions for the five sections tested are
summarized in Table 1. Data from the SMA11 pave-
ment used for the AOT predictions (SMA11-AOT) are
also included. Between four and eight measurements
were taken on each section depending on the number
of repetitions to failure.

Bendtsen et al. (2009) concluded that a linear
regression provides a good description of the relation
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Figure 8. Development of MPD (measured) (a) and noise
(predicted with AOT) (b) during the HVS testing on 622HA.
Linear regression lines are included.

between noise level and the age of pavements, and that
a logarithmic regression did not improve the result.
Therefore linear regression has been used to analyze
the relation between noise and the number of load
repetitions with the HVS. Regression lines showing
the results of the development of MPD and noise
over the testing period are shown in Figures 8 and 9
for Sections 622HA and 625HA.

Figure 8 shows the development of the results for the
622HA pavement over a period of 190,000 repetitions.
Increases in both MPD and noise are evident as the
HVS testing continues. MPD increased around 0.1 mm
and noise increased 0.5 dB during the testing.

Figure 9 shows similar results for the 625HA pave-
ment over a range of 300,000 load repetitions. MPD
increased around 0.07 mm, but for this pavement a
decrease in noise of 0.8 dB was noted during HVS test-
ing. The spread of the measured MPD levels on this
section was high (R2 is 0.10). This is reflected in the
regression line for the AOT predicted noise, where R2

is 0.27 and the standard deviation is 0.6 dB (Table 2).
In Figure 10, regression lines for the development of

MPD (measured) during HVS testing on the five pave-
ments are shown. The initial MPD of 1.01 mm for the
SMA11 pavement, used as the standard pavement in
the AOT predictions, is also shown. The SMA11 had a
higher MPD than the five pavements (0.83 to 0.99 mm)
before the start of HVS testing. MPD increased during
testing on all pavements. This should be reflected by
an increase in noise; however, as shown in Figure 11,

Figure 9. Development of MPD (measured) (a) and noise
(predicted with AOT) (b) during the HVS testing on 625HA.
Linear regression lines are included.

Table 2. Slopes for regression analyses of noise per 100,000
repetitions and per year (assuming 30,000 repetitions corre-
spond to one year).

Slope Std. � Noise/
Test No. of (dB/105 Dev. year
section measurements Reps) (dB) (dB/year)

622HA 4 0.3 0.3 0.1
623HA 5 −0.1 0.3 0
624HB 8 0.03 0.3 0
625HA 6 −0.3 0,6 −0.1
628HB 5 0.2 0.7 0.1

Std. Dev. = standard deviation

the noise increased on Sections 622HA, 624HB and
628HB, but decreased on the other two pavements
(623HA and 625HA). All in all, the range of varia-
tion and development of noise for the five pavements
during the testing was less than 1 dB. The initial noise
levels for the five test pavements were 0.2 to 1.0 dB
higher than the SMA11 pavement.

Table 2 shows an overview of the results of the
regression analysis for the development of noise dur-
ing the HVS testing. The standard deviations of the
measured results in relation to the regression lines
are included. For three of the pavements, the standard
deviation was low at 0.3 dB (see also Figure 8 and 9),

370



Figure 10. Regression lines for the development of MPD
(measured) during the HVS testing on the five pavements.

Figure 11. Regression lines for the development of noise
predicted with AOT) during the HVS testing of the five
pavements.

whereas for the 625HA and 628HA pavements, the
standard deviation was 0.6 and 0.7 dB. The increase
in noise per 100,000 load repetitions is also shown. In
order to be able to express the development of noise
as a change of decibels per year, it is necessary to
define the lifetime of the tested pavements. For this
study, it was generally assumed that the lifetime was
ten years and equivalent to 300,000 HVS load repeti-
tions. Using these parameters, the noise increase per
year was calculated and is presented in Table 2. The
results are presented with one decimal and vary from
−0.1 dB/year to +0.1 dB/year with an average yearly
increase on all five pavements of zero dB/year.

The spectral development of the noise can be seen
in the figures below. Two examples are provided. Sec-
tion 622HA had the highest increase of 0.30 dB/105

repetitions (Figure 12) and Section 625HA had the
highest decrease of -0.30 dB/105 repetitions (Fig-
ure 13). The spectra are not broken down into the
different components as in Figure 5; instead the total
spectra are shown in the frequency range 315 to
2,000 Hz, as predicted by the AOT.

Figure 12. Spectral development (total noise) for 190,000
HVS repetitions on Section 622HA.

Figure 13. Spectral development (total noise) for 313,000
HVS repetitions on Section 625HA.

Figure 12 shows that the spectral change for the
622HA pavement occurs in the low frequency range
below 1,000 Hz where a slight increase in noise can be
seen with increasing load repetitions. This indicates
that the pavement surface texture becomes rougher,
which would increase the vibration generated noise.
There was no change in noise levels over 1,000 Hz
during the testing, indicating that the noise generated
by air pumping did not change.

In Figure 13, the spectral change with a gen-
eral noise decrease on the 625HA pavement can be
seen. From zero to 121,000 repetitions, an increase of
noise was predicted in the low frequency range below
1,000 Hz indicating that the pavement surface texture
became rougher and increased the vibration generated
noise, similar to the 622HA pavement. However, near
the end of testing (i.e., after 260,000 repetitions) a
remarkable decrease in the low frequencies of up to
4 dB can be seen.This indicates that the surface texture
became smoother, which would decrease the genera-
tion of tire vibration noise. There was also no change
in noise levels over 1,000 Hz indicating that the noise
generated by air pumping did not change during the
testing.

TheAOT can separate the total noise spectra into the
spectra related to vibration and air flow, respectively
(see Figure 5). Examples of this for Section 622HA are
provided in Figures 14 and 15. The main changes in
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Figure 14. Spectral development (vibration component)
for 190,000 HVS on Section 622HA.

Figure 15. Spectral development (airflow component) for
190,000 HVS repetitions on Section 622HA.

Table 3. Prediction of the yearly increase of noise depend-
ing on different assumptions of the pavement lifetime.

Pavement life

5 years 10 years 15 years
Test � noise/year � noise/year � noise/year
section (dB/year) (dB/year) (dB/year)

622HA 0.2 0.1 0.1
623HA −0.1 0 0
624HB 0 0 0
625HA −0.2 −0.1 −0.1
628HB 0.1 0.1 0

the spectra during the HVS testing were for the vibra-
tion noise (Figure 14), which increased slightly. There
were no real changes in the spectra for air flow noise
(Figure 15), which emphasizes the conclusions drawn
above concerning the 622HA pavement.

The increase in noise during the HVS testing was
converted to noise increase per year by assuming that
300,000 repetitions in the HVS testing corresponds to
ten years of trafficking on a similar in-service pave-
ment. Predictions for analysis periods of five and
fifteen years were also considered. Results of this
analysis are provided in Table 3.

7 DISCUSSION AND CONCLUSIONS

The visual impression looking at photographs of new
pavements and the same pavements after HVS traf-
ficking is that the pavement surface becomes rougher
and acquires a more convex texture. This would be
expected to result in a significant increase in the tire
pavement noise generated. However, MPD measure-
ments show only small increases in the pavements’
general roughness, while noise predictions only show
marginal increases for some of the pavement sections
tested.

The predicted noise levels were 0.2 to 1.2 dB higher
than the noise level predicted by AOT for the SMA11
pavement used as reference for the predictions. This
was attributed in part to the tested pavements having
a larger aggregate size (12.5 mm) than the SMA11
pavement (11 mm), and partly due to the channelized
trafficking and relatively short nature of the test on
pavements, which had not been exposed to extended
environmental aging.

Assuming that 300,000 load repetitions is equiva-
lent to ten years of in-service trafficking (very conser-
vative), two of the pavements tested had a 0.1 dB/year
increase in noise, two pavements had no increase,
and one had a decrease of −0.1 dB/year. The aver-
age increase for all five pavements was 0.0 dB/year
for passenger cars. These results are in the lower end
of what has been observed in other investigations. In
the European SILENCE project, DRD collected data
from long-time noise measurements on pavements in
Europe (Kragh, 2008). There was a large spread in the
data, but the average results for passenger cars dense-
graded asphalt concrete highways was an increase of
0.1 dB/year and 0.4 dB/year on porous pavements.The
results of the study discussed in this paper are close
to the results of this compilation of European results.
In another project using Danish and Californian long-
term noise measurement date (Bendtsen, 2009), the
results for passenger cars on dense-graded asphalt
concrete highways was an average increase of
0.4 dB/year. Research to obtain a better understanding
of acoustic aging phenomena for asphalt pavements
is still ongoing.

This study found a reasonable consistency in
the development of the measured pavement textures
expressed as MPD during the testing. The study also
found a reasonable consistency in the noise levels
predicted by the AOT using only texture measure-
ments, in that the standard deviation of the results
in relation to the regression line were generally low
(0.3 to 0.7 dB). Based on these observations, it can
be concluded that the selected method and the two
hypotheses tested appear to produce reasonable results
given the uncertainty related to the AOT and similar
models.

There was, however, a spread in the individual
results around the regression line, which is expected
when using a limited number of data points (in this
case, 3 to 8 texture measurements) to describe the full
life cycle of a pavement. In these instances, the result
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defined as the slope of the regression line can become
very dependent on one “outlying” measurement point.
The method could be improved by measuring texture at
more frequent intervals (e.g., every 25,000 load rep-
etitions), by testing on a wider range of pavements
that are trafficked with wheel wander instead of chan-
nelized mode (as used in these tests), and testing on
experiments of longer duration (e.g., fatigue cracking
tests). This will result in the slope of the regression
line being less dependent on individual measurement
points. For practical reasons, it was not possible to
obtain these types of measurements in the warm-mix
asphalt rutting study.
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ABSTRACT: Over 1.6 million miles of roads in the United States (US) are unpaved. In under-developed and
developing countries, unpaved roads or unsurfaced pavements account for an even larger share in the total number
of road miles. The absence of bound surface layers in these pavements results in direct application of traffic
loads to the aggregate layer. Most methods used for thickness design of unsurfaced pavements are based on
subgrade strength as the primary design consideration without giving much consideration to aggregate material
quality. This paper presents findings from a recently completed research study at the University of Illinois aimed
at investigating the effects of aggregate type and quality on unsurfaced pavement performance. Five full-scale
unsurfaced pavement test sections were constructed at different combinations of aggregate quality and subgrade
strength, and were tested to failure using the University of IllinoisAccelerated Transportation LoadingAssembly
(ATLAS). Pavement performance was monitored through surface profile measurements as well as transverse
scanning using Ground Penetrating Radar (GPR). The use of different field modulus measurement techniques
was also pursued for identifying anomalies in construction conditions, and for justifying observed trends in test
section performance. The performance of two different test “cells” constructed using uncrushed gravel with high
fines and crushed limestone with low fines, respectively, were quite different.

1 INTRODUCTION

Unbound aggregate layers function as the primary load
bearing component in unsurfaced pavements through
distribution of traffic-imposed stresses. Design meth-
ods for unsurfaced pavements are commonly based
on the principle of “subgrade protection” and recom-
mend a minimum thickness of dense-graded aggregate
layer based on the subgrade strength. Selection of
aggregates for use in unsurfaced pavements is mostly
based on economic considerations often resulting in
the selection of aggregate sources associated with the
lowest material hauling and transportation costs. In
several parts of the United States, the only material
processing requirement before use of aggregates in an
unsurfaced pavement application involves the removal
of large particles through screening (Skorseth et al.,
2000). However, several researchers in the past have
emphasized the significance of aggregate type and
quality on the response and performance of unbound
aggregate layers (Allen, 1973; Barksdale et al., 1989;
Rowshanzamir, 1995; Lekarp et al., 2000; Mishra
et al., 2010) in pavement systems.

In unsurfaced pavements characterized by direct
application of heavy traffic loads on the unbound
aggregate layer, the effect of aggregate quality on
performance becomes even more pronounced (Garg
and Thompson, 1998). For example, a recent Illinois
Department of Transportation (IDOT) experimental
study compared the performance of several unsur-
faced pavement sections under truck loading, and

observed that under similar loading conditions a 200-
mm (8-in.) thick layer of crushed aggregate performed
comparable to a 300-mm (12-in.) thick uncrushed
gravel layer due to the better particle interlock and
resulting higher shear strength in an aggregate matrix
comprising crushed particles (Heckel, 2009).

This paper presents important findings from a
recent study at the University of Illinois focused on
accelerated testing of unsurfaced pavement test sec-
tions constructed using different aggregate types over
weak subgrades of controlled strength. Five differ-
ent test “cells” representing different combinations
of aggregate quality and subgrade strength were con-
structed at the Advanced Transportation Research and
Engineering Laboratory (ATREL), and were tested to
failure using an Accelerated Transportation Loading
Assembly (ATLAS).A summary of different aggregate
material types used in construction of the full-scale test
sections is presented first followed by the geometric
layout and configuration details of individual test cells.
Field trafficking performance of two of the test cells
constructed over similar subgrade conditions are com-
pared to identify different factors affecting unbound
aggregate layer behavior.

2 OBJECTIVE AND SCOPE

The main objective of this paper is to evaluate the
effects of aggregate type and quality on unsurfaced
pavement performance through comparison of two
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full-scale test cells constructed using different aggre-
gate materials over similar subgrade conditions. The
first cell was constructed using an uncrushed gravel
with high amounts of nonplastic fines, whereas the
second cell contained a crushed limestone with low
amounts of plastic fines. Accelerated pavement test-
ing was conducted through unidirectional application
of a 44.5-kN (10-kip) wheel load using a super-single
tire inflated to 758 kPa (110 psi) pressure. Test section
performance was monitored through surface profile
measurements and transverse scanning with ground
penetrating radar (GPR). Visual analyses of pave-
ment layer boundaries obtained from transverse trench
excavations were conducted to distinguish between
rut accumulation in aggregate and subgrade layers.
Subgrade stress levels measured using earth pressure
cells were used along with field-measured moduli of
constructed subgrade and aggregate layers to justify
observed trends in pavement performance.

3 AGGREGATE MATERIALS TESTED

Four different aggregate materials commonly used in
the state of Illinois for pavement applications were
selected for construction of the full-scale unsurfaced
pavement sections. The primary goal was to select
aggregate types representing extreme combinations of
aggregate physical properties as allowed by transporta-
tion agency specifications for pavement applications.
Sources for the different aggregate materials were first
identified through a preliminary survey of aggregate
suppliers in the state of Illinois. Required quanti-
ties of the aggregates from individual sources were
transported to the construction site and stockpiled
with adequate precautions for minimizing moisture
loss through evaporation and seepage. Each aggregate
material was tested in the laboratory for grain-size
distribution (ASTM C136), Atterberg limits (ASTM
D4318), compaction characteristics (ASTM D698,
D1557), unsoaked California Bearing Ratio (CBR) as
a shear strength index (ASTM D1883), as well as per-
manent deformation and resilient modulus (AASHTO
T307) characteristics.

Figure 1 presents the particle size distributions for
the four aggregate types (two samples per material)
along with the specification boundaries for a typi-
cal dense-graded coarse aggregate material (CA-6)
used in Illinois for pavement applications. The percent
fines content (fines defined as material passing the
No. 200 sieve, or finer than 0.075 mm) and plasticity
index (PI) of fines (measured on material passing sieve
No. 40 or finer than 0.425 mm) for the four aggregate
materials are listed in Table 1(a). Based on the parti-
cle shape and angularity (crushed or uncrushed), and
type and amount of fines, the four aggregate materi-
als were classified into the following four categories:
(1) Uncrushed gravel with high amounts of nonplas-
tic fines, (2) Crushed limestone with low amounts of
plastic fines, (3) Crushed dolomite with high amounts
of nonplastic fines, and (4) Crushed limestone with

Figure 1. Particle size distributions of aggregate types used
in full-scale test sections.

Table 1. (a) Aggregate materials selected for construction
of full-scale test sections and (b) compaction characteristics.

(a)

Average Fines Content
Material (%) Plasticity Index

1 12 0
2 5.2 5.7
3 13 0
4 10 0.2

(b)

Optimum Moisture Maximum Dry Density
Content (kg/m3/pcf)

ASTM ASTM ASTM ASTM
Material D698 D1557 D698 D1557

1 8.6 8.2 2,140/136.2 2,200/140.0
2 6.5 7.3 1,810/115.2 2,150/136.9
3 7.7 5.5 2,220/141.3 2,250/143.2
4 8.1 5.7 2,210/140.7 2,260/143.9

high amounts of nonplastic fines. Optimum moisture
content (OMC) and maximum dry density (MDD)
values for the four aggregate materials were deter-
mined using both the standard (ASTM D698) as well
as modified (ASTM D1557) compactive efforts, and
are summarized in Table 1b.

Gradation curves for three of the four aggregate
materials (except Mat 2) complied with the Illinois
DOT dense aggregate CA-6 specification boundaries.
The material used in Cell 2 (Mat 2) exhibited a coarser
gradation compared to CA-6 specifications. Although
the aggregate materials were obtained from sources
commonly satisfying the CA-6 specification require-
ments, the particular “ledge” used as the source for
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Figure 2. (a) Aerial map of test section layout, and (b) plan
view (on top) and cross sectional details of the full-scale
pavement test sections.

Mat 2 during this research project contained a signifi-
cantly lower (5.2% compared to 12%) amount of fines
than previously reported by the quarry. Note that ver-
ifying the particle size distributions in the laboratory
was of particular importance as the aggregate grada-
tions can change significantly with time depending
on geological characteristics of the rock strata being
quarried.

4 TEST SECTION LAYOUT AND
CONFIGURATION

Six test “cells” (numbered 1 through 6) were con-
structed along three longitudinal strips (see Fig-
ure 2a) using the four aggregate materials listed in
Table 1. However, Cell 6 was constructed using pri-
mary crusher type larger aggregate sizes, and its
configuration will not be discussed in this paper. Cells
1, 2, 3 and 4 were constructed over engineered sub-
grades with a target CBR of 3% using aggregate
materials 1 through 4, respectively. Identical subgrade
conditions and aggregate layer thicknesses ensured
that differences in pavement performance would be
directly linked to aggregate quality. Cell 5 was con-
structed using the same aggregate material as Cell 2
(Mat 2) over a stronger subgrade of CBR 6%.The main
objective behind this was to evaluate the effect of sub-
grade strength on unsurfaced pavement performance
and mechanisms contributing to rut accumulation.

Figure 2a shows the layout of the test cells along
three longitudinal strips 72.4 m (237.5 ft.) long and

5.5 m (18 ft.) wide separated by 3.7 m (12 ft.) wide
access roads for construction equipment operation.
Longitudinal edge drains were constructed along the
north side of each cell and were connected to transverse
drains near the west end of the cell. The edge drains
sloped from east to west, and the discharge was carried
by the long transverse drain along the west boundary
to a sump pit. Water was continually pumped out from
the sump pit to prevent accumulation of water in the
drain pipes.

Figure 2b presents a schematic of the layout and
cross-sectional details of individual test cells that were
constructed 39.6 m (130 ft) long and comprised of
three test “sections” with aggregate layers of thick-
nesses 355 mm (14 in.), 300 mm (12 in.), and 200 mm
(8 in.), respectively. Each cell was separated from the
adjacent cell (longitudinally) by a 6.9 m (22.5 ft.) long
transition section for placement of the ATLAS tracks.
From west to east, the 355mm (14-in.) thick aggregate
section was named “Section 1” whereas the 200-mm
(8-in.) thick aggregate section was named “Section 3”.
Each section was 4.6 m (15 ft.) long and was separated
from adjacent sections by 3.1 m (10 ft.) long transition
zones. At either end of the cell, 3.1-m (10-ft.) long
speed stabilization zones were constructed to ensure
uniform speed of loading on each section. As already
mentioned, Cell 5 was constructed over a subgrade
of CBR 6% and therefore the aggregate layer thick-
nesses for the three sections were 255 mm, 200 mm,
and 150 mm, respectively.

5 SUBGRADE PREPARATION

The first step in construction of the full scale test
sections involved laboratory characterization of the
subgrade soil to quantify the change in CBR with
moisture content, and ultimately determine the tar-
get moisture content in the field to achieve the target
strength (CBR of 3% for Cells 1 through 4, and CBR
of 6% for Cell 5). Samples were collected from twelve
different locations at 150 mm (6 in.) intervals up to a
depth of 1.2 m (48 in.). Visual classifications of the
samples were first performed to divide them into four
preliminary subgroups. Several laboratory tests were
then conducted on the four sub-groups to characterize
their physical and mechanical properties. All the four
subgroups were characterized as low plasticity clayey
silt (CL-ML). Since the four subgroups had similar
properties, it was decided to use the average properties
during the field construction. Important characteristics
of the subgrade soil as determined from the laboratory
tests are: Liquid Limit (LL) of 20, Plasticity Index (PI)
of 5, Maximum Dry Density (MDD) from standard
method (ASTM D698) test of 1,989 kg/m3 (126.6 pcf)
and Optimum Moisture Content (OMC) of 10.2%.

As the objective of the research study was to sim-
ulate unsurfaced pavement performance over weak
subgrades, the top 300 mm (12 in.) of the subgrade
layer was engineered through tilling and moisture
addition to achieve a uniform strength (CBR of 3%
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for Cells 1 through 4, and 6% for Cell 5). In-place
CBR values were determined using the empirical rela-
tionship proposed by Kleyn et al. (1982) to correlate
CBR with the penetration rate of a Dynamic Cone
Penetrometer (DCP). The CBR-moisture character-
istics as established in the laboratory served as the
reference for determining moisture contents corre-
sponding to the target CBR values.This procedure was
repeated until the in-place CBR values (as determined
from Equation 1) were obtained close to the target val-
ues. Note that the ‘PR’ term in Equation 1 denotes
the DCP penetration rate (mm/blow). Details on the
subgrade preparation procedure have been presented
elsewhere (Mishra et al. 2012).

6 CONSTRUCTION QUALITY CONTROL AND
IN SITU STIFFNESS MEASUREMENT

In situ constructed modulus values for the subgrade
and aggregate layers were measured using Dynatest®

model 3031 Light Weight Deflectometer (LWD),
and Humboldt® Soil Stiffness Gauge (GeoGaugeTM).
These devices have been identified by a recent NCHRP
study (Von Quintus et al., 2009) as viable alterna-
tives for non-nuclear quality assurance during flexible
pavement construction and were used in the current
study to investigate their adequacy in establishing links
between as-constructed field moduli and pavement
performance due to trafficking. In addition, in-place
moisture-density values were also measured using a
nuclear density gauge. Details of the in situ modu-
lus measurement procedures and the mechanism of
equipment operation have been reported elsewhere
(Mishra, 2012).

7 EARTH PRESSURE CELL INSTALLATION
AT AGGREGATE-SUBGRADE INTERFACE

To evaluate the effects of aggregate material type and
quality on the dissipation of traffic-induced stresses
with depth, earth pressure cells were installed on top
of the subgrade at the aggregate-subgrade interface for
monitoring the subgrade vertical compressive stresses.
The earth pressure cells, manufactured by GeokonTM

(model 3500), were circular in shape with a diameter
of 230 mm (9 in.) and were rated for a maximum stress
level of 400 kPa (58 psi). Two earth pressure cells (one
each in Sections 2 and 3) were installed in each pave-
ment test cell along the centerline of the wheel path.To
install the pressure cells, a circular hole approximately
25 mm (1 in.) deep was first excavated in the com-
pacted subgrade, and the cell was placed just below
the finished subgrade surface. Trenches were exca-
vated for connecting the pressure cell cables to the
data acquisition system, and were filled with fine sand
to ensure adequate protection against sharp aggregate
particles. Pressure data during test section loading was

Figure 3. a) earth pressure cells, (b) excavation of circu-
lar hole in compacted subgrade, (c) embedding pressure cell
cables in trenches using fine sand, and (d) tamping of soil on
top of installed pressure cell to protect from sharp aggregate
particles.

acquired through a LabViewTM virtual instrument at a
frequency of 500 Hz. As the change in pavement layer
temperature between installation of the pressure cells
and the accelerated pavement testing was negligible,
temperature corrections were not considered during
analyses of the measured pressure levels. Figure 3
shows photos detailing the pressure cell installation
procedure.

8 AGGREGATE PLACEMENT AND
ACCELERATED PAVEMENT TESTING

After instrumentation of the test sections, aggregate
layers were constructed by placing the material in two
lifts and targeting a relative compaction of 95% with
respect to the MDD values determined using the stan-
dard compaction (ASTM D698). Compaction of each
lift was checked using a nuclear gauge, and moisture
was added to the aggregate layer as necessary to aid
the compaction process. Note that due to the weak sub-
grade conditions, it was not always possible to achieve
the target value of 95% relative compaction. In such
cases, the compaction process was continued until
no significant increase in density was noticed from
three consecutive passes of a vibratory compactor.The
as-constructed moisture contents and dry densities
of the compacted aggregate layers determined from
nuclear gauge testing are summarized in Table 2.

The pavement test sections were constructed
approximately 5.5 m (18 ft.) wide to accommodate
loading along two different wheel paths. The sections
were first tested under “as constructed” aggregate
moisture conditions (north wheel path) before artifi-
cial flooding and testing along a wheel path (south
wheel path) separated from the first one by a dis-
tance of 2.5 m (8 ft.). Note that the “as constructed”
moisture contents of the aggregate layers were often
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Table 2. In-place moisture-density and relative compaction
(ASTM D698) values for the compacted aggregate layers.

Moisture Dry Density (kg/m3)/
Content (%) Relative Compaction (%)

Cell S1 S2 S3 S1 S2 S3

1 7.6 7.3 6.9 2,040/95 2,030/95 2,060/96
2 3.6 3.5 3 1,880/104 1,930/107 1,970/109
3 6.1 6.1 5.8 2,040/92 1,980/89 2,040/92
4 3.6 4.2 4.1 2,000/90 2,040/92 2,080/94
5 3.6 4 3.6 1,960/108 2,030/112 1,950/108

S1, S2, and S3 denote test Sections 1, 2, and 3, respectively
1 kg/m3 = 6.37 pcf.

Figure 4. Photos showing unidirectional atlas loading and
rut measurement.

similar to the optimum moisture contents (sometimes
lower than the OMC by 1 or 2%) for the respective
materials. Therefore, aggregate moisture conditions
along the north wheel path have been referred to,
as “near-optimum conditions” in this paper. Both the
wheel paths were separated from the pavement edges
by a distance of 1.5 m (5 ft.) to eliminate any possi-
ble edge effects induced by the unsupported aggregate
boundaries. Performance of two test cells under near-
optimum conditions only are presented in this paper.
Effect of flooding on the test cell performance is
presented elsewhere (Mishra, 2012).

9 ACCELERATED PAVEMENT TESTING AND
PERFORMANCE MONITORING

After construction, the pavement sections were loaded
to failure by a channelized, unidirectional application
of a 44.5 kN (10 kip) wheel load through a super-
single tire at a tire pressure of 758 kPa (110 psi). The
development of rutting with load application for each
test section was monitored through surface profile
measurements using a digital caliper. Average surface
profile for each test section was calculated using two
measurements separated by a distance of 150 cm (5 ft.),
located 150 cm (5 ft.) away from the section bound-
aries on either side. Figure 4 shows unidirectional
loading of the test sections and the surface profile mea-
surement using a digital caliper. Since the profile of an
unsurfaced pavement is much more variable compared
to that of a pavement with a bound surface layer, it

Figure 5. (a) GPR scan, (b) excavated trench, and (c) surface
rut profile of the 355-mm thick uncrushed gravel aggregate
section.

was important to take several adjacent measurements
to develop the average surface profile around a par-
ticular point. The surface profile was measured for a
distance of up to 1.22 m (4 ft.) on either side of the
wheel path centerline.

Apart from surface profile measurements, perfor-
mance under loading of the individual test sections
was also monitored through transverse scanning using
ground penetrating radar (GPR). Identification of the
aggregate-subgrade layer interface from GPR scan-
ning helped in distinguishing between aggregate and
subgrade rutting. Strips of aluminum paint and thin
aluminum strip foils were placed at the aggregate-
subgrade interface to function as a pure reflector for
electromagnetic (EM) GPR waves and clearly identify
the layer boundaries. Detailed procedures for trans-
verse GPR scanning of the test sections have been
reported elsewhere (Mishra et al., 2012). After load-
ing the test sections to failure, transverse trenches
were excavated across the wheel paths for visual
confirmation of different rut mechanisms contribut-
ing to failure. Important observations regarding the
mechanisms contributing to the pavement failure of
two different test cells are discussed in the following
sections.

9.1 Cell 1: Uncrushed gravel with high
amounts of nonplastic fines

Figure 5 shows the (a) GPR scan, (b) excavated
trench section, and (c) surface rut profile for the 355-
mm thick aggregate section (Section 1) in Cell 1
(uncrushed gravel with high amounts of nonplastic
fines over a subgrade of target CBR of 3%). The
first observation regarding the performance of this
particular test section is that it failed (more than
100 mm rutting) after only 47 load applications (see
Figure 5c) accompanied by significant surface heave
adjacent to the wheel path. Note that heave develop-
ment adjacent to the wheel path has been attributed by
researchers to internal shear failure of aggregate lay-
ers (Dawson and Kolisoja, 2005). Close inspection of
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the GPR scan (Figure 5a) and excavated trench sec-
tion (Figure 5b) led to the following two important
observations. Firstly, the amount of subgrade rutting
(subgrade interface marked by the lower line in Fig-
ure 5a and lower trace in Figure 5b) is significantly
lower compared to the surface rutting (aggregate sur-
face shown by the upper line in Figure 5a and upper
trace in Figure 5b). Moreover, the extent of heave
development on the aggregate surface was more pro-
nounced compared to the subgrade interface indicating
internal shear movement of the aggregate layer. Sec-
ondly, as seen from the excavated trench section (see
Figure 5b), rutting in the subgrade was laterally offset
from the surface rut observed under the wheel path.
The same was observed from the GPR scans (see Fig-
ure 5a), and indicated shear flow of material in the
lateral direction.

Figures 6 and 7 show similar plots for Section 2
(300 mm gravel layer) and Section 3 (200 mm gravel
layer), respectively. Similar to Section 1, the GPR scan
of Section 2 (see Figure 6a) clearly showed higher
rutting in the aggregate surface (upper line) compared
to the subgrade (lower line). However, note that the

Figure 6. GPR scan, (b) excavated trench, and (c) surface
rut profile of the 305-mm thick uncrushed gravel aggregate
section.

Figure 7. (a) GPR Scan, (b) Excavated Trench, and
(c) Surface Rut Profile of the 200-mm thick Uncrushed
Gravel Aggregate Section (1 in. = 25.4 mm).

subgrade rutting in Section 2 appeared to be more
pronounced compared to Section 1 (confirmed by the
cross-sectional profile obtained from the excavated
trench).This phenomenon was attributed to the thinner
aggregate layer in Section 2, and the lack of aggregate
depth for the development of a complete shear sur-
face within the layer. As a result, the depression in the
subgrade for Section 2 was less offset from the wheel
path compared to that in Section 1. Note that even
for Section 2, the aggregate layer was the primary
contributor to pavement failure.

The absence of significant heave development at
the surface and the subgrade interface of Section 3
can be clearly seen in Figure 7. Lack of surface
heaving indicated the absence of significant shear
movement within the aggregate layer. Moreover, the
subgrade deformation in Section 3 appeared to be
less pronounced than in Sections 1 and 2. Lower
accumulation of rutting in Section 3 was in contradic-
tion with common intuition regarding thick aggregate
layers ensuring better pavement performance, and
could be justified through comparison of in-place sub-
grade modulus values measured using the LWD and
GeoGaugeTM. As shown in Figure 8a, the subgrade

Figure 8. Field modulus values measured by LWD and
GeoGaugeTM on (a) subgrade and (b) aggregate layers in
Cell 1.
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modulus values for Section 3 were consistently higher
than those for Sections 1 and 2. This led to lower per-
manent deformation accumulation and hence resulted
in the significantly better performance of Section 3
compared to Sections 1 and 2. Note that although
the magnitudes of subgrade modulus values reported
by the LWD and GeoGaugeTM were different, both
devices reported similar trends in the relative mag-
nitudes of subgrade modulus in the three sections.
This observation reinforced recent findings by
Von Quintus et al. (2009) who presented the LWD and
GeoGaugeTM as viable non-nuclear alternatives for
quality assurance during pavement construction.

Figure 8b shows modulus measurements on the
compacted aggregate layer in Cell 1, constructed using
the uncrushed “river-run” gravel with compaction tar-
geting 95% of standard compaction (ASTM D698)
maximum dry density. For Sections 1 and 2 (355-mm
and 300-mm thick aggregate layers, respectively), the
field moduli reported by the two devices were rea-
sonably close to each other. However, for Section 3
(200-mm thick aggregate layer), the modulus val-
ues from LWD were significantly lower than those
measured with the GeoGaugeTM. Note that the Sec-
tion 3 subgrade for Cell 1 had significantly higher
modulus/stiffness properties compared to Sections 1
and 2 (see Figure 8a). Moreover, from Figure 8b, the
achieved degree of compaction for the aggregate layer
in Section 3 was higher than those for the other two
sections. As a higher degree of compaction usually
corresponds to higher modulus values (Rowshanza-
mir, 1995;Tutumluer and Seyhan, 1998), the aggregate
layer in Section 3 would then be expected to have
higher moduli compared to Sections 1 and 2.Although
the GeoGaugeTM results followed this same trend, the
LWD measured significantly lower modulus values
for the aggregate layer in Section 3, which may be
explained based on the depth of influence of the two
devices. The depth of influence for LWD reported in
the literature is between 270 and 280 mm (Nazzal,
2007; Nazzal et al., 2007), deeper than the 200-mm
thick aggregate layer in Section 3. According to Von
Quintus et al. (2009), LWD tests on thin pavement
layers were significantly influenced by the underly-
ing layer, and therefore, the results were consistently
higher or lower than laboratory measured modulus val-
ues for those particular materials. Moreover, Mooney
and Miller (2009) reported a depth of influence for
LWD between 0.9 and 1.1 times the plate diameter.
Therefore for the given study, the depth of influence
for the LWD would be between 270 and 330 mm.
Accordingly, the lower LWD-measured modulus val-
ues corresponding to the 200-mm thick aggregate layer
in Section 3 were probably due to the influence of the
weak underlying subgrade layer.

Significant material movement in the thick aggre-
gate sections and the absence thereof in Section 3 was
also established from the subgrade compressive stress
data collected for Sections 2 and 3 at different numbers
of load applications. Figure 9 shows subgrade vertical
compressive stress values for Sections 2 and 3 plotted

Figure 9. Change in subgrade stress levels with number of
load applications for the uncrushed gravel test sections in
Cell 1.

against different numbers of load applications (N).
As shown in the figure, for low values of N, the sub-
grade stress levels under Section 2 (300 mm aggregate
layer) were lower than those for Section 3 (200 mm
aggregate layer) due to better lateral dissipation of
stresses achieved in the thicker aggregate layer in Sec-
tion 2. For example, for N = 2, the subgrade stress
value in Section 2 was 169.8 kPa (24.6 psi), whereas
the value for Section 3 was 195.5 kPa (28.4 psi). How-
ever as the number of load applications increased,
the subgrade stress values for Section 2 gradually
increased, and subsequently became greater than those
for Section 3. Comparing the subgrade stress values at
N = 46, it can be seen that the subgrade stress val-
ues for Sections 2 and 3 were 206 kPa (29.9 psi) and
188.5 kPa (27.4 psi), respectively. This was attributed
to the significant shear movement within the aggre-
gate layer in Section 2 which resulted in a reduction in
the effective aggregate cover thickness subjecting the
subgrade to higher stress levels. The 200-mm thick
aggregate layer in Section 3 was constructed over
a stiffer subgrade, and resisted internal shear move-
ment supporting a significantly higher number of load
applications without undergoing shear failure. Note
that due to stiffer subgrade conditions, the aggre-
gate layer in Section 3 could be compacted to higher
densities than the other two sections (96% relative
compaction for Section 3 compared to 95% relative
compaction values for Sections 1 and 2, respectively).

9.2 Cell 2: Crushed limestone with
low amounts of plastic fines

Cell 2 was constructed using a crushed limestone
material with low amounts of plastic fines (Mat 2)
over an engineered subgrade of target CBR of 3%.
Performance of the test section under near-optimum
aggregate moisture conditions was monitored through
loading and surface profile measurements. Note that
GPR scanning of this test cell could not be conducted
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Figure 10. (a) Excavated trench and (b) surface rut profile
of the 355-mm thick crushed limestone section in Cell 2.

due to unavailability of GPR equipment. Therefore,
the mechanisms contributing to failure of this test cell
were analyzed using surface profile measurements,
and excavated trench sections only.

Figure 10 shows the (a) excavated trench section and
(b) surface rut profile of Section 1 (355 mm aggregate
layer) in Cell 2. As seen in Figure 10b, the test section
failed after only 52 load applications by accumulating
rut depths of 100 mm accompanied by significant
heaving adjacent to the wheel path. As already men-
tioned, development of significant heave adjacent to
the wheel path is often an indicator of shear movement
within the aggregate layer, and presented the possibil-
ity of internal shear failure of the crushed limestone
layer. Close inspection of the excavated transverse
trench sections showed no significant deformation of
the subgrade (see Figure 10a), with the aggregate-
subgrade interface remaining essentially horizontal
even after failure of the test section.

The deformation behavior was in contradiction
with the commonly observed trends regarding crushed
aggregate layers resisting permanent deformation due
to better particle interlock. However, note that the
crushed limestone material used in Cell 2 showed
unstable matrix behavior under standard compactive
efforts due to the significantly low fines contents, and
could not be tested for permanent deformation char-
acterization due to excessive bulging (Mishra, 2012).
Moreover, the material showed very low CBR values
(18 to 19%) under standard compaction conditions
(ASTM D698).These laboratory test results supported
the hypothesis of shear movement within the aggregate
layer due to unstable matrix structure near standard
compaction conditions. Figures 11 and 12 present
the deformed profiles of Section 2 (305 mm aggre-
gate layer) and Section 3 (200 mm aggregate layer),
respectively.

As indicated in Figures 11 and 12, Sections 2,
and 3 could sustain 100 and 350 load applications,
respectively, before accumulating significant rutting.
Moreover, close inspection of the surface profiles
and the excavated trench sections clearly indicated

Figure 11. (a) Excavated trench and (b) surface rut profile
of the 305-mm thick crushed limestone section in Cell 2.

Figure 12. (a) Excavated trench and (b) surface rut profile
of the 200-mm thick crushed limestone section in Cell 2.

increased subgrade heaving with decreasing aggre-
gate layer thickness.The highest subgrade heaving was
noted for the 200-mm (8-in.) thick aggregate layer in
Section 3 (see Figure 12a).

Similar to the uncrushed gravel material in Cell 1,
failure of the thickest aggregate section (Section 1)
in Cell 2 was attributed to shear movement within
the aggregate layer, which was also evident from the
“wavy” nature of rut development along the wheel
path. However, the crushed nature of the particles
resulted in adequate stress reduction at the subgrade
level, therefore, protecting the subgrade from exces-
sive deformation before a significantly high number of
load applications. Further investigation of the test cell
performance was conducted through analysis of the
field moduli measured using LWD and GeoGaugeTM

on the compacted subgrade and aggregate layers.
Figure 13 shows the field moduli for the compacted
(a) subgrade, and (b) aggregate layers for Cell 2.

The subgrade moduli for Sections 2 and 3 were
similar in magnitude but were higher than those for
Section 1 as highlighted from both the LWD and
GeoGaugeTM results. Although the lower subgrade
moduli for Section 1 could possibly be a contributing
factor resulting in rapid failure of the thickest aggre-
gate section under loading, the difference between
the performance of Sections 2 and 3 could not be
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Figure 13. Field modulus values measured by LWD and
GeoGaugeTM on (a) Subgrade and (b) aggregate layers in
Cell 2.

explained on the basis of differences in subgrade mod-
uli only. Close inspection of the aggregate field moduli
(see Figure 13b) reflected significantly higher mod-
uli for Section 3 compared to Sections 1 and 2. This
was linked to the achieved relative compaction (ASTM
D698) values for the three aggregate sections: 104%,
107%, and 109% for Sections 1, 2, and 3, respec-
tively. Note that due to the free-draining nature of the
crushed limestone aggregate used in Cell 2, the OMC
and MDD values could not be easily established in the
laboratory. Therefore, the laboratory-determined
MDD value of 1,813 kg/m3 was not indicative of
the maximum achievable densities in the field.
This explained the high relative compaction values
(>100%) for all three test sections.

The 355-mm (14-in.) thick aggregate layer in
Section 1 had the lowest relative compaction due
to weaker subgrade conditions. Resulting inadequate
particle interlock led to internal shear movement of the
aggregate layer which ultimately failed after only 52
load applications. Sections 2 and 3 were both con-
structed over similar subgrade conditions, with the
aggregate layer in Section 3 compacted to higher den-
sities (109% MDD) compared to Section 2 (107%

Figure 14. Subgrade stress levels below Section 2 (left)
and Section 3 (right) of Cell 2 after N = 4 applications of
unidirectional ATLAS loading.

MDD). Better compaction of the aggregate layer in
Section 3 resulted in higher moduli values (adequately
captured by the LWD and GeoGaugeTM), and better
stress dissipation with depth. Reduced stress levels at
the subgrade interface resulted in Section 3 sustain-
ing a significantly higher number of load applications
(350) compared to Section 2 (100) without accumu-
lating excessive rutting. Higher compaction levels and
in-place modulus values for Section 3 compared to
Section 2 were also reflected in the subgrade stress
levels as recorded by the earth pressure cells (see
Figure 14). Figure 14 shows the subgrade vertical
stress values for Sections 2 and 3 corresponding to
N = 4 (relatively undeformed aggregate layer configu-
ration) plotted against time.The first peak in Figure 14
(corresponding to time = 4 seconds) shows the sub-
grade stress level in Section 2, whereas the second
peak (corresponding to time = 6.4 seconds) shows the
stress on the Section 3 subgrade. As shown in the fig-
ure, higher subgrade stress values were recorded for
Section 2 (305 mm aggregate layer) compared to Sec-
tion 3 (200 mm aggregate layer). The same trend was
observed at higher N values, and was attributed to the
superior lateral dissipation of stresses within the stiffer
aggregate layer in Section 3.

10 SUMMARY AND CONCLUSIONS

This paper has presented findings from a recently com-
pleted research project at the University of Illinois
aimed at evaluating the effect of aggregate material
type and quality on the performance of unsurfaced
pavements. Full-scale test sections were constructed
on a weak subgrade of controlled strength using dif-
ferent aggregate types and tested using theAccelerated
Transportation Loading Assembly (ATLAS). The per-
formance of two pavement test cells constructed using
an uncrushed gravel with a relatively high percent-
age of nonplastic fines, and a crushed limestone with
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a relatively low percentage of plastic fines, respec-
tively, were compared to evaluate the effect of different
factors affecting unsurfaced pavement performance.

For uncrushed gravel layers, internal shear move-
ment of the aggregate layer was the primary
mechanism contributing to pavement failure. Shear
movement of the uncrushed gravel layer was more pro-
nounced in the thick aggregate sections, and was not as
significant in the thinner aggregate section constructed
over a stronger subgrade. This was clearly confirmed
by the increasing trend in subgrade stress levels with
number of load applications for Section 2 (305 mm
thick aggregate layer) and the absence of such a trend
for Section 3 (200 mm thick aggregate layer).

The significantly better performance of the Sec-
tion 3 (200 mm thick gravel layer) under near-optimum
aggregate moisture conditions was questionable at
first, but was later attributed to the significantly higher
subgrade moduli for this section compared to the
other two thicker aggregate sections. Higher subgrade
moduli for Section 3 also enabled compaction of
the corresponding aggregate layer to higher densities.
Due to the combined effects of stiffer subgrade and
denser aggregate layers, Section 3 of Cell 1 could with-
stand a significantly high number of load applications
(400) without shear failure.This indicated that even an
uncrushed gravel layer when constructed over stronger
subgrades and compacted to high densities may result
in adequate unsurfaced pavement performance.

Analysis of Cell 2 performance emphasized the
importance of adequate compaction for crushed aggre-
gates with low fines. Higher relative compaction
percentages for the aggregate layers could be directly
linked to better performance under loading. Labora-
tory testing of the aggregates showed similar trends,
and have been reported elsewhere (Mishra, 2012).
Although the crushed limestone matrix with low fines
(used in Cell 2) was unstable under standard com-
paction conditions (ASTM D698), it performed com-
parably to other crushed aggregate materials with
high fines, under modified compaction conditions
(ASTM D1557).

For both the test cells, the Section 3 (200 mm thick
aggregate layer) performed the best. In Cell 1, bet-
ter performance of Section 3 was attributed to the
higher subgrade modulus, whereas in Cell 2 the higher
modulus of the aggregate layer was identified as the
primary factor. In both cases, Section 3 achieved the
highest relative compaction level (96% of MDD for
Cell 1, and 109% of MDD for Cell 2) due to rela-
tively low constructed lift thicknesses (approximately
100 mm). Research findings indicate that for relatively
poor quality materials like uncrushed gravel with high
fines, and crushed aggregates with very low fines ade-
quate performance may be ensured through reduced
lift thicknesses and increased compactive efforts.

Field modulus measurements using LWD and
GeoGaugeTM as well as substructure visualization
using GPR were found to be effective in monitor-
ing construction quality and identifying subsurface
deformations respectively.

ACKNOWLEDGEMENTS

This paper is based on the partial results of ICT R27-81
“Field Performance Evaluations of IllinoisAggregates
for Subgrade Replacement and Subbase” research
study. ICT R27-81 project was conducted at the Illinois
Center for Transportation (ICT) in cooperation with
the Illinois Department of Transportation, Division of
Highways, the U.S. Department ofTransportation, and
Federal Highway Administration. The authors would
like to extend their acknowledgements to ICT research
engineer James Meister and graduate students Hasan
Kazmee, Huseyin Boler,Yu Qian, Marcus Dersch and
Anthony Mareno for their help during the construction,
testing, and performance monitoring of the full scale
pavement sections. Special thanks are due to Maziar
Moaveni andYuanjie Xiao for their help with the in situ
stiffness measurement during construction as well as
the accelerated pavement testing. The authors are also
thankful to Prof. Imad Al-Qadi, Dr. Zhen Leng, and
Mr. Pengcheng Shangguan for their help in GPR scan-
ning of the test sections. The contents of this paper
reflect the views of the authors who are responsible for
the facts and the accuracy of the data presented herein.
The contents do not necessarily reflect the official
views or policies of the Illinois Department of Trans-
portation or the Federal HighwayAdministration.This
paper does not constitute a standard, specification, or
regulation.

REFERENCES

Allen, J. 1973. The Effect of Non-Constant Lateral Pressures
on the Resilient Response of Granular Materials.
Ph.D. Dissertation. University of Illinois at Urbana-
Champaign.

Barksdale, R.D. and Itani, S.Y. 1989. Influence of Aggre-
gate Shape on Base Behavior. In Transportation Research
Record: Journal of the Transportation Research Board,
No. 1227, Transportation Research Board, Washington,
D.C. pp. 173–182.

Dawson, A.R. and Kolisoja, P. 2005. Permanent Deforma-
tion. ROADEX II Final Report, Roadscanners, Rovaniemi,
Finland.

Garg, N. and Thompson, M.R. 1998. Mechanistic-Empirical
Evaluation of the MnRoad LowVolume RoadTest Sections.
Publication FHWA-IL-UI-262, University of Illinois at
Urbana-Champaign, Urbana, Illinois.

Heckel, G. 2009. Aggregate Subgrade Thickness Determina-
tion. Final Report: Experimental Features Project IL 03-
01, Physical Research Report # 154, Illinois Department
of Transportation, Springfield, Illinois, 2009.

Kleyn, E.G., Maree, J.H. and Savage, P.F. 1982. The Applica-
tion of a Portable Pavement Dynamic Cone Penetrometer
to Determine in Situ Bearing Properties of Road Pavement
Layers and Subgrades in South Africa. In Proceedings
of the 2nd European Symposium on Penetration Testing,
Amsterdam, 1, National Institute for Transport and Road
Research, pp. 277–282.

Lekarp, F., Isacsson, U. and Dawson, A. 2000. State of
the Art. I: Resilient Response of Unbound Aggregates.
Journal of Transportation Engineering, ASCE, Vol. 126,
No. 1, pp. 66–75.

384



Mishra, D., Tutumluer, E. and Butt, A.A. 2010. Quantifying
Effects of Particle Shape and Type and Amount of Fines
on Unbound Aggregate Performance through Controlled
Gradation. In Transportation Research Record: Journal
of the Transportation Research Board, No. 2167, Trans-
portation Research Board, Washington, D.C. pp. 61–71.

Mishra, D., Tutumluer, E. and Heckel, G. 2012. Performance
Evaluation of Uncrushed Aggregates in Unsurfaced
Road Applications through Accelerated Pavement Test-
ing. Accepted for Publication in Transportation Research
Record: Journal of the Transportation Research Board.

Mishra, D. 2012. Aggregate Characteristics Affecting
Response and Performance of Unsurfaced Pavements on
Weak Subgrades. Ph.D. Dissertation. University of Illinois
at Urbana-Champaign.

Mishra, D., Tutumluer, E., Leng, Z. and Al-Qadi, I.L. 2012.
Assessment of Subsurface Deformation in Unsurfaced
Pavements using Ground-Penetrating Radar. Paper
No. 12-3439, Presented in Session No. 249, 91st
Annual Meeting of the Transportation Research Board,
Washington, D.C., January 22–26, 2012, Washington,
D.C.

Mooney, M.A. and Miller, P.K. 2009.Analysis of Lightweight
Deflectometer Test Based on In Situ Stress and Strain
Response. Journal of Geotechnical and Geoenvironmen-
tal Engineering, 135(2), pp. 199–208.

Nazzal, M.D. 2003. Field Evaluation of In-Situ Test Technol-
ogy for QC/QA During Construction of Pavement Layers

and Embankments. MSThesis, Louisiana State University,
Baton Rouge, Louisiana.

Nazzal, M.D., Abu-Farsakh, M.Y., Alshibli, K. and
Mohammad, L. 2007. Evaluating the Light Falling Weight
Deflectometer Device for In Situ Measurement of Elastic
Modulus of Pavement Layers. Transportation Research
Record: Journal of the Transportation Research Board,
No. 2016, pp. 13–22.

Rowshanzamir, M.A. 1995. Resilient Cross Anisotropic
Behavior of Granular Base Materials under Repetitive
Loading. Ph.D. Dissertation. University of New south
Wales, Australia.

Skorseth, K. and Selim, A.A. 2000. Gravel Roads: Mainte-
nance and Design Manual. US Department of Transpor-
tation, Federal Highway Administration.

Tutumluer, E. and Seyhan, U. 1998. Neural Network
Modeling of Anisotropic Aggregate Behavior from
Repeated Load Triaxial Tests. In Transportation Research
Record: Journal of the Transportation Research Board,
No. 1615, Transportation Research Board, Washington,
D.C., pp. 86–93.

Von Quintus, H.L., Rao, C., Minchin, R.E., Nazarian, S.
Maser, K.R. and Prowell, B. 2009. NDT Technology
for Quality Assurance of HMA Pavement Construction.
NCHRP Report 626, Transportation Research Board.

385



This page intentionally left blankThis page intentionally left blank



Advances in Pavement Design through Full-scale Accelerated
Pavement Testing – Jones, Harvey, Mateos & Al-Qadi (Eds.)

© 2012 Taylor & Francis Group, London, ISBN 978-0-415-62138-0

Use of accelerated pavement testing to validate Ride Quality Index data
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ABSTRACT: Ride Quality Index (RQI) is the measure used by many state agencies to characterize pavement
roughness for construction quality control or in their pavement management systems.The Minnesota Department
of Transportation (MnDOT) uses RQI as a basis for determining what the driving public considers acceptable
ride quality. To validate this concept, RQI measurements were analyzed for the 22 original asphalt test sections
at MnROAD. These pavement test sections were built on the Mainline and Low Volume Road to study their
performance under accelerated loading conditions. RQI data was collected twice per year on each section with a
Pathways video inspection vehicle, similar to the data collected every year on 12,000 miles of the state highway
network in Minnesota. Preventive maintenance treatments were applied at various times to various test sections
to repair minor distresses and restore ride quality. This paper discusses the time required for each test section
to reach a terminal serviceability level and compares it to the original three, five, or ten-year design life. The
paper also considers the ride quality when microsurfacing was applied and the extension in life realized by the
maintenance treatment. Finally, the paper examines the distress history within each cell to determine which
surface distresses are most responsible for the deterioration in ride quality. The research shows how accelerated
pavement testing can be used to validate ride quality concepts used in state pavement management programs.
Although no statewide network data is presented in this paper, the MnDOT pavement management program does
track the condition of highways over time and is able to quantify the benefits of extended life and reduced costs
by applying preventive maintenance treatments.

1 INTRODUCTION

1.1 MnDOT trunk highway network

The Minnesota Department of Transportation
(MnDOT), like many state highway agencies, sur-
veys the condition of their pavement network on an
annual basis. This survey evaluates statewide pave-
ment performance trends and how they compare with
established targets. In addition, the condition surveys
aid in planning by identifying roadways that will need
minor or major rehabilitation to maintain good ride
quality. Pavement condition data is used to monitor
the performance of the system as a whole, to help in
selecting the best strategy to rehabilitate a particular
pavement, and to identify pavements that need future
maintenance and/or rehabilitation (MnDOT, 2011a).

MnDOT has performance targets in which a min-
imum percentage of roadway miles must be in the
“good” category while limiting the percentage of miles
in the “poor” category, based on functional classifica-
tion of the roadway. MnDOT also identifies trigger
values of ride quality for when a particular pave-
ment is in need of rehabilitation. Finally, MnDOT uses
pavement smoothness as a pay item in asphalt and
concrete pavement construction (Wilde, 2007; MnDOT,
2011b).

1.2 Ride Quality Index

The index used to measure pavement smoothness by
MnDOT is the Ride Quality Index (RQI). RQI is mea-
sured on a zero-to-five rating scale. The higher the
RQI, the smoother the road. The RQI is intended to
simulate the score that a typical driver would give to
the pavement’s smoothness as felt while driving in his
or her vehicle. New construction projects generally
have an initial RQI above 4.0, and pavements are nor-
mally designed for a terminal serviceability level of
2.5. This terminal RQI value does not mean that the
road is impassable, but rather that it has deteriorated
to the point where the ride has become uncomfort-
able and a major rehabilitation is necessary (Janisch,
2006).

The RQI is mathematically calculated according
to Equation 1 below from a pavement’s longitudi-
nal profile, which is measured by a Pathways digital
inspection vehicle. A parameter named the Interna-
tional Roughness Index (IRI) is then calculated to
estimate the amount of vertical movement a standard
vehicle would experience when driving down the road.
IRI, as measured by the Pathways van, is directly cor-
related to the perceived roughness, RQI, as felt by
a rating panel of the general public (Janisch, 2006).
This is often referred to as the “seat-of-the-pants” ride
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measurement. RQI values of 3.1 to 5.0 are considered
“good” while RQI values of 0.0 to 2.0 are consid-
ered “poor.” In between the ride quality is considered
“fair.”

1.3 MnROAD Background

The Minnesota Road Research Project (MnROAD)
was constructed by the Minnesota Department of
Transportation between 1990 and 1993 as a full-
scale accelerated pavement testing facility, and opened
to traffic in 1994. Located near Albertville, Min-
nesota (40 miles northwest of Minneapolis-St. Paul),
MnROAD is one of the most sophisticated, indepen-
dently operated pavement test facilities in the world. Its
design incorporates thousands of electronic in-ground
sensors and an extensive data collection system that
provide opportunities to study how traffic loadings
and environmental conditions affect pavement mate-
rials and performance over time. MnROAD consists
of two unique road segments located parallel to
Interstate 94:

– A 3.5-mile Mainline interstate roadway carrying
“live” traffic averaging 28,500 vehicles per day
with 12.7% trucks.

– A 2.5-mile closed-loop LowVolume Road carrying
a MnROAD-operated 18-wheel, 5-axle, 80,000-lb
tractor-semi-trailer to simulate the conditions of
rural roads.

1.4 MnROAD test sections

MnROAD test sections are made up of various
materials, designs, and drainage conditions and are
constructed like any typical highway in MnDOT’s net-
work. This research only considers hot-mix asphalt
(HMA) test sections built in the original MnROAD
experiment in 1993. These sections, or cells, are on
both the Mainline (Cells 1–4, 14–23) and Low Vol-
ume Road (Cells 24–31). Cells 24 and 25 were built
on a sand subgrade with an R-value of 70; all other
cells were constructed on a clay subgrade with an
R-value of 12. Because MnROAD is an accelerated
pavement testing facility, the design life of each test
section is relatively short (three, five, or ten years).
This allows researchers to observe pavement perfor-
mance and realize the results of their studies in a
reasonable time period, much shorter than a 20+
year design life on an in-service pavement. Figure 1
provides a schematic of each of the test sections
investigated. Stroup-Gardiner and Newcomb (1997)
describe detailed information about the test section
construction and material properties.

Over the years MnROAD has applied a number
of preventive maintenance treatments to various test
sections including crack sealing, crack leveling with
mastics, slurry seal, and microsurfacing. These main-
tenance treatments were applied primarily to address

Figure 1. MnROAD HMA test cell schematics.

minor surface defects such as cracking and rutting,
but also to evaluate different products side-by-side in
a single location. Table 1 describes the maintenance
activities performed at MnROAD (Palmquist et al.,
2002; Zerfas et al., 2004; Johnson et al., 2007).

The traffic at MnROAD consists of equivalent sin-
gle axle loads (ESALs) representative of both freeways
and low volume roadways.Table 2 shows a summary of
the traffic by year, roadway, and lane. For the Mainline
test sections, the driving lane carries about four times
the amount of ESALs as the passing lane. On the Low
Volume Road, the ESAL counts between the inside and
outside lanes are approximately equal. MnROAD lies
within the wet-freeze climate zone in the north-central
United States. Table 3 shows the typical temperature,
humidity, and precipitation data from St. Cloud, MN,
which is about 30 miles west of the MnROAD site
(Minnesota Climatology Working Group, 2012).

1.5 Objective

The objective of this paper is to evaluate the ride
quality of the original MnROAD asphalt test sections
in the context of the overall MnDOT pavement net-
work. MnROAD test sections were constructed with a
three-, five-, or ten-year design life and will be con-
sidered against their actual lives when they reached a
terminal serviceability level. Preventive maintenance
(PM) treatments have been applied to many of the
test sections, and the effect of these treatments on
the extension of pavement service life will also be
investigated. Finally, this paper will examine the dis-
tress history of each test section to determine which
distress types most negatively affect pavement ride
quality.
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Table 1. MnROAD preventive maintenance activities.

MiniMac/Microsurfacing slurry seals
Transverse

Crack sealing crack repair Passing lane Driving lane
Cell (Both lanes) (Both lanes) (# Treatments) (# Treatments)

1 1998–2000–2003 – – –
2 2000–2003 – 2003 – MiniMac (1) 2003 – MiniMac (2)

3 Control Cell – No maintenance work performed

4 2000–2003 2003 – Mastic 2003 – Micro (2) 2003 – Micro (2)
14 2000–2003 2003 – Mastic 2003 – MiniMac (2) 2003 – MiniMac (2)
15 2000–2003 2003 – MiniMac 2003 – Micro (1) over MiniMac (1) 2003 – Micro (1) over MiniMac (1)

2004 – Micro (1) 2004 – Micro (1)
16 1998–2000–2003 2003 – Mastic 2004 – Micro (1) 2004 – Micro (1)

17 2003 Control Cell No Maintenance Work
2004 – Micro (2) 2004 – Micro (1)

18 2000–2003 2003 – Mastic 2003 – Micro (1) 2003 – Micro (2)
19 2000–2003 – 2003 – Micro (1) 2003 – Micro (1)
20 2000–2003 – 1999 – Micro (2) 1999 – Micro (2)

– 2003 – Micro (1) 2003 – Micro (1)
21 2000–2003 – 2003 – Micro (1) 2003 – Micro (2)
22 2000–2003 – 2003 – Micro (1) 2003 – Micro (1)
23 2003 – 1999 – Micro (2) 1999 – Micro (2)

– 2003 – Crack Reseal Only 2003 – Crack Reseal Only
24 2000–2003 – 2005 – Micro (1) 2005 – Micro (1)
25 2000–2003 – 2005 – Micro (1) 2005 – Micro (1)
29 2000–2003 – 2005 – Micro (2) 2005 – Micro (2)
30 2000–2003 – 2005 – Micro (2) 2005 – Micro (2)

Table 2. Annual MnROAD traffic data.

Cumulative total ESALs

Mainline Low volume road

Year Driving Passing Inside Outside

1994 2,39,369 52,168 7,628 6,223
1995 7,55,498 1,77,231 25,813 26,810
1996 12,22,043 2,92,007 46,026 44,842
1997 15,24,322 3,66,640 62,187 60,046
1998 20,13,380 4,88,449 85,534 77,322
1999 25,37,115 6,31,668 96,549 90,027
2000 31,38,150 7,91,822 1,17,577 1,07,282
2001 37,49,492 9,61,563 1,36,448 1,24,579
2002 43,50,428 11,07,163 1,59,536 1,36,696
2003 49,61,403 12,53,129 1,72,542 1,49,905
2004 53,29,649 13,35,450 1,81,820 1,58,669
2005 60,51,316 15,27,434 1,95,536 1,73,243
2006 67,55,540 17,04,159 2,10,707 1,88,776
2007 75,16,069 18,92,828 2,22,210 1,95,601

2 RESEARCH METHODOLOGY

2.1 Field data collection

MnDOT staff typically collects pavement profile data
on all of the MnROAD test sections with a Pathways
digital inspection vehicle in the spring and fall of
each year. Unfortunately for this project, MnDOT only
obtained the Pathways equipment and began testing

with it in 1997, three years after the test sections
were opened to traffic in 1994. Nevertheless, there
was a good body of data collected between 1997
and 2008, when the majority of the asphalt test sec-
tions at MnROAD were reconstructed (some Low
Volume Road cells were reconstructed earlier – refer
to Figure 1).
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Table 3. Average MnROAD weather data.

Parameter Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Air Temperature (◦F)
Normal Daily Maximum 18.7 25.7 37.7 54.9 69 77.3 81.7 78.9 69 56.3 37.2 23.2
Normal Daily Minimum −1.2 6.4 19.1 32.2 44.1 52.9 57.9 55.5 45.7 34.3 20.4 5.5

Relative Humidity (%)
Hour 6 79 81 82 81 82 86 90 92 91 86 84 82
Hour 12 70 68 63 50 50 55 57 59 59 58 68 72
Hour 18 74 70 64 50 48 53 57 60 62 61 74 77

Precipitation (inch)
Normal 0.76 0.59 1.5 2.13 2.97 4.51 3.34 3.93 0.93 2.24 1.54 0.69
Maximum Monthly 2.52 2.76 3.43 8.42 8.01 10.52 8 7.55 9.48 6.16 3.83 2.04
Minimum Monthly 0.02 0.04 0.1 0.05 0.32 0.05 0.21 0.46 0.07 0.07 0.01 0.01
Maximum in 24 Hours 0.99 1.83 1.81 3.74 3.7 4.06 2.29 4.62 5.37 4.11 2.22 1.38
Normal # of Days With:
Precipitation > 0.01′′ 8.8 6.9 8.3 9.4 11.1 11.4 10.6 10 9.3 8.5 8.3 7.9
Precipitation > 1.0′′ 0 0 0.1 0.2 0.4 1.2 0.8 1.1 0.6 0.6 0.2 0

Snowfall (inch)
Normal 10.5 7.2 8.5 2.9 0.2 0 0 0 0 0.6 9.1 8.6
Maximum Monthly 29.9 21.6 51.7 11.1 3.2 0 0 0 1.8 6 26.9 25.4
Maximum in 24 Hours 9.4 12.2 14.5 7 3.2 0 0 0 1.8 4.9 11.4 10.2
Maximum Snow Depth 30 30 35 27 1 0 0 0 0 3 14 18
Normal # of Days With:
Snowfall > 1.0′′ 3.4 2.6 2.8 1 0 0 0 0 0 0.1 2.5 3

The Pathways van collects pavement profile data,
which is converted to an IRI and eventually an RQI
value as discussed previously. Ride quality data is col-
lected independently in each wheelpath, and for the
purposes of this paper the two wheelpaths were com-
bined to report an average RQI for each lane. This data
is then plotted against time for each test cell in order
to observe trends in the performance.

Distress surveys are also performed twice per year
at MnROAD following a modified Long Term Pave-
ment Performance (LTPP) protocol. These surveys
quantify the extent and severity of various surface dis-
tress types. The primary distress modes that have been
observed at MnROAD include cracking (transverse,
longitudinal, edge or centerline joint, and fatigue)
and patching. These distress types have also been
summarized to observe how they change over time.

3 FIELD RQI MEASUREMENTS

3.1 Description of raw data

Table 4 summarizes information about the ride quality
of the MnROAD test sections. The data shows which
test cells correspond to a particular design life that
was established during the early planning stages at
MnROAD using the available design methods at that
time. The design lives vary from three to ten years
depending on the road section.

The initial RQI measurement taken with the Path-
ways van in June 1997 is presented for each cell. It
should be noted that this value is not the true “initial”
value of RQI, as the pavements were constructed in
1993 and opened to traffic in 1994. In almost every

Table 4. MnROAD RQI summary data.

Driving or Inside Passing or Outside

June June
1997 Years RQI 1997 Years RQI

Cell RQI to 2.5 at PM RQI to 2.5 at PM

1 3.59 9 NA 3.72 10 NA
2 3.4 8 2.39 3.63 12 2.63
3 3.08 8 NA 3.19 10 NA
4 3.03 7 1.64 3.13 7 2.21
14 3.76 7 NA 3.75 9 NA
15 3.65 7 1.66 3.73 9 2.56
16 3.59 7 1.24 3.81 8 2.44
17 3.49 7 1.36 3.81 8 2.06
18 3.41 6 1.82 3.56 7 2.24
19 3.56 7 2.09 3.64 8 2.45
20 3.96 12 3.6 3.99 14 3.75
21 3.94 15 3.32 3.99 15 3.6
22 3.43 9 2.66 3.76 15 3.14
23 3.38 9 2.91 3.56 12 3.13
24 3.96 15 3.35 3.44 15 3.35
25 4.05 15 2.97 3.75 15 3.09
26 3.16 7 NA 2.99 3 NA
27 3.12 5 NA 2.8 5 NA
28 3.5 5 NA 3.65 NA NA
29 3.85 10 2.49 3.45 7 2.13
30 3.74 9 1.9 3.73 11 2.51
31 3.55 8 NA 3.63 NA NA

Ave. 3.55 8.73 2.36 3.58 10 2.75

case, the ride quality early in the pavement life is cat-
egorized as good. Only two cases (the outside lanes
of Cells 26 and 27) had slipped into the fair category.
This is to be expected, as pavements should be smooth
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when they are built. The two cells in the fair category
were already showing signs of pavement distress by
the first ride measurements in 1997.

The next parameter noted in the table is the number
of years that it took a particular test section to reach a
terminal serviceability level of RQI = 2.5. Again it is
noted that the initial data point was collected in 1997
(not 1994), but the number of years noted in the table
is based on starting in 1994. The data becomes a lot
more scattered when looking at this aspect of perfor-
mance. Most cells fall within the five to ten year range,
but there are many cases both above and below those
values. The values listed as 15 years (or “NA”) actu-
ally never reached a terminal serviceability level, yet
were reconstructed in 2008 (or earlier) as new research
opportunities presented themselves. Conversely, the
outside lane of Cell 26 was already below 2.5 at its
initial RQI measurement.

Maintenance treatments were performed at various
times on various test cells to correct surface defects
and restore ride quality. The ride quality of the pave-
ments was generally near 2.5 at the time of treatment,
but in many cases was much lower or higher than
that. Again, many entries in the table are marked “NA”
which indicates that no maintenance treatments (aside
from occasional crack sealing) were applied to these
cells.

In comparing between the two lanes of traffic in
each test section, internal MnROAD data shows that
on the Mainline the total traffic volumes are essentially
equal between the two lanes, although the driving lane
carries four times the amount of heavy truck traffic
that the passing lane. For the Low Volume Road, this
trend is essentially reversed: the inside lane sees four
times the number of truck passes than the outside lane,
yet because of the overloaded condition in the outside
lane the Equivalent Single Axle Loads (ESALs) are
roughly equivalent between the two lanes. In general
the lane that sees the most heavy truck passes (driving
or inside lane) also has a lower ride quality initially and
over the life of each test section. On average the pass-
ing or outside lane shows a higher initial RQI value,
and additional 1.25 years before reaching a terminal
serviceability level, and a better ride quality at the time
of the preventive maintenance treatment.

The comparison in ride quality between lanes is also
shown in Figure 2. Of the 22 test sections evaluated,
only five showed the driving or inside lane to have
a higher ride quality than the corresponding passing
or outside lane. Another four sections had essentially
equal RQI values between the two lanes, while all of
the remaining test sections had better ride quality in
the passing or outside lane.

Another interesting performance trend to consider
is shown in Figure 3, which shows that a pavement
that has a high initial RQI value tends to remain
smooth over a longer period of time. In short, “smooth
pavements last longer.” This finding is intuitively
obvious and has been noted by other research in the
past (Burnham, 2005). It is important to note that pay-
ing attention to detail during the construction process

Figure 2. Ride quality index comparison between lanes.

Figure 3. Pavement service life vs. initial ride quality index.

pays big dividends over the life of the pavement in
terms of improved pavement performance.

4 DATA ANALYSIS AND DISCUSSION

4.1 Typical RQI curve

Figure 4 shows a typical curve of RQI vs. time that
was generated for this study. The plot was created for
Cell 14, but it is indicative of plots for the other test
sections. Both lanes are represented in the figure.

Early in the pavement life the slope of the curve
is relatively flat, indicating that the ride quality is
being maintained at a steady rate from the outset. Over
time, the curve drops off more sharply, indicating that
once the deterioration in ride quality begins, it accel-
erates rapidly. The preventive maintenance treatment
is clearly identified by a large increase in the RQI,
although not necessarily all the way back to the initial
value. On average microsurfacing improved the RQI
by about 1.0 for most of the MnROAD test sections.
This is followed by a similar deterioration curve where
it is relatively flat at the beginning and then accelerates
in later years.
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Figure 4. Typical RQI vs. Time Curve.

4.2 Distress parameters that affect RQI

It is apparent in reviewing the data for each test section
that the ride quality deteriorates as the pavement con-
dition deteriorates. Distress history data was gathered
for each test section to determine which pavement dis-
tress types most affected the ride quality. These data
were compared with ride history data against time. For
each test section RQI values were plotted on the pri-
mary vertical axis, and multiple distress types were
individually plotted on the secondary vertical axis.

For many of the distress types (e.g., total number
and length of transverse cracks, number and total area
of patches, and length of longitudinal joint cracking)
no correlation was observed between the amount of
distress and the decrease in ride quality. However, a
few distress types stood out as being indicative of dete-
riorating ride quality. The total length of medium and
high severity transverse cracks was clearly related to
the deterioration in ride quality. This type of distress is
common in cold regions like Minnesota and is caused
by the inability of asphalt pavements to relax thermal
stresses that build up with a decrease in temperature.
Since the pavement sections developed initial thermal
cracks early in their lives, the total amount of cracking
has not changed significantly. However, the severity
level of the cracks has increased under repeated traffic
and environmental loads. This observation is in line
with the work by Bae et al. (2007), which quantified
the increase in IRI due to the prevalence and sever-
ity of transverse cracking. Another distress type that
has a major effect on ride quality is the total amount
of medium and high severity longitudinal cracking,
which can eventually lead to fatigue cracking. This
distress type shows a similar trend in that when the
cracking rate accelerates, the rate of deterioration in
RQI also accelerates. The amount of rutting was also
directly related to the decrease in ride quality. As the
rut depths increased at a linear rate, the ride quality
started to decrease more rapidly. It is difficult to dis-
tinguish which of these distress types had the most
effect on ride quality; however, the data shows that as
each distress type increased the ride quality decreased
accordingly.

Figure 5. RQI and Distress vs. Time, ML Cell 17.

Figure 6. RQI and Distress vs. Time, LVR Cell 28.

Figure 7. RQI and Rutting vs. Time, ML Cell 14.

Figures 5 through 7 display the trends that are dis-
cussed above for three different cells. Figure 5 shows
the effects of preventive maintenance treatments on
RQI. By examining the RQI values at the time of treat-
ment and noting the time required to revert back to the
same level, one can infer that a maintenance applica-
tion extends the life of a pavement by three to four
years in this particular case. This life extension is true
even though both transverse and longitudinal cracks
reappeared within six months of the treatment. This
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Figure 8. Pavement Service Life vs. Design Life.

implies that even though the maintenance treatment
is unable to correct a cracking problem over the long
term, it is able to restore ride quality for a certain period
of time. The microsurfacing also noticeably reduced
the surface rutting of the pavement, although within
about four years the rutting returned to pre-treatment
levels. The final note about the figures reiterates the
fact that the roughness accelerates with the onset of
medium and high severity transverse and longitudinal
cracking.

4.3 Performance vs. design life

Figure 8 shows the service life of each test section in
relation to its design life. It is rather concerning that
the plot shows that there is virtually no correlation
between the two values. However, it does show that
the thinner pavements (three- and five-year design life)
tend to have exceeded their design life while the thicker
pavements (10-year design life) tend to have failed
before the end of their design life. This data points
to a need for revised pavement design procedures in
Minnesota. Note that the MnROAD test sections were
designed with empirical procedures developed in the
1960s, while the pavement design community is cur-
rently focused on the shift to mechanistic-empirical
design methods.

5 CONCLUSIONS

Ride quality data was collected over the original 22
asphalt test sections at MnROAD twice per year from
1997 to 2008. The ride quality data was reported in
terms of Ride Quality Index (RQI) to represent the
way MnDOT evaluates their highway network on an
annual basis. Surface distress data was also collected
over time for each of the test sections, and the results
considered in relation to ride quality. The data col-
lected and analyzed in this study led to the following
conclusions:

– MnROAD cells were generally smooth at the outset
of their service lives, and those pavements with high

initial RQI values remained smooth for a longer
period of time.

– Increased traffic loadings tend to accelerate the
distress and decrease in ride quality as evidenced
by the comparison between driving/passing and
inside/outside lanes.

– The application of preventive maintenance treat-
ments extend the pavement life by at least three to
four years based on the data in this study. While
microsurfacing is only able to treat cracking and
rutting over a short period of time, it does enhance
pavement smoothness over a number of years.

– The deterioration of ride quality is most closely
related to the increase in medium and high severity
transverse, longitudinal, and fatigue cracks, as well
as the increase in rut depths.

– The MnROAD test sections showed virtually no
correlation between design life and actual pavement
service life. New mechanistic-empirical design
procedures that are calibrated to local conditions
are more likely to accurately predict pavement
performance.

– Although no statewide network data is presented
in this paper, the MnDOT pavement management
program does track the condition of highways over
time and is able to quantify the benefits of extended
life and reduced costs by applying preventive main-
tenance treatments. Accelerated pavement testing,
whether at a pavement test track like MnROAD or
by a linear or circular device, can be used to validate
the ride quality concepts used in state pavement
management programs.
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ABSTRACT: Increasing use of high productivity road freight vehicles combined with more sophisticated
approaches to pavement analysis has led to the need for improved knowledge of the performance of pavement
materials. This paper describes the development of laboratory tests intended for routine assessment of strength,
modulus and fatigue properties of cemented pavement materials. The laboratory tests involved a four-point
bending flexural beam test. Methods for preparation of beam specimens in the laboratory and from field-placed
cemented material are described. In order to provide materials performance data needed to verify the improved
laboratory tests, the Australian Accelerated Loading Facility (ALF) was used to assess the fatigue performance
of two cemented materials. A comparison of laboratory characterization results and full-scale ALF trial results
was favorable providing confidence in the use of the laboratory techniques. Two cases involving implementation
of the laboratory strength and modulus tests with practical outcomes are presented.

1 INTRODUCTION

An essential element in understanding the perfor-
mance of road pavements is understanding the perfor-
mance of the constituent materials from which they are
constructed. Cemented pavement materials, a sub-set
of chemically stabilized materials, form a key com-
ponent of a number of road pavement types. They are
often used as a stiff subbase or as a semi-rigid base
layer. Cemented materials are produced by the addi-
tion of a cementitious binder, such as general purpose
(GP) cement, to a granular material to form a bound
pavement material. A wide range of cemented mate-
rials are available for road construction comprising
different host granular materials and different cemen-
titious binders and binder addition rates. The absence
of suitable laboratory tests for routine elastic charac-
terization and fatigue assessment has led to a lack of
knowledge on these properties for cemented materials
in Australia.

Improved pavement design methods and materi-
als characterization is essential given the growing
demand for road freight. In Australia road freight is
projected to nearly double between 2010 and 2030
(BITRE, 2011). A feasibility study is underway into
the possibility of mass-distance-location charging as
a means to enable high productivity freight vehicles
to achieve optimal axle mass for any given freight
task (NTC, 2010). These developments highlight the
need for an improved understanding of materials
properties and performance as the demands of road
freight grow.

1.1 Objective

This paper presents improved approaches to the char-
acterization of cemented materials in the laboratory. In
the first section, the main knowledge gaps are identi-
fied and routine laboratory tests for strength, modulus
and fatigue properties of cemented materials are pro-
posed for use inAustralia. In the second section, details
of a full-scale accelerated pavement test used to pro-
vide verification of the laboratory characterization
approach, is provided. In the third section, the paper
discusses two case studies where early implementation
of the laboratory processes for modulus characteriza-
tion proved beneficial in addressing knowledge gaps
for cemented materials.

2 BACKGROUND

2.1 Mechanistic models

Mechanistic models aim to incorporate a fundamen-
tal understanding of the effect, on each component
material in a pavement structure, of any wheel load-
ing applied to the material (Jameson and Sharp,
2004). Pure mechanistic models are preferred as they
involve comprehensive constitutive equations with
detailed requirements to fully characterize a situa-
tion. However, issues may arise in the application of
pure mechanistic models for pavement design where
material properties, traffic loading and operating envi-
ronment are highly variable, and/or where the models
are not fully developed. Although empirical design
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approaches are less preferred, pragmatic pavement
design methods often adopt a mechanistic-empirical
approach allowing for substitution of empirical knowl-
edge where the fundamental constitutive analysis is
unavailable, too onerous and/or of limited additional
benefit to an overall solution.

In a non-freeze thaw environment such as Aus-
tralia, input requirements for mechanistic-empirical
pavement design for cemented materials have for
some time included elastic modulus and Poisson’s
ratio (Austroads, 2010). Other relevant parameters
used may include modulus of rupture and minimum
modulus of the cemented layer after fatigue crack-
ing (NCHRP, 2011). However, as noted by Austroads
(2010), there are no standard test procedures avail-
able in Australia for characterization of cemented
materials in terms of modulus and fatigue. Further,
the fatigue relationship for cemented materials pro-
posed by AASHTO (NCHRP, 2011) (Equation 1)
has not been field validated and AASHTO states
that the required field calibration/validation data is
non-existent. Scullion et al. (2008) aimed to address
this knowledge gap but the key issue of the need
for improved routine characterization of cemented
materials remained.

where N = fatigue life; σt = applied horizontal tensile
stress; σf = modulus of rupture; and βC1 and βC1 are
material constants which require field validation.

This paper reports progress towards improved
characterization of cemented materials based on an
ongoing research study in Australia.

2.2 Theoretical approaches

Zhong (1998) developed a constitutive fatigue model
for cemented materials involving consideration of the
cemented binder matrix and the bond between the
cemented matrix and the coarse aggregate particles
(Figure 1) rather than the bulk cemented material. A
contact law approach using a statistical micromechan-
ics process and the distinct element method for analy-
sis of inter-particle behavior of the coarse aggregates
connected by a cement binder matrix was developed.
Zhong proposed that the overall damage behavior of
cemented granular materials was a function of the
stress-strain relationship, fracture strength, develop-
ment of a damaged zone, and fatigue deformation.
The primary parameters of interest identified were
the microcrack length and density, binder toughness
and the binder elastic constants. A limitation of the
theoretical approach was that the constitutive model
inputs required detailed knowledge of the initial crack
length and a complex analytical process to enable crack
growth prediction.

Theyse et al. (1996) identified three distinct phases
for fatigue cracking of cemented materials being a

Figure 1. Configuration of a binder particle system (Zhong,
1998).

pre-cracked phase, an effective fatigue life phase, and
an equivalent granular phase. Thogersen et al. (2004)
proposed the use of changes in cemented material
modulus as an indicator of crack progression, rather
than attempting a direct measure of cracking. This
approach was applied to assess fatigue damage under
accelerated pavement testing.

While theoretical approaches to characterization
of cemented materials have been developed, there
remains a significant gap in terms of application of
these models. A particular issue is that cemented
materials properties can be highly variable and this
variability is dependent on the host material itself,
the binder type and content, the construction pro-
cess, the curing process, and the extent of cracking
within the material. Methods for direct assessment
of the extent and variability of initial cracking and
crack progression, required for theoretical modeling,
are not readily available for cemented materials. It
was therefore proposed that laboratory assessment
and accelerated pavement testing (APT) be used to
provide an improved understanding of cemented mate-
rials properties to provide input to, and to facilitate,
the further development and application of theoretical
constitutive modeling for cemented materials.

3 LABORATORY CHARACTERIZATION

Austroads (2010) defined the design modulus for
cemented materials as the flexural modulus at 28 days
field curing and suggested use of the flexural beam test
as it more closely simulated the stress/strain gradients
generated in service. For highly bound cemented mate-
rials the preferred modulus test in the USA suggested
by AASHTO (NCHRP, 2011) was the (compressive)
modulus of elasticity at 28 days curing. However,
the compressive test mode was not suited to fatigue
assessment because the critical fatigue mode involves
horizontal tensile stress at the bottom of the layer
from repetitive heavy vehicle loading and the com-
pressive strength of cemented materials is five to
ten times higher than the modulus of rupture. For
weaker cemented materials there was noAASHTO test
method suggested for elastic modulus and correlations
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with strength were proposed for use (NCHRP 2011,
Scullion et al. 2008).

Several factors and constraints were identified and
applied in the development of the laboratory protocols
including:

– A focus on achieving a practical test that could be
applied for a broad range of cemented materials.

– Use of test equipment that was generally available
to pavement materials testing laboratories and fit
for purpose.

– Ensuring a discerning test capable of providing an
appropriate level of confidence on which decisions
could be based.

– Drawing on the experience of others and existing
methods and equipment where relevant.

– Verification through comparisons of the laboratory
results with full-scale accelerated pavement testing
performance data.

Two cemented materials were selected and tested to
assist with the development of the laboratory proto-
cols and specimen preparation techniques. Two sets of
specimens for each cemented material were tested with
one set manufactured in the laboratory and the second
set sampled from plant-mixed, field-placed cemented
material.The aim was to assess whether strength, mod-
ulus, and fatigue properties of field-placed materials
could be simulated through manufacture of labora-
tory specimens as this would enhance the value of
the laboratory testing. This approach had been used
by Tayabji and Okamoto (1987) in their assessment of
roller compacted concrete.

3.1 Materials selected and compressive
strength assessment

The two cemented materials selected for this study
were described as follows:

– Hornfels crushed rock (hornfels): 20 mm (0.8 in.)
maximum sized crushed rock stabilized with 3%
general purpose (GP) ordinary portland cement
by dry mass. The source rock was a metamorphic
hornfels from a quarry in Lysterfield, Victoria.

– Siltstone quartzite quarry rubble (siltstone): 20 mm
(0.8 in.) maximum size quarry rubble stabilized
with 4% GP ordinary portland cement by dry mass.
The source rock was a siltstone quartzite sourced
from the Para Hills quarry in South Australia.

Routine laboratory testing (maximum dry den-
sity, particle size distribution and Atterberg limits)
was completed, followed by unconfined compressive
strength (UCS) testing.The hornfels was found to have
a UCS of 8.5 MPa (1.2 ksi) (field: five core specimens)
and 7.1 MPa (1.0 ksi) (laboratory: three specimens)
while the siltstone material UCS was 7.6 MPa (1.1 ksi)
(field: six core specimens) and 6.5 MPa (0.9 ksi) (labo-
ratory: three specimens) at 28 days cure. For both mate-
rials, the UCS increased with cure age as expected.
Also, in both cases, the UCS for field specimens tended
to be slightly higher than that for laboratory specimens.

Figure 2. Four point bending flexural beam test
arrangement.

The field UCS results were likely to be biased towards
higher strength as weaker field material could not be
retrieved because the cemented material disintegrated
during core sampling.

Both the siltstone and hornfels were supplied and
constructed in compliance with the relevant State Road
Agency cemented materials specifications. The seven
day UCS was 5.9 MPa (0.9 ksi) for the hornfels and
5.8 MPa (0.8 ksi) for the siltstone, which in both cases
exceeded the minimum UCS requirement of 5 MPa
(0.7 ksi) from the relevant specification based on trip-
licate laboratory test specimens. On this basis it would
be expected that the hornfels and the siltstone would
provide similar field performance.

3.2 Development of improved laboratory
tests for cemented materials

A number of test modes were identified and considered
for the assessment of strength, modulus, and fatigue
properties of cemented materials. These included:
direct tensile, indirect tensile, cantilevered bending,
and four-point flexural bending. After consideration
of the criteria listed above, a review of the literature
and the conduct of initial experimentation using both
indirect tensile and four-point bending (Yeo, 2008),
the four-point bending flexural beam test was adopted
(Figure 2). The test had been used in numerous earlier
cemented materials studies (Mitchell et al., 1969; Otte,
1978; Litwinowicz, 1986; Raad, 1988; Litwinowicz
and Brandon, 1994; Bhogal, 1995; Alderson, 1998;
Sobhan and Das, 2007; Solanki, 2010). In addition,
four-point bending was already in use for flexural
strength (modulus of rupture) and it was the mode
considered to simulate the actual loading most closely
(Austroads, 2010).

Preparation and curing of uniform beam speci-
mens in the laboratory or from field-placed cemented
materials was an important aspect of the tests.
This was resolved for laboratory specimens through
use of a planetary concrete mixer and a segmen-
tal wheel slab compactor (slab size 400 mm [16 in.]
long, 320 mm [13 in.] wide and 100 mm [4 in.] deep).
It was considered that the equipment used was in
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relatively widespread use in Australian pavement test-
ing laboratories. After initial moist curing (about 7
days), the cemented slabs were demoulded and saw
cut to size (100 mm [4 in.] square by 400 mm [16 in.]
long) using a bench-mounted saw with a diamond
tipped blade. Two beams were cut from the central
portion of each slab then placed in a fog room for
further moist curing. Field beams were prepared from
constructed cemented material layers using a mobile
pavement saw to cut slabs from the road bed. These
slabs were trimmed to size in the laboratory and again
cured in a fog room prior to testing. Beams used for
modulus and fatigue testing were wrapped in thin
plastic cling wrap to prevent moisture loss during test-
ing. The four-point bending test involved use of stress
control with a haversine pulse shape to simulate load-
ing applied by heavy vehicle axles. For modulus and
fatigue testing, the loading frequency was 2 Hz with
a 250 ms haversine load pulse width and 250 ms rest
period.

An initial set of beams was used to estimate break-
ing stress (modulus of rupture) and breaking strain.
The failure load and breaking strain values were then
used to guide the magnitude of the cyclic load applied
for modulus and fatigue testing. As described by
Sobhan and Das (2007) the approach of using paired
specimens (one for strength and the pair for modulus/
fatigue) can be problematic due to differences in prop-
erties between specimens. Such variations make it
difficult to determine an accurate stress ratio or strain
ratio for a given fatigue beam specimen. Modulus
testing was conducted at a stress ratio of about 40%
while a range of stress ratios of between 50% and
90% of the ultimate load were used to estimate fatigue
life. This approach to specimen loading was used by
Sobhan and Das (2007) and Gnanendran and
Piratheepan (2010).

3.3 Flexural strength

In terms of flexural strength, the hornfels showed sim-
ilar results for the field and laboratory specimens
at 1 MPa (145 psi) at 28 days and between 0.7 MPa
(102 psi) and 1.26 MPa (183 psi) at an extended cure
age (greater than 70 days). For the siltstone, the
field specimens showed higher strength at 1.3 MPa
(189 psi) at about 30 days and 1.4 MPa (203 psi) at an
extended cure age (greater than 70 days) compared to
the laboratory specimens which showed about 1 MPa
(145 psi) from about 30 days with no increase with
cure age.

3.4 Modulus and fatigue

In the four-point bending test, the peak force applied
and peak midspan deflection (measured with LVDTs)
were used to estimate the extreme fiber stress and
strain response. From these data the flexural modu-
lus was estimated for each load pulse (Equation 2).
This allowed modeling of the deterioration in modulus

Figure 3. Summary of flexural modulus data.

in line with the incremental recursive approach
(Thogersen et al., 2004).

where Emax = flexural modulus (MPa); L = beam span
(mm); σt = peak tensile stress (MPa); w = specimen
width (mm); εt = peak tensile strain (microstrain);
h = specimen height (mm); P = peak force, in kN; and
δh = peak mid-span displacement (mm).

Both the cemented materials were plant mixed and
constructed with the objective of achieving a uniform,
well cured cemented base suitable for APT testing
at different axle loads. The flexural modulus results
are presented in Figure 3. For the hornfels, the lim-
ited number of field specimens were highly variable,
some representing a weaker material with a low mod-
ulus at about 3,000 MPa (435 ksi) while others showed
high quality with a modulus of about 15,000 MPa
(2,175 ksi). This limited field data indicated a reduced
modulus with cure age which is unexpected. How-
ever, the specimens representing each cure age were
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sourced from a different location of the test pavement.
While the cemented base was of uniform construc-
tion, the lower modulus beams were sampled from
locations where shrinkage cracking was later identi-
fied, hence the lower modulus. In contrast, the siltstone
modulus results were less variable falling in the range
9,000 MPa (1,305 ksi) to 13,000 MPa (1,885 ksi) for
cure ages less than 100 days (Figure 3). This finding
supports the need for an improved understanding and
measurement of cemented materials properties as an
input to theoretical constitutive modeling.

For the fatigue test, the aim was to develop a data set
of applied stress or initial strain against fatigue life pre-
sented as cycles of load (N ) to a defined fatigue state.
The stress or strain parameter could also be a stress or
strain ratio. Initial strain (S) was adopted for analysis
of the fatigue test results as this was found to produce
a higher correlation with fatigue life, compared to the
use of stress and it aligned with the critical parameter
identified in Australian pavement design (horizontal
tensile strain [Austroads, 2010]). Fatigue performance
was represented as an ‘S–N’ curve as used in classical
materials fatigue assessment. The laboratory fatigue
testing was expected to be useful in establishing the
relative fatigue life of different cemented materials at
a given initial strain under stress controlled loading.

The fatigue test duration was expected to be highly
sensitive to the applied load as suggested by Molenaar
and Pu (2008). At a low stress ratio, for example, less
than 40%, fatigue life would be expected to be indef-
inite (Otte, 1978; Sobhan and Das, 2007; Scullion
et al., 2008). While at high loading, fatigue could
occur within a few cycles with the extreme case being
the strength test which provided the failure load for a
single application.

3.4.1 Cure age for the fatigue test
UCS testing often involves seven days curing to enable
an early estimate of 28-day strength, a typical design
parameter for concrete. Bhogal et al. (1995), Sobhan
and Das (2007), Solanki (2010), and Gnanendran and
Piratheepan (2010) used a 28-day cure period for
investigation of the dynamic fatigue life of cemented
materials. AASHTO (NCHRP 2011) suggested use of
28-day properties as a conservative estimate of longer-
term properties of cemented materials. However, this
study aimed to provide a comparison between field
material and the laboratory specimens at the same
cure age. Although the cementitious binder used in
this study was general purpose (GP) ordinary port-
land cement, it was anticipated that changes to the
cemented materials properties occurring well beyond
the initial 28-day cure could significantly influence
the fatigue performance of the materials. Testing of
laboratory specimens was therefore conducted at an
extended cure period representative of the cure age of
the full-scale field experiments. It was noted that in
France, cemented materials may be cured for up to
360 days prior to fatigue testing (LCPC, 1997). Test-
ing at 28 days cure was also conducted to provide a
comparison.

3.4.2 Definition of fatigue life
A suitable definition of the end of fatigue life was
required for the laboratory test. Several options for
this were considered including:

– Specimen rupture/fracture.
– Reduction in specimen modulus to a specified

percentage of the initial modulus, for example 50%.
– Reduction in specimen modulus to a specified

value, for example 500 MPa (70 ksi) which is
considered representative of an unbound material.

In the absence of an established definition for the
end of fatigue life, ‘cycles to half initial modulus’
was adopted as used by Jameson et al. (1992) and
Gnanendran and Piratheepan (2010). The initial mod-
ulus and initial strain were defined as the mean value
for the first 50 load cycles of the fatigue test. With
the observed early rapid deterioration of modulus, this
approach produced a lower and more consistent initial
modulus, which allowed consideration of the majority
of the second stage of crack progression under repeated
loading prior to specimen fracture. A limitation of
this definition was that fatigue tests were required to
run in excess of 50 cycles.

The mean initial modulus for the hornfels labora-
tory specimens was 14,800 MPa (2,150 ksi) (28 days)
and 10,300 MPa (1,490 ksi) (extended cure).The mean
initial modulus for the siltstone laboratory specimens
was 10,200 MPa (1,480 ksi) (28 days) and 5,700 MPa
(830 ksi) (extended cure). It should be noted that there
was a difference in the curing process for the 28-day
specimens, which were cured in a fog room, compared
to the extended cure specimens, which were subjected
to a wet-dry-wet process. After an initial moist curing
of about six months, the specimens were allowed to
dry out over an extended period due to limitations with
fog room capacity. Samples were subsequently wet-up
again for a minimum of 48 hours in the fog room prior
to testing. This process is likely to have introduced
some micro-cracking in the specimens resulting in a
lower modulus at the extended cure age compared with
the 28-day modulus result.

The fatigue life for the laboratory specimens at the
extended cure period is shown in Figure 4 together with
the 28-day cure data. For both materials, the fatigue life
at the extended cure age was found to be significantly
greater than for the specimens cured for 28 days at a
given initial strain.

3.4.3 Initial approach to modeling fatigue
The laboratory fatigue test data was analyzed and mod-
els based on Equation 3 were developed. The model
was rearranged as shown in Equation 4 with fatigue
life (N ) as the dependent variable on the basis that, for
the laboratory testing, the aim was to determine the
fatigue life for a given initial strain.
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Figure 4. Beam fatigue results.

where N = fatigue life; S = the initial peak tensile
strain (calculated as the mean of load cycles 1
to 50 of the four-point bending test); LDE = Load
Damage Exponent and c and d are constants with
d = LDE log(c).

For the extended cure fatigue data, the model fitted
for the hornfels is shown in Equation 5 while Equa-
tion 6 shows the model for the siltstone. Equation 5
and Equation 6 indicated load damage exponents of
7.9 (hornfels) and 6.3 (siltstone). Looking at Figure 4
it is clear that the fatigue life of the hornfels is only
one tenth or less of the fatigue life for the siltstone.

3.5 Findings from the laboratory testing

A four-point bending flexural beam test was proposed
for assessment of the strength, modulus, and fatigue
properties of cemented materials, and test results for
two cemented materials were presented. The UCS was
similar for both materials in the range of 6 MPa to
8 MPa (870 psi to 1,160 psi). For the laboratory pre-
pared specimens the hornfels material showed a higher
modulus (12,000 MPa to 16,000 MPa) (1,700 ksi to

Figure 5. The Australian ALF operating indoors at
Dandenong, Victoria.

2,300 ksi) compared to the siltstone (7,000 MPa to
13,000 MPa [1,000 ksi to 1,900 ksi]). A marked con-
trast was observed in the fatigue performance of the
two materials with the hornfels showing only one tenth
or less fatigue life compared to the siltstone mate-
rial. Full-scale accelerated performance testing was
used to provide verification of the laboratory tests.
The observed contrast in fatigue performance pre-
dicted from the laboratory materials characterization
was assessed as reported in the next section.

4 ACCELERATED PAVEMENT TESTING

The full-scale load accelerated pavement testing
experiment design involved use of the Australian
Accelerated Loading Facility (ALF) (Sharp, 2004).
The ALF (Figure 5) applies rolling half-axle wheel
loads to pavement test strips 12 m (39 ft.) long at a
constant speed of 20 km/h (12.4 mph) with one-way
loading. Lateral wander based on a normal distribu-
tion with a standard deviation of 0.13 was introduced
into the trafficking pattern such that the width of the
trafficked area was about 1 m (3 ft.).

The experiment design involved (Table 1):

– Test sections with a 150 mm (6 in.) cemented base,
a thin asphalt concrete surfacing and a uniform sand
subgrade (Figure 6). The cemented base was moist
cured for more than six months prior to trafficking.

– Up to six test sections, 12 m (39 ft.) in length, per
material inside an enclosed shed.

– At least three half-axle load levels per material:
40 kN, 60 kN and 80 kN (9 kip, 13 kip and 18 kip).

– Performance measurement parameters included:
visual inspection/surface cracking, deformation,
falling weight deflectometer (FWD) deflection
testing, and multi-depth deflectometer (MDD)
deflection/deformation at depth.

Following construction of the test pavements, FWD
deflection surveys were conducted to assess the
cemented bases at various stages of curing. The FWD
data indicated that the initial strengthening of the
cemented material occurred rapidly within the first
100 days after placement followed by a slower, longer-
term rate of strength gain. This observation supported
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Figure 6. Nominal pavement structure.

Table 1. Test program and total ALF loading cycles.

Base Cure Half-axle Load
Traffic Age Expmt. Load Reps
Dates (months) No. (kN) (×1,000)

Siltstone
01/12/05- 12 3305 40 412.1
23/01/06
22/09/06- 21 3302 50 645.6
5/01/07
15/09/05 9 3301 60 402.6
7/11/05
27/07/05 7 3304 80 209.2
1/09/05

Hornfels
21/05/06- 14 3307 40 641.2
17/08/06
17/08/06- 17 3311 50 126.7
23/09/06
17/03/06- 12 3308 60 476
17/05/06
31/01/06- 11 3310 80 323
14/03/06
05/01/07- 22 3309 80 114.6
23/01/07

Total 3,351

Figure 7. Post mortem longitudinal trench face highlighting
transverse fatigue cracking resulting from ALF trafficking.

the adoption of an extended cure age for the labora-
tory testing and for the accelerated pavement testing to
ensure consistent and stable cemented materials prop-
erties.The FWD deflection data indicated a significant
difference between the two cemented materials, with
the hornfels found to have a more variable and higher
mean deflection compared to the siltstone. The deflec-
tion results were compatible with the modulus data
from field beam specimens tested.

There was minimal deterioration observed at the
pavement surface during ALF trafficking. It was
expected that fatigue cracking would reflect through
the thin asphalt surfacing but this did not occur. As
shown in Figure 7, the post mortem trenching of the
test pavements highlighted that the fatigue cracks ini-
tiated at the bottom of the cemented base layer and
progressed upwards but not through the asphalt.

While a range of performance measures were
recorded for each ALF experiment, the most perti-
nent measure of the deterioration of the cemented
base layers with loading was found to be the FWD
deflection data. This was collected at the start and
at regular stages during ALF trafficking without the
need to move the mainframe off the test pavement
(Figure 5). Backcalculation of the FWD deflection
data was the main method used to assess changes
in the cemented base layer modulus with traffick-
ing.TheARRB backcalculation program EfromD3 (an
enhanced version of EfromD2 [Vuong, 1991]) was
used for the analysis. It was recognized that a key
issue with backcalculation was that multiple possible
solutions can result.To ensure the backcalculation pro-
vided consistent and useful outputs for the purposes of
this study:

– Assigned modulus values were used for the thin
asphalt surfacing. The modulus was based on lab-
oratory testing of asphalt specimens at a range of
temperatures (corrected for speed of loading) com-
bined with a study of the back-calculated field
asphalt modulus at one location of the test pave-
ment on one day using FWD data taken at a range
of asphalt concrete temperatures.

– An evaluation of the laboratory measured mod-
ulus of cemented field beams was completed to
set bounds for the cemented base modulus (see
Figure 8).

– Repeated-load triaxial testing was undertaken on
the sand subgrade from which the modulus of
the sand was found to vary between 150 MPa
(22 ksi) and 200 MPa (29 ksi) for deviator stress
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Figure 8. Comparison of laboratory measured and back-
calculated cemented material moduli.

between 100 kPa (15 psi) to 200 kPa (30 psi) at
50 kPa (7 psi) confining stress. The underlying clay
subgrade was evaluated in situ using a dynamic
cone Penetrometer (DCP).

The backcalculation analysis assumed linear-
elastic, homogeneous materials properties. This
assumption was considered appropriate for the intact
pavement prior to ALF trafficking. However, cracked
and fragmented cemented materials are not generally
considered linear-elastic or homogeneous. To address
this limitation, an ‘equivalent modulus’ approach was
adopted. In this approach, the cracked cemented
material was modeled as a weakened equivalent
linear-elastic layer. The backcalculated equivalent
modulus was observed to drop rapidly with ALF load
cycles. The analysis assumed that the equivalent mod-
ulus of the cemented layer was an indicator of fatigue
crack progression with a reducing modulus indicating
increased cracking.

The analysis of fatigue damage with ALF traffick-
ing involved two main stages. In the first stage the
mean modulus of the cemented material was back-
calculated for each experiment and the reduction in
modulus was determined as shown in Figure 9.

The second and main stage of the analysis involved
a detailed assessment at each chainage location of each
ALF experiment. This allowed multiple data-points
from each ALF experiment because the test pavement
length was 12 m (39 ft.). Locations of most interest
in terms of fatigue were those where the cemented
base was initially intact (i.e., not affected by non-load
associated weakness) and where modulus reduced to
about 50% or greater compared to the initial value.
At these locations the observed reductions in modulus
were again represented as a percentage of the initial
modulus. This approach enabled an assessment of the
relative rates of fatigue damage at different axle loads
taking into account the unique properties at each test
location (pavement layer thickness, applied stress, ini-
tial strain and materials properties). The definition of
fatigue life adopted was load cycles to 50% of initial
modulus.

Figure 9. Cemented material change in modulus with
loading.

The untrafficked backcalculated pavement layer
moduli were used to estimate the initial horizontal ten-
sile stress and strain at the base of the cemented layer in
a forward calculation process using the CIRCLY pro-
gram (MINCAD, 2004).TheALF dual tire loading was
used rather than the FWD loading and the assigned
asphalt modulus was adjusted down to account for the
difference in load speed between ALF and the FWD.
Figure 10 shows the data for initial strain (S) and ALF
load cycles to fatigue failure (N ) for the hornfels and
the siltstone cemented materials. The multiple data-
points for each ALF experiment shown in Figure 10
represent the results for individual chainage locations
along each experiment.

Comparing theALF results in Figure 10, the fatigue
life of the hornfels was found to be up to one tenth
that for the siltstone at the same initial strain. For the
hornfels material the mean initial modulus was about
11,850 MPa (1,720 ksi) and the resultant fatigue model
derived from the ALF performance data was:

For the siltstone material, the mean initial modulus
was about 11,000 MPa (1,600 ksi) and the resultant
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Figure 10. Initial peak tensile strain againstALF load cycles
to 50% of the initial cemented layer modulus.

fatigue model derived from the ALF performance
data was:

The goodness-of-fit for Equation 8 may have been
reduced as a result of the data from Experiment 3301 at
the 60 kN loading although there was no clear explana-
tion as to why this experiment differed from the other
experiments on the siltstone.

4.1 Summary of findings from the accelerated
pavement testing

The fatigue performance of two test pavements was
assessed using accelerated pavement testing.The main
performance measure was FWD deflection. The mod-
ulus of the cemented base layer was backcalculated

from the FWD deflection bowl data and the results
compared favorably with moduli determined in the
laboratory for field beams. The reduction in the
cemented base modulus was used as an indicator of
crack progression and fatigue in the cemented base.
Fatigue models were developed for the two cemented
materials relating fatigue life (cycles to half initial
modulus) to applied initial strain under the ALF load-
ing. The fatigue models derived from the laboratory
results and the accelerated pavement testing were
almost identical for the siltstone. Also, the relative
fatigue life of the two materials was found to be quite
different with the hornfels showing only about one
tenth the fatigue life compared to the siltstone mate-
rial. The fatigue models for the hornfels material were
similar but the laboratory model showed a much higher
fatigue life compared to the ALF model. It was con-
sidered that the field hornfels material tested under
ALF was of a weaker nature compared to the labo-
ratory beam specimens and that this would explain
the difference to a large extent. The hornfels field
material was found to be affected by more variable
and greater extents of initial cracking compared to the
laboratory specimens. This was supported by the lab-
oratory modulus results for the field-placed hornfels
material which showed a greater range of moduli than
for the laboratory prepared hornfels specimens (see
Figure 3).

Overall, the laboratory test results were consid-
ered to compare very well with the ALF test results
providing confidence in the proposed laboratory test
protocols for characterization of cemented materials
for strength, modulus, and fatigue.

In the third section of this paper, two examples
of the early implementation of the laboratory test to
improve knowledge of cemented materials modulus
are provided. For these case studies, the specific details
of the projects, the parties involved or the location are
not relevant for this paper. Generic terminology is used
such as ‘state road authority’ and ‘metropolitan area’
to avoid any sensitivity to release of the data.

5 IMPLEMENTATION: MATERIALS
SPECIFICATION IMPROVEMENT

In the first case study, the test protocols for mod-
ulus described above were used to provide more
in-depth information on cemented materials as a basis
for revision of a state road authority specification
requirement.

5.1 Background

In the early 1990s, following research into the UCS
of a range of cemented materials, a new state road
authority specification requirement was established.
The specification covered cemented materials used
as a bound subbase under asphalt concrete basec-
ourses. The specification included three classes of
cemented material with design moduli of 500 MPa
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(70 ksi), 2,000 MPa (290 ksi) or 3,600 MPa (520 ksi).
At that time, a range of cemented materials compris-
ing different host crushed rocks (including recycled
crushed concrete) and different binders (including GP
cement and blended cements incorporating supple-
mentary cementitious binders) had come into use. In
order to ensure the integrity of the various blends of
cemented materials, the new specification required
a minimum UCS of 5.0 MPa (730 psi) at seven days
moist curing and 100% modified compaction. Over
time, it was found that, of eight commonly avail-
able cemented materials in use in a metropolitan area,
a number were failing to meet the minimum UCS
requirement. In particular, recycled crushed concrete
and two granite materials produced a UCS of just
below the minimum UCS with the commonly used
GP cement binder at 3.0% addition by dry mass. This
presented a dilemma for some sectors of the materi-
als supply industry with an increased binder content
required to meet the specification limit, potentially
resulting in an uncompetitive product. As a result, a
need for improved knowledge of the strength and mod-
ulus properties of a range of cemented materials was
identified by the state road authority and the relevant
industry association. This would enable a potential
review of the specification requirement.

5.2 Cemented materials properties

With the development of the cemented materials test
protocols described above, a laboratory test program
was conducted to characterize eight different cemented
materials. The aim of the study was to assess the
cemented materials modulus and UCS, and any rela-
tionship between these properties and ultimately to
assess the applicability of the minimum UCS speci-
fication requirement.

Bulk samples of the cemented materials compo-
nents were obtained and beam specimens were pre-
pared in the laboratory using 3.0% general purpose
(GP) ordinary portland cement by dry mass. The UCS
results are summarized in Figure 11, which shows that
the recycled crushed concrete and both the granite
materials had the lowest strength. For these materials,
the minimum UCS requirement of 5 MPa (730 psi) at
seven days was not satisfied.

A series of flexural beam specimens were manu-
factured and the flexural strength and modulus was
determined with the results summarized in Figure 12.
It was recognized that the laboratory modulus results
represented ideal specimen preparation properties. A
valid shift factor to allow for conversion of the labo-
ratory moduli to field moduli was not available. Such
a shift factor would be dependent on the construction
quality, particularly compaction and curing and further
research is required to better understand the rela-
tionships between field and laboratory properties of
cemented materials. Litwinowicz and Brandon (1994)
reported a field-to-laboratory modulus ratio of 50%.
The field and laboratory results presented from the
ALF test pavement (Figure 3) indicated that the shift

Figure 11. UCS results at 7 and 28 days curing.

factor could be 1.0, as for the siltstone or as low as one
third to one quarter based on the results for the horn-
fels (Figure 3). As an interim approach, a conservative
shift factor of one third was adopted for interpretation
of the laboratory modulus data shown in Figure 12.

5.3 Implementation summary – materials
specification improvement

The development of the four-point bending test pro-
tocols, supported by the accelerated pavement testing
results enabled development of improved knowledge
of the properties of a range of cemented mate-
rials. The existing state road authority materials
specification required a minimum UCS of 5 MPa
(730 psi) for cemented materials in three modulus
classes (500 MPa (70 ksi), 2,000 MPa (290 ksi) and
3,600 MPa (530 ksi)). As a result of the laboratory test
program, it was concluded that this requirement should
remain for the two higher modulus classes of cemented
materials. However, for the 500 MPa (70 ksi) modulus
class, the evidence from the laboratory testing sup-
ported a reduction in the specified UCS requirement
from 5 MPa (730 psi) to 4 MPa (580 psi). This was on
the basis that the minimum modulus was estimated
to be over 2,000 MPa (290 ksi) (based on one third of
the modulus results in Figure 12) while the required
modulus was 500 MPa (70 ksi) and, in addition, for
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Figure 12. Flexural strength and modulus results at 28 days
curing.

pavement design purposes this class of materials
is modeled as having no fatigue life (similar to
an unbound granular layer). The specification was
amended in line with this finding and republished. It
was noted that the 500 MPa (70 ksi) class of cemented
material was most commonly used and that implemen-
tation of this research finding enabled full use of the
range of cemented materials products available on the
market.

6 IMPLEMENTATION: USE OF
NON-STANDARD CEMENTED MATERIAL

The second example involved implementation of the
flexural modulus test to support knowledge required
for a major road construction project. The project
involved four-lane dual-carriageway construction at a
greenfields site. A typical composite pavement design
comprising thick asphalt concrete supported by a
170 mm (7 in.) cemented subbase over the subgrade
formation was proposed. The cemented subbase layer
had been characterized with a 500 MPa (70 ksi) mod-
ulus based on conservative presumptive design inputs.
Laboratory characterization of the cemented sub-
base modulus offered the possibility of consideration
of alternative pavement materials through increased

Figure 13. Cemented material slabs extracted from the field
trial.

knowledge of the materials properties. To this end,
a field trial section was constructed and an assess-
ment made of an alternative cemented subbase. The
alternative material was a stabilized blend comprising
recycled aggregate, a mix of high and low quality new
aggregate with a slow setting cementitious binder. The
blend of materials was mixed in situ with a pavement
stabilizer to a depth of 300 mm (12 in.), compacted
and left to cure for 28 days. A pavement saw was used
to cut a series of cemented slabs from the field trial
pavements for laboratory characterization (Figure 13).
These were trimmed into beam specimens in the lab-
oratory and the four-point bending test was used to
determine the flexural strength and modulus. Sam-
ples of the constituent materials were also taken and
a series of laboratory prepared beam specimens were
tested.

6.1 Implementation summary – use of
non-standard cemented material

The results of the testing of the field and laboratory
beam specimens are shown in Figure 14. The data
indicated that the material from the field trial had on
average about 40% of the flexural strength of the labo-
ratory prepared specimens and about 50% of the mod-
ulus. This information was useful in the development
of a knowledge base comparing field-placed material
properties with laboratory prepared material proper-
ties. Given the design modulus of 500 MPa (70 ksi)
for the cemented subbase, the laboratory characteriza-
tion results provided clear evidence that this could be
achieved with the proposed alternative cemented mate-
rial which showed a mean modulus of over 4,000 MPa
(580 ksi). As the alternative cemented subbase incor-
porated components of recycled waste materials, both
in the aggregates and the slow setting binder, apart
from cost savings there were environmental benefits
in terms of preserving scarce resources. In this case
the laboratory protocols provided improved knowl-
edge to support consideration of the use of alterna-
tive, lower cost cemented material with environmental
benefits.
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Figure 14. Summary of test results for strength and
modulus.

7 CONCLUSIONS

This paper has presented improved approaches to
cemented materials characterization involving devel-
opment of standardized routine laboratory tests to
characterize strength, modulus, and fatigue properties
for use in Australia. Full-scale accelerated pavement
testing was used to provide verification of the labora-
tory characterization approach.The properties and per-
formance of two field trial test pavements were shown
to compare favorably with laboratory characteriza-
tion results. Two case studies, where implementation
of the laboratory modulus characterization protocols
proved beneficial in addressing knowledge gaps, were
presented. In the first case study, an assessment of
available cemented materials in a metropolitan area
identified that some products may have been excluded
from use due to a conservative specification require-
ment. On the basis of the laboratory characterization,
the specification requirement was relaxed. In the sec-
ond case study, implementation of the laboratory
protocols enabled more informed consideration of an
alternative cemented material for a major construction
project.

Noting that specimens prepared under ideal labo-
ratory compaction and curing conditions were likely
to represent the highest achievable material quality,
further research is required to establish links between

the laboratory characterization results and the longer-
term field properties of cemented materials. Rou-
tine implementation of the test protocols for major
projects enabling comparisons of field and labora-
tory prepared specimens would be expected to assist.
Further work should also focus on the means to
pre-condition laboratory prepared specimens in a con-
sistent manner such that they become representative
of field properties for the strength, modulus, and
fatigue characterization. The knowledge gained on
cemented materials properties is considered important
to facilitate the further development and application
of mechanistic constitutive modeling for cemented
materials.
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ABSTRACT: Using two case studies, this paper demonstrates the role that controlled accelerated pavement
tests can play in the development of performance based laboratory testing procedures. Firstly, the results of
an evaluation of the rut-resistant properties of asphalt mixes under accelerated loading using the Accelerated
Loading Facility (ALF) conducted between November 1993 and May 1995 are summarized. The performance
ranking of the asphalt mixtures is compared to the ranking determined using a dynamic creep laboratory test.
The relative rankings of the mixes were different. The laboratory creep test results suggested that the minimum
creep slope could rank the relative performance under ALF loading of mixes having the same composition but
different binder type but not the relative performance of mixes having different gradings and compositions. The
results of the ALF testing correlated better with the results of laboratory wheel-tracking testing. Secondly, a
similar deformation trial was conducted on four different spayed seal surfaced, unbound granular pavements
between July 2007 and June 2008. The work was undertaken as a means of validating a Repeated Load Triaxial
(RLT) test procedure. The RLT test results brought into question the usefulness of the axial permanent strains
measured in the test method as these strains did not identify one of the four test materials as being unsuitable for
base course due to its low resistance to lateral shoving. By contrast a wheel tracking test, similar to that adopted
after the 1990s asphalt work, correlated reasonably well with the ALF results.

1 INTRODUCTION

Accelerated pavement testing (APT) facilities have
been used for many different purposes. However, it
is proposed that the uses can be classified into three
distinct categories:

– Testing structures: where testing of an overall pave-
ment system is undertaken, and an understanding
of the pavement’s performance is the primary goal.

– Testing materials: where testing of a specific
material (or comparison between materials) is
undertaken with the goal of determining the likely
performance of the material in full pavement struc-
tures.

– Evaluating tests or theories: where the assessment
of independent (usually laboratory) test processes
or theories of pavement material/load interaction
are examined by collecting performance data under
controlled conditions.

The relevant international literature is dominated by
descriptions of trials established primarily for the first
two categories above, with very little for the last. In
some cases APT data has been used subsequently to
validate (or not) tests or theories, but there are very
few documented APT experiments that were under-
taken primarily for these purposes. This paper aims
to highlight the role that APT can play in helping to
develop laboratory-based tests. Two case studies are

used to demonstrate the role that APT has played in
assessing the ability of laboratory-based permanent
deformation tests to predict field performance. There
are strong similarities in both of the case studies.

2 TERMINOLOGY

2.1 Accelerated Loading Facility

The Australian Accelerated Loading Facility (ALF) is
owned and operated byARRB Group.ALF is a mobile,
relocatable road testing machine which uses a directly
driven load trolley to apply full-scale rolling wheel
loads in a single direction to pavement test sections, at a
constant speed, using a constant mass.The gravity load
is applied to the test pavement through a load assembly
trolley, consisting of a wheel assembly, chassis and
weight bed. The load applied to the pavement can be
varied from 40 kN to 90 kN in 10 kN increments, by
adding ballast weights to the trolley above the axle
assembly.

The cycle time for each load is about 10 seconds,
which corresponds to approximately 350 load cycles
per hour or, depending on the percentage of operating
time, about 50,000 cycles per week (based on 22 hours
operation per day).A normal distribution of transverse
locations covering a 1.0 m wide trafficked area is com-
monly used to simulate typical traffic wander on a
road.
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2.2 Asphalt

This paper uses the term asphalt to denote the mix-
ture of bituminous binder and aggregate with or
without mineral filler. In Australia paving-grade bitu-
men binders are classified (StandardsAustralia, 1997)
according to their viscosity at 60◦C.The most common
classes of bitumen used in asphalt mixes are:

– Class 320: viscosity in range 260–380 Pa.s
– Class 600: viscosity in range 500–700 Pa.s.

Class 320 and 600 binders would typically exhibit
penetration (at 25◦C) grades of 60/70 and 45/50 pen
respectively.

2.3 Austroads

Austroads is an association of each of the state road
authorities in Australia, and the national government
transport agencies of bothAustralia and New Zealand.
As a collective body it aims to maximize harmoniza-
tion of practice amongst its members, to pool resources
for research and other initiatives, and to provide a
common voice in dialogues on issues such as road or
vehicle reform. In the context of this paper, Austroads
was the primary sponsor of both of the research trials
discussed.

3 STUDY 1: DEFORMATION OF ASPHALT
MIXES

3.1 Research context

Commencing in the late 1980s, a joint research pro-
gram was developed by Austroads and the Australian
Asphalt Pavement Association. The major aim of the
program was the improvement of the quality and
performance of asphalt mixes, obtained through devel-
oping a better understanding of their fundamental
properties. This was to be achieved by developing new
procedures and, where necessary, new equipment to
better define asphalt properties.

By 1992 the first phase of the program was com-
pleted, having produced draft test methods, and appro-
priate laboratory equipment, for producing samples
and determining the stiffness and creep properties of
asphalt. At this stage, however, no information was
available to link these new processes to observed field
performance. Consequently, Austroads agreed to sup-
port an accelerated pavement testing field trial, using
ALF. Associated with the ALF testing was an exten-
sive laboratory evaluation program, the broad aim of
which was to compare the anticipated performance of
asphalt mixes as predicted by the new test processes
with the actual performance obtained from ALF load-
ing. In large part, the combined exercise was to be a
validation, or not, of the dynamic creep assessment
test method and equipment developed to date.

3.2 Dynamic creep test

The dynamic creep test used in Australia uses test
equipment comprised of a load frame capable of

applying up to a 4.5 kN loads for a set duration with a
rest period. The short cylindrical samples used in the
test are placed in a jig which measures the changing
height of the sample as repeated cycles of loading/rest
are applied during the test. The standard test result
is the minimum slope of the loading cycles versus
permanent deformation curve.

The test was based around an Australian variant of
the NottinghamAsphaltTester developed in the United
Kingdom.

3.3 Overview of ALF trial

TheALF trial was conducted at a site near Beerburrum,
approximately 70 km north of Brisbane, Queensland.
As was common practice at this time, ALF traffick-
ing was conducted in the open. Ultimately, the testing
program consisted of three components:

– A Core trial during which the rut-resistant proper-
ties of seven asphalt mixes were evaluated under
accelerated loading at summer/autumn ambient
temperatures (November 1993 – May 1994)

– An Ancillary trial during which the rut-resistant
properties of asphalt mixes nominated by asphalt/
binder producers were evaluated, and compared to
a control mix from the Core trial, under accelerated
loading at controlled temperatures (January 1995 –
April 1995)

– A Follow-up trial during which the rut-resistant
properties of the original seven Core trial mixes
were evaluated under accelerated loading at a con-
trolled temperature of 50◦C (November 1994 – May
1995).

Whilst the same asphalt mixes were used in the
Follow-up trial as the Core trial, the physical pave-
ments tested in the Follow-up trial had not previously
been trafficked.

A pavement heating system for the ALF machine
was installed and commissioned between the Core
and Ancillary trials. The design of the heating system
was primarily based on systems in use at the Federal
Highway Administration’s Turner-Fairbank Research
Facility in McLean, Virginia. The system comprised
20 radiant heaters mounted to the ALF frame, with 10
each side of the test pavement area. The heaters were
configured into four zones along the 12 m test length.
Readings from infrared surface temperature sensors
were used to selectively turn on or off the heaters
in each zone. During the conduct of an experiment,
separate data loggers were used to record the temper-
ature of the asphalt at depths of 10, 40 and 80 mm.
Measurements were recorded at five minute intervals.
All pavement temperatures shown in this paper were
recorded at 40 mm depth (i.e. mid-layer).

The asphalt mixes were all placed on a standard
pavement structure:

– 75 mm of crushed rock subbase working platform
placed over select subgrade.
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– Two 150 mm layers of cement treated base (CTB)
comprised of a 20 mm base quality crushed rock
stabilized with a 3.5% (by mass) cement/flyash
blend (a cement slurry was placed between the
layers).

– Strain alleviating membrane interlayer (SAMI)
placed on top of the CTB to inhibit reflection
cracking through to the overlying asphalt.

All of the asphalt mixes tested were comprised of
a nominal 10 mm asphalt compacted on the CTB in
a 75 mm single layer, with the exception of a stone
mastic asphalt (SMA) mix which was a 30 mm thick
layer placed on top of a 45 mm thick ethylene vinyl
acetate (EVA) modified mix. The test pavements were
constructed 4 m wide in parallel with each other,
and during testing the ALF was placed perpendicu-
lar to the direction of placement, allowing three mixes
to be simultaneously trafficked with the 12 m test
length of the machine. This arrangement allowed a
higher productivity of trafficking, as well as a con-
sistent environmental condition for the three mixes
being tested (this was particularly important during
the uncontrolled Core trial testing).

As the trial was examining the relative perfor-
mance of asphalt mixes with the same predominant
aggregate type, but different binders, the effect of
trafficking pavements perpendicular to their direction
of construction was considered to affect all sections
equally.

3.4 Asphalt mixes tested

The different asphalt mixes tested are described in
Table 1. The polymer modified binders (PMB) used
in the C3 and C4 mixes were not the premium-grades
commonly used in current asphalt mixes. The binders
used were deliberately chosen with a view to obtain-
ing high deformation rates for measurement purposes.
The aggregate components and mix proportions used
are shown inTable 2. Mixes C3, C4, C6 and C7 all con-
tained the same aggregate components and grading as
the C1 mix.

3.5 Results of field testing

The full details of the trafficking program and data
collected are reported elsewhere (Sharp et al., 1996)
and the full trial findings, including an extensive
laboratory testing program were summarized in the
international literature (Jameson et al., 1994; Oliver
et al., 1997). Only a selected element of the trial works
and findings are discussed in this paper.

In summary, almost all of the ALF trafficking was
conducted using an 80 kN load on a half-single axle
with dual tires placed at 330 mm centers. Loading was
applied in one direction only and, as noted above, over
three pavement structures with each cycle. A narrow
distribution of transverse wander was used during traf-
ficking, with the centre of the dual-wheels following
a normal distribution spanning ±150 mm, yielding a

total loading width (i.e. to the outer extremities of the
tires) of 900 mm.

The initial Core trial was conducted before asphalt
temperatures could be controlled. To ensure, as far as
possible, that all mixes were tested under comparable
conditions, the following test sequence was adopted.A
set of three mixes was first loaded for 100,000 cycles,
the ALF was then moved and 100,000 cycles were
applied to the other two groups of three mixes. ALF
was then moved back to each of the three sites in turn to
apply an additional 100,000 cycles of loading. A four
to six week gap typically occurred between the two
phases of loading for a given group of three mixes.
Following implementation of the pavement heating
system, trafficking during the Follow-up trial did not
involve this two-stage loading regime.

A transverse profile measuring beam was used peri-
odically during trafficking, recording the transverse
profile of the 12 m long experiment strips at 0.5 m
chainage. For each chainage the average deformation
of the surface, resulting from the two loading tires,
was calculated. For each asphalt mix section, the mean
deformation was calculated as the mean of the aver-
ages determined at each chainage. Deformation was
calculated based on the total downward movement of
material, and did not include any upwards heave. Sur-
face rutting measured using a straight-edge would have
included the heave of the material. The exact relation-
ship between deformation level and rutting level would
depend on the material tested. For the asphalt mixes
tested a rough rule-of-thumb was determined as sur-
face rutting was approximately twice the deformation
measurement. A typical failure criterion for flexible
pavements in Australia is 25 mm of surface rutting.
Typical relationships between mean surface deforma-
tion and cumulative ALF loading cycles are shown in
Figure 1.

The data in Figure 1a typify that collected during
the Core trial when asphalt temperature was not con-
trolled. A general reduction in deformation between
the end of the initial 100,000 cycles of loading and
the start of the second 100,000 cycles is apparent.
Evidently, relaxation of the pavement surface had
occurred in the intervening four to six weeks.

Figure 1b shows typical data from the Follow-up
trial, when control of the mid-depth asphalt temper-
ature, at 50◦C ± 2◦C, was achieved using the heating
system. The effect of maintaining this elevated tem-
perature can be readily seen by comparison of the high
deformations obtained with those observed during the
earlier Core trial.As a result of these high deformation
rates the trafficking durations for the Follow-up trial
were much shorter.

As each group of three mixes tested included a mix
that was subsequently tested as part of another group
of three at a different temperature, sufficient data were
available to allow the ‘adjustment’ of all deformation
levels to a standard temperature condition for the Core
trial (35◦C).

Table 3 shows the average rate of deformation of
the six mixes tested in the Follow-up trial at 50◦C with
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Table 1. Details of asphalt mixes tested.

Mix code Description Details

Core trial -– Phase 1 Temperature not controlled
C1 Control Control mix – size 10 mm with Class 320 binder

The mix was designed using the conventional 50 blow Marshall procedure, and
was chosen to be representative of current (at the time) surfacing mixes. The
nominal binder content was 5.5%.

C2 Austroads Size 10 mm with Class 320 binder
The mix was designed using the proposed Austroads mix design procedure,
with the emphasis placed in the design process of improving rut resistance. The
nominal binder content was 5.1%.

C3 SBS Control mix grading with SBS binder
The mix had the same aggregate grading as the control mix but used a styrene
butadiene styrene (SBS) modified binder.

C4 EVA Control mix grading with EVA binder
The mix had the same aggregate grading as the control mix but used an ethylene
vinyl acetate (EVA) modified binder.

C5 SMA Stone mastic asphalt mix with Class 320 binder
The mix was designed using the 50 blow Marshall procedure, and contained
0.3% (by mass) of cellulose fiber. The design binder content was 6.5%. The mix
was placed in a 30 mm layer overlaying a 45 mm layer of the C4 mix, as it was
thought that the C5 mix was insufficiently stable to be placed in a single 75 mm
layer.

C6 Multi-grade Control mix grading with multi-grade binder
The mix had the same aggregate grading as the control mix but used a multi-grade
(improved temperature susceptibility) binder.

C7 Class 600 Control mix grading with Class 600 binder
The mix had the same aggregate grading as the control mix but used a Class
600 binder. This mix was included in an attempt to establish the extent to which
the rut-resistant properties of a mix might be enhanced by the use of a stiffer
conventional binder.

Core trial – Phase 2 Temperature controlled
C1a C1 mix, but placed at higher air voids

C2a C2 mix, but with 0.5% less binder (by mass)

C3a C3 mix, but using a different SBS binder
Some doubts had been raised as to whether the SBS binder used in C3 was
representative of current practice, and as a result a different binder was used for
the C3a mix.

Ancillary trial Temperature controlled
A1 Control Same control (C1) mixes used in Core trial

Two strips of this mix were placed, designated A1-1 and A1-2.

Follow-up trial Temperature controlled
C1, C2, C3, C4, C6, C7 as above All of the Core trial mixes, with the exception of the C5 mix were retested in the

Follow-up trial under controlled temperature conditions (50◦C at mid-depth of
asphalt).

those tested in the Core trial when temperatures were
not controlled.

Laboratory creep testing had indicated that, based
on the minimum creep slope, the C2 mix, designed
using theAustroads mix design processes, should have
been more rut-resistant than the control mix (C1),
designed using the Marshall method. Additionally,
experienced asphalt mix designers believed that the
use of crusher fines in the C2 mix in place of the sand
used in the C1 mix should also have ensured that the
C2 mix was more rut-resistant than the C1 control mix.

However, in all ALF tests the C2 mix demonstrated
higher deformation rates than the C1 mix.

3.6 Results of laboratory testing

An extensive laboratory testing program (Oliver, 1994;
Oliver et al., 1995) was conducted as part of the trial.A
variety of asphalt specimen sets were tested including:

– Laboratory gyratory compacted specimens used
during the mix design phase.
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Table 2. Aggregate proportions and gradings of asphalt mixes C1, C2 and C3.

Percent of each Filler
fraction passing 10 mm rock 5 mm rock Crusher fines Coarse sand Find sand pozzolanic

C1 24 22 7 25 18 4
C2 36 14 33 0 16 1
C5 52 19 15 0 5 9

Percent passing (combined gradings)

Sieve size (mm) 13.2 9.5 6.7 4.75 2.36 1.18 0.6 0.3 0.15 0.075
C1 100 96 79 64 47 36 25 15 8 5.4
C2 100 94 70 57 72 31 22 15 8 5.6
C5 100 92 57 39 26 20 18 15 12 9.6

Figure 1. Typical relationship between surface deformation
and ALF loading.

– Gyratory compacted samples of asphalt mixes
sampled from trucks at the mixing plant.

– Cores extracted from untrafficked pavement sec-
tions.

– Cores extracted from the trafficked sections.

All samples were tested for density, and the major-
ity for resilient modulus (indirect tensile) at 25◦C
and dynamic creep at 50◦C using the then-draft
procedures, which have subsequently been adopted
as Australian standards. Some Marshall (50 blow)

Table 3. Comparison of Core and Follow-up trial test
results.

Deformation rate (µm/kilocycle)

Mix code Core trial* Follow-up trial

C1 12 373
C2 20 610
C3 18 197
C4 6 106
C5 15
C6 9 99
C7 10 254

*Adjusted deformation rate.

testing was conducted on selected specimens to pro-
vide comparative data, and a limited number of sam-
ples were also tested by the University of California
using the Cox shear testing device. Additionally, slabs
of the asphalt mixes were extracted from untrafficked
areas of the test pavements and subjected to wheel-
tracking using a device based on a UK Transport
Research Laboratory design which was subsequently
developed into an Austroads test method.

This paper will focus largely on the findings related
to the dynamic creep test.

As shown in Figure 2, dynamic creep tests con-
ducted on gyratory compacted samples (of plant mixed
materials) showed that the C2 mix had a lower creep
slope, implying better rut-resistance, than the C1 mix
over a range of air void contents. As noted above, this
is contrary to the relative ranking of the deformation
observed underALF trafficking. Of additional interest
is the large effect that air void content had on minimum
creep slope; the creep slope for the C2 mix changed
by a factor close to 800 between air void contents of
1% and 7.5% (Oliver et al., 1995).

Figure 2b shows that the creep slope continued to
decrease with decreasing air void content below 3%,
indicating increasing rut-resistance. However, general
experience has shown that rapid shear failure occurs
under field conditions for mixes with less than 3%
voids. As a result of this testing, the creep test proce-
dure was subsequently changed to specify that testing
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Figure 2. Comparison of air void content and creep slope
for C1 and C2 mixes.

be conducted at a void content of 5%. Nevertheless
two issues remain:

– The possibility of misinterpretation of the dynamic
creep test results from field extracted cores in which
the control of air void content is more difficult.

– The inability of the dynamic creep test procedure
to detect the propensity of low void mixes to rapid
shear failure, thus casting some doubt on the utility
of the test as a performance indicator of all of the
mechanisms involved in asphalt mix deformation.

Table 4 summarizes the creep slopes and resilient
modulus results for field cores and also the results
of wheel-tracking conducted on field-extracted slabs.
The dynamic creep slope is sensitive to air void content
(Oliver, 1994). In order to compare dynamic creep data
with both ALF deformation data and wheel tracking
results on samples cut from the ALF pavement, the
minimum creep slope for each mix was calculated at
the air void content considered to be typical for that
mix in the trial pavement. The procedure is described
in more detail by Oliver (1994). The wheel-tracking
results are discussed below.

Figure 3 compares the observed ALF deformation
rates at 35◦C (the typical value associated with the
Core trial) and at 50◦C (the controlled temperature
used in the Follow-up trial) with the minimum creep
slope of field cores (corrected to an air void content
representative of ALF pavement conditions).

Figure 3. Comparison of minimum creep slope and ALF
deformation rate.

The results indicate that the dynamic creep test
might be able to predict the relative ranking of mixes
with the same grading and aggregate composition but
different binders (i.e. mixes C1, C3, C4, C6, C7 and
C1). However, the test does not appear to be able
to correctly predict the performance of mixes hav-
ing different aggregate gradings (i.e. C2, C5 and RS
compared to C1).

The inability of the minimum creep slope to cor-
rectly rank the deformation resistance of mixes with
different aggregate gradings was considered a major
impediment to the widespread adoption of the test as
the deformation performance indicator for use in mix
design. Hoping that relatively minor adjustments to
the test procedure would produce results more in line
with the ALF field observations, some limited testing
incorporating confining pressures was conducted.The
results proved inconclusive.

As seen from Figure 4, a better match to the ALF
deformation results was obtained from wheel-tracking
tests (data listed in Table 4). A wheel-tracker, based on
a Transport Research Laboratory design and similar
to the small wheel-tracker used in current European
standards was used.

As a result of this work, the use of wheel-tracking
tests was included in the Austroads asphalt mix design
process, with particular reference to their use in the
design of heavy duty mixes.
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Table 4. Summary of laboratory test results of field cores.

Dynamic creep testing at 50◦C Wheel-tracking at 60◦C
Resilient

Air voids modulus at Min. creep slope Ranking of Tracking rate Ranking of
Mix code (%)* 25◦C (MPa) (µm/cycle) rut-resistance (mm/kilocycle) rut-resistance

C1 3.7 3 950 13.3 7 2.04 6
C2 3.2 4 090 3.6 3 2.47 7
C3 3.1 1 320 (4.8) 4 0.75 2
C4 2.4 4 380 0.8 1 0.98 3
C5** 3.7 4 010 (6.1) 5 1.99 5
C6 5 3 750 3.5 2 0.57 1
C7 3.7 4 620 (8) 6 1.33 4

*Air voids determined on cores assumed to apply to ALF trafficked area.
**60/40 composite of SMA bonded to C4.
( )Estimate since regression line not significant or value outside range of data.

Figure 4. Comparison of wheel-tracking results and ALF
deformation rate.

3.7 Conclusions of deformation of asphalt mixes
ALF trial

The main findings of the trial were:

– Under controlled temperature ALF trafficking,
clear differences in deformation were observed
between different asphalt mixes.

– Multi-grade and PMBs demonstrated higher rut-
resistance than conventional binders under ALF
loading.

– Unexpectedly, the control mix (C1) designed using
the established Marshall process outperformed the
mix designed using the new performance-based
mix design procedures (C2).

– Laboratory testing on gyratory prepared specimens
showed that air void content highly affected both
resilient moduli and minimum creep tests

– Significantly, the minimum creep slope continued
to decrease with decreasing air void content below
3% voids, indicating that the test could not read-
ily predict the rapid shear failures that commonly
occur with extremely low void content mixes.

– The minimum creep slope of field extracted cores
could rank the relative performance underALF traf-
ficking of mixes having the same composition but
different binder types, but not the relative perfor-
mance of mixes with different aggregate gradings
and compositions.

– A reasonable correlation was found between the
results of wheel-tracking at 60◦C of slabs extracted
from the field and the deformations obtained by
ALF trafficking at a controlled temperature of 50◦C

– The multi-grade and SBS mixes demonstrated a
lower dependence of deformation rate under ALF
loading on temperature than mixes with conven-
tional binders.

In the context of this paper’s underlying theme, the
most significant outcomes were:

– The successful first use of ALF testing to validate
(or not) laboratory test procedures for predicting the
performance of pavement materials (all previous
ALF trials had focused either on direct mate-
rial behavior, construction techniques, or pavement
design processes).

– A clear demonstration that, in isolation at least, the
dynamic creep test was not as good a predictor of
the deformation performance of asphalt mixes as
had been expected – the test was poor at reflect-
ing the (poor) performance of very low void mixes,
and was unable to distinguish between different
aggregate compositions between mixes.
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– A rolling-wheel-based test, the wheel-tracking test,
was able to provide a better prediction of the relative
ranking of deformation underALF loading than the
pulsed dynamic creep test.

The use of accelerated pavement testing thus helped
to ensure that an appropriate rutting test would be
selected for use in asphalt mix design in Australia.

4 STUDY 2: DEFORMATION OF UNBOUND
GRANULAR BASES

4.1 Research context

Road authorities in Australasia are coming under
increasing pressure to deliver higher levels of service-
ability to the road user, in a climate of continuing
changes in traffic loadings (increasing volumes, high
axle loads and new generation vehicles), scarcity of
resources (reduction in high quality traditional mate-
rials and increased use of alternative materials such
as recycled materials, and construction and industrial
wastes), and moisture/thermal environments (increas-
ing consumption of water for irrigation, changes in
landscape, and climatic and thermal changes).

Currently most design, material specification, and
construction technologies for sprayed sealed surfaced
unbound granular pavements are still empirically
based. Given the changes listed above, authorities are
increasingly finding that they are pushing the bound-
aries of the empirical knowledge. One significant
deficiency in the specification of granular materials
is the lack of a reliable test to estimate the defor-
mation of these materials in-service. This has led to
a need to develop performance-based specification
(PBS) approaches for unbound granular materials in
Australia and New Zealand.

Austroads member authorities considered the
repeated load triaxial (RLT) test to be the best can-
didate laboratory performance test to pursue new
material measures (such as shear strength, resilient
modulus, and pavement layer deformation) for use in
PBS of granular material, and for predicting the per-
formance of granular pavements with thin bituminous
surfacing in a mechanistic pavement design proce-
dure. In over a decade of development, a test procedure
was written, relatively inexpensive testing equipment
was developed, and the use of testing incorporated
into some routine road authority practices. However,
widespread use of the test has been hindered by the
lack of data relating the laboratory RLT test results
to observed field performance, and the lack of proce-
dures for incorporating RLT results into the PBS and
mechanistic design process.

In order to address this issue, Austroads funded a
major research project centered upon the comparison
of field results obtained by the use of ALF with an
extensive laboratory testing program.

4.2 Repeated load triaxial test

The Austroads RLT test for granular materials char-
acterizes the vertical permanent stress at three levels

of dynamic deviator stress (σ1–σ2) conditions: 350,
450 and 550 kPa, and a static lateral stress of 50 kPa.
Each stress condition is repeated for 10,000 repetitions
(Austroads 2007). Based on the test results, stress-
dependent characteristics of permanent strain for the
material can be determined. Multiple tests at differ-
ent density and moisture conditions may be required
to assess the sensitivity to moisture and density of
the material. The specimens are compacted in a split
mould in five layers using a drop hammer to produce
specimens 200 mm in height and 100 mm in diameter.
Materials up to a maximum particle size of 19 mm may
be tested.

4.3 Overview of ALF trial

Several test values (e.g. deformation rate per
1,000 cycles, and maximum deformation for each
loading stage) can be extracted from the RLT test
results for use in assessing the potential for permanent
deformation of the material under field conditions.
The main objective of the project was to determine
which test values best correlated with performance
under accelerated loading.

TheALF trial was conducted at the semi-permanent
ALF site located at Dandenong South, an outer eastern
suburb of Melbourne. As was common practice of the
time, and remains current practice, the test pavements
were constructed inside a large dedicated shed, and
all trafficking took place within this enclosure. The
shed, coupled with a drainage system, ensured that
the moisture condition of the unbound bases was kept
constant.

Four different bases were tested with the ALF
between July 2007 and June 2008. After completion
of ALF testing, laboratory tests were conducted at the
same densities and moisture conditions present during
the ALF trafficking. A simple comparison of labora-
tory test results with observed field performance under
ALF could then be undertaken. Most trafficking was
conducted with 60 kN dual wheel loading on a (half)
single axle.

In order to ensure that the only mode of distress for
the constructed pavement would be permanent defor-
mation, and that this deformation would be restricted
to the base material, and not occur in any subbase
materials, a base course thickness of 350 mm was
selected for all four materials. A cemented crushed
rock subbase was placed under the granular bases for
the following reasons (Moffatt and Eady, 2007):

– To ensure that the material underlying the granu-
lar base was deformation resistant, thus limiting
the total pavement deformation to the overlying
unbound granular base.

– To provide a stiff layer against which construction
equipment could compact the granular material,
thereby ensuring uniform densities were achieved
both with pavement depth and also longitudinally
along the test pavements.

A sprayed sealed surface was used instead of asphalt
to further ensure that any surface deformation directly
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reflected the deformation of the granular materials
and that no contribution was made by the surfacing
material. The sprayed double/double latex modified
emulsion seal was designed using current Austroads
seal design procedures (Moffatt and Eady, 2007;
Holtrop and Moffatt, 2008).

4.4 Unbound granular bases tested

In order to ascertain which of the parameters from
the RLT test best correlated with base performance
under accelerated loading, it was important that the
materials for testing be carefully selected to cover
a wide range of material qualities. Twelve candi-
date materials were nominated by Austroads member
authorities, and these materials were tested using both
current empirical specification tests (e.g., LosAngeles
abrasion [LAA], grading, plasticity index [PI], etc.)
and advanced laboratory test methods for mechani-
cal properties including permanent strain and resilient
modulus using the RLT test (Vuong et al., 2007). Based
on this testing, four base materials were selected as
follows:

– Material A: Crushed rhyolite
– Material B: Crushed hornfels
– Material C: Crushed limestone
– Material D: Crushed tuff

The Victorian crushed rhyolite is a typical good
quality 20 mm crushed rock produced commercially
at a quarry in Melbourne. It is an angular, rough, hard,
blue-grey crushed rock containing some dolomite and
some blue-grey sand silt. This material is hard crushed
rock with LAA of 12% but has added fines to improve
its plasticity (PI of 4%). It meets VicRoads specifi-
cation requirements for Class 1 crushed rock and has
been widely used in Melbourne.

The Victorian crushed hornfels used in this
study was obtained from a quarry in south-eastern
Melbourne. It has a fines content of 18% (exceed-
ing the limit of 13% passing the 0.075 mm sieve) and
plasticity index of 9% and, therefore, is regarded as
Class 3 material for subbase according to VicRoads
specifications. Currently, this material is not used as
crushed rock base material in Victoria.

The crushed limestone was obtained from a quarry
near Port Wakefield in South Australia. The mate-
rial has been used for granular overlays in several
passing lanes on heavily trafficked roads (design life
>107 ESA) during the last three years. This material is
regarded as one of the better Class 1 materials available
in South Australia.

The Victorian crushed tuff was obtained from a
quarry in the south-western region of Victoria. Gener-
ally, tuff metamorphoses from volcanic ash. This ash
was eventually buried to depths sufficient to produce
temperatures and pressures necessary to petrify it into
the tuff. Some tuff was later uplifted, and exposed to
a secondary alteration with mordenite, which acted
much like glue, changed the color, and gave it added

Figure 5. Summary of measured surface deformations
under 60 kN ALF loading.

strength. This material is soft (LAA of 45) and is high
in fines. It is currently only used as base on lightly
trafficked roads in south-western Victoria.

4.5 Results of field testing

The full details of the trafficking program and data col-
lected are reported elsewhere (Jameson et al., 2010)
and the full trial findings have been discussed at sev-
eral international conferences (Jameson et al., 2010a,
2010b).

Figure 5 and Table 5 summarize the number of
cycles of loading to 10 mm of surface mean defor-
mation for each experiment (i.e. 12 m tested length).
Some experiments were sub-divided into sub-sections
if two distinct areas of performance were observed
with the 12 m length (these are referenced using the
site chainage in meters). For some experiments the
deformation observed at the completion of trafficking
was generally lower than the 10 mm terminal defor-
mation criterion, and in these cases the cycles to reach
10 mm deformation have been extrapolated.

It is clear from this data that the crushed hornfels
material failed rapidly under 60 kN loading (Experi-
ments 3503 and 3504), and so repeat testing was con-
ducted at 40 kN (Experiment 3405). Despite the lower
loading level, the material again deformed rapidly.
Post-trafficking forensic evidence indicated that the
quick failure of the hornfels base was due to lateral
shoving of the material rather than rapid densification.

4.6 Results of laboratory testing

4.6.1 Austroads RLT method
After the conclusion of ALF trafficking, RLT tests
were conducted following the Austroads test method
(Austroads, 2007) described above. For each of the
materials, testing was conducted at densities and mois-
ture contents that matched those that occurred in the
field during the ALF trafficking. Table 6 summarizes
the permanent axial strains recorded. It is apparent
from this table that the strains in Stages 2 and 3 were
poorly correlated with the deformation performance
of the materials under ALF loading (Table 5). If the
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Table 5. Estimated loading cycles to 10 mm mean surface deformation.

ALF kilocycle to
10 mm deformation

Mean density Mean moisture
Material Experiment (t/m3)1 content (%)2 60 kN 40 kN

Crushed rhyolite 3401 2.26 3.6 1,160* –
Crushed hornfels 3403 Ch. 9 to 12 m 2.33 4.6 6.5 –

3403 Ch. 12.5 to 19 m 2.33 4.7 3 –
3404 2.33 4.7 3.6 –
3405 Ch. 34 to 39 m 2.30 4.7 – 3.9
3405 Ch. 39.5 to 44 m 2.28 4.7 – 8.7

Crushed limestone 3407 Ch. 21.5 to 25.5 m 2.27 4.9 74 –
3407 Ch. 26 to 31.5 m 2.27 4.6 >1,0003 –

Crushed tuff 3409 Ch. 9 to 12 m 1.77 14.7 – 350
3409 Ch. 12.5 to 19 m 1.76 15.3 – 135
3410 1.76 15.3 83 –

1determined using nuclear density meter; 2determined using oven dried samples; 3extrapolated.

Table 6. Measured permanent axial strains at field densities and moistures (Austroads method).

Permanent axial strain in stage 11 (microstrain)
Incremental permanent Incremental permanent

All cycles Strain after Stage1 less strain strain in Stage 22 strain in Stage 33

Material Stage1 first 50 cycles after first 50 cycles (microstrain) (microstrain)

Crushed rhyolite 5,540 3,050 2,490 1,060 2,720
Crushed hornfels 10,280 7,800 2,480 780 2,400
Crushed limestone 5,670 3,240 2,430 1,370 5,300
Crushed tuff 8,310 5,060 3,250 3,270 >7,000

1350 kPa deviator stress; 2450 kPa deviator stress; 3550 kPa deviator stress.

first 50 cycles of the test are ignored, then Stage 1
permanent strains were also poorly correlated to the
ALF results. It was only the first 50 cycles of testing in
Stage 1 that ranked the four materials in a manner con-
sistent with their performance under ALF trafficking.
Unfortunately, the deformation in the first 50 cycles is
highly variable, being heavily influenced by the proce-
dure used to finish the top of the test specimens, and as
such it cannot be used as a reliable performance index.

4.6.2 Alternative RLT methods
Testing of samples was also conducted using two vari-
ations on the Austroads RLT method. Samples of
the four materials were tested by the Department for
Transport, Energy and Infrastructure (DTEI) in South
Australia using their method which is a variation of
the Austroads test method (DTEI, 2008). Pavespec
Ltd tested the materials in accordance with the Transit
New Zealand (now the NZTransportAgency) method,
which varies considerably from the Austroads method
(Transit New Zealand, 2007). Both of these testing
exercises yielded poor correlations of RLT defor-
mation performance with the observed performance
under ALF.

4.6.3 Static shear tests
The shear strength of the four bases was measured
in accordance with the Standards Australia test (Stan-
dards Australia, 1998). Generally, shear failure tests
should be conducted on three to four specimens for
each material (compacted to a single density-moisture
condition) at different constant confining pressures
(e.g. 25, 50, 75 and 100 kPa) to enable derivation of
general failure relationships, which are used to cal-
culate shear strength (failure stress) at a given applied
confining stress. However, the test method allows three
levels of failure stress to be applied to a single test spec-
imen (compacted to a specified combination of density
and moisture content) to reduce the testing effort.

Table 7 summarizes Mohr-Coulomb criteria param-
eters and shear strength results for the four bases at
their field densities and moisture contents. In princi-
ple, a material having a higher friction angle is more
stable under a high confined stress condition, whereas
a material having a higher cohesion value is more sta-
ble under a low confined stress condition. For the stress
condition in the base layer, finite element method pave-
ment analysis (Vuong, 1999) indicated that the highest
shear stress would occur at a depth of between 75 and
100 mm, with typical mean stress of about 200 kPa
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Table 7. Static shear strength results.

Dry Moisture Frictional Shear strength at mean Shear strength at mean
density content angle Cohesion stress of 200 kPa stress of 300 kPa

Material (t/m3) (%) (◦) (kPa) (kPa) (kPa)

Crushed rhyolite 2.28 3.0 60 70 590 820
Crushed hornfels 2.33 4.8 57 68 580 800
Crushed limestone 2.27 4.9 57 40 510 740
Crushed tuff 1.77 15.0 48 60 490 670

and a difference between principal stresses (or devi-
ator stress, q = σ1 − σ3) of 450 kPa. Therefore, to
characterize the four bases, the shear strengths were
determined at the mean stress of 200 kPa (Table 7).

Table 7 shows that the measured static shear
strengths of the rhyolite and hornfels were very similar
at their field test densities and moistures. The labora-
tory test did not replicate the change in structure of the
hornfels that occurred in the field under repeated ALF
loading.

4.6.4 Wheel-tracking tests
A possible reason the permanent strains measured in
the Austroads laboratory RLT test did not closely cor-
relate with rutting under accelerated loading is that this
laboratory test does not include rotating shear stresses.
Given the findings of the asphalt deformationALF trial
a decade earlier, it was of interest to assess whether
a laboratory wheel-tracker test would correlate more
closely with the accelerated loading results. Initial
tests conducted using the small-scale wheel-tracker
did not prove helpful. The Roads and Traffic Author-
ity, New South Wales uses a wheel-tracking device to
test asphalt using a procedure similar to the European
large wheel-tracking test (European Committee for
Standardization, 2004). Table 8 shows the key charac-
teristics of the small-scale wheel-tracker and the RTA
large-scale machine.

Using the RTA machine, a single wheel-tracking
test was conducted on each of the four base materials.
The materials were compacted in a series of layers, at
the field densities and moisture contents experienced
during the ALF trafficking, in a mould 700 mm long,
500 mm wide and 300 mm deep. To prevent moisture
evaporation during wheel-tracking, the top of the com-
pacted specimens was sealed with polyurethane, which
was cured overnight.

Wheel-tracking comprised 10,000 passes of a sin-
gle, treadless, tire (125/75R) inflated to 700 kPa and
loaded to 10 kN. The overall tire diameter was approx-
imately 380 mm, and the resulting contact patch was
90 mm wide and 125 mm long, resulting in a contact
stress of 1,060 kPa. Deformation of the surface of the
specimen was measured regularly during the 10,000
cycles of applied load.

The results of this testing are presented in Table 9.
It is apparent that the wheel-tracking test results are
better correlated with the ALF trafficking results than
the RLT test results.

Table 8. Characteristics of small-scale and large-scale
wheel-trackers.

Characteristic Small-scale Large-scale

Wheel 200 mm 380 mm
diameter
Wheel type Steel with treadless Treadless

rubber rim pneumatic
(80IRHD units) tire

Contact width 50 mm 90 mm
Contact length – 125 mm
Load 0.7–1.5 kN 10 kN
Max. sample 300 × 300 × 100 mm 700 × 500 × 300 mm
size

4.7 Conclusions of deformation of unbound
granular bases ALF trial

The main findings of the trial were:

– There was a marked difference in the field perfor-
mance of the materials, with the crushed rhyolite
deforming an average 8 mm after 400,000 cycles of
60 kN loading, and the hornfels totaling less than
5,000 cycles to reach the same level.

– The bases were tested for rut resistance using
variations of an RLT test by ARRB Group (Aus-
troads method), DTEI (DTEI method), Pavespec
Ltd (Transit NZ method), and none of these tests
ranked the material performance in the same order
as the observed behavior under ALF loading.

– There was no indication from any of the existing
processes to interpret laboratory permanent axial
strain data that the crushed hornfels would fail
rapidly under accelerated loading.

– Both the DTEI and Transit NZ methods for
assessing permanent deformation data would have
allowed all four granular bases tested to be used
for moderately trafficked roads (>106 ESA) even
though the crushed tuff and particularly the crushed
hornfels are not suitable for base on these roads at
the test densities and moistures.

– After approximately 5,000 cycles of ALF load-
ing, the hornfels material changed in structure and
reduced to a low stiffness material – none of the
permanent strain RLT tests was able to replicate
this change in structure.

– The permanent axial strains measured in Stages 2
and 3 of the Austroads test suggested the hornfels
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Table 9. Large-scale wheel-tracking test results.

Deformation Maximum Deformation rate
Material in first deformation between 50 and Ranking Ranking from

50 cycles depth after 10,000 10,000 cycles from wheel- Austroads Ranking
(mm) cycles (mm) (mm/log(kcycle)) tracking test RLT test under ALF

Crushed rhyolite 1.7 2.5 0.16 1 3 1
Crushed hornfels 3.4 11.8 2.8 4 1 4
Crushed limestone 1.9 4.8 0.52 2 2 2
Crushed tuff 4.8 10.9 1.23 3 3 3

would be the best performer, which was of concern
given its inferior field performance.

– It was concluded that the Austroads RLT perma-
nent strain test is not suitable for characterization
of the deformation of unbound bases under thin
bituminous surfacings (this is not to suggest that
the RLT test is not suitable to assess the deforma-
tion of granular materials under thick asphalt layers
where shear stresses are lower and densification
rather than shear governs the rutting).

– The wheel-tracking results correlated reasonably
well with the accelerated loading results, and it was
concluded that a wheel-tracking test is the most
suitable test for characterization of the deformation
of unbound bases under thin bituminous surfacings.

– Further development of a wheel-tracking test is
warranted.

The results of the trial support the contention that
incorporating the aggregate interlock characteristics
under the shear stress reversals that occur under rolling
wheel loads is an integral part of a performance test
for granular bases.

In the context of this paper’s underlying theme, the
most significant outcomes were:

– The successful further use of ALF testing to assess
laboratory test procedures for predicting the per-
formance of pavement materials.

– A clear demonstration that, in isolation at least, RLT
permanent strain tests are not able to represent the
susceptibility of an unbound granular material to
fail when subject to high shear stresses, and are
unable to replicate the relative ranking of material
performance under accelerated loading.

5 SUMMARY

There are a series of common themes to the two case
studies described, and some strong lessons to be learnt.
In fact it could be argued that the lessons learnt from
the asphalt deformation trial could have been better
considered during the development of the RLT testing
process for granular materials.

Both studies set out with the clear goal of verifying
that the laboratory developed procedures represented
good predictors of in-service performance. In both
cases accelerated load testing was seen as the most
time- and cost-efficient means of rapidly collecting

performance data, and under controlled conditions. In
both cases the laboratory tests were based around verti-
cal axial loading, and in both cases the tests were found
inadequate in predicting the relative performance of
different aggregate structures under full-scale rolling
wheel loads. Of note, wheel-tracking laboratory-based
tests were found to be a better predictor of field
performances.

Considerable effort was expended in developing the
dynamic creep test, and the results of theALF trial were
a disappointment to many. Nevertheless at the end of
the process, accelerated pavement testing had high-
lighted the shortcomings of the test, and had provided
a data set against which other test processes could be
assessed.

This paper suggests that when developing labora-
tory performance-based assessment tests, verification
testing should be undertaken as early in the develop-
ment process as possible, and that the role that accel-
erated pavement testing can play in that verification
be strongly considered.
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ABSTRACT: A series of laboratory and full scale Accelerated Pavement Tests (APT) were performed to
quantify the effectiveness of geogrid stabilized flexible pavements. The measured responses at critical locations
helped to improve understanding of the behavior and benefits associated with incorporation of a geosynthetic
within unbound aggregate to form a Mechanically Stabilized Layer (MSL). The information obtained from APT
combined with numerical modeling research helped to identify the key features that affect long-term performance
of flexible pavements. Further, interpretation of the results generated from this combined approach was used to
model the benefits of geogrids in pavement design. This paper presents a general approach to implement APT
results in pavement design. This paper will also discuss other types of testing and research that can be used to
reliably predict performance prior to establishing a full-scale APT program.

1 INTRODUCTION

Geosynthetics are commonly known to provide one
or more of the following functions: (1) separation,
(2) reinforcement, (3) filtration, (4) drainage, and
(5) protection. Historically, laboratory and field pave-
ment tests have been conducted to evaluate perfor-
mance of geosynthetic stabilized flexible pavement
systems. Improved traffic performance or reduced sur-
face rutting performance reported from these tests
are commonly used as the basis for development of
empirical design methods. The logic employed for the
empirical design method is related to geosynthetic
products (or their index properties) and performance.
A hypothesis employed in this empirical method is
that the index properties such as aperture size, rib
tensile strength, junction strength, and manufactur-
ing process are reasonable metrics for determining
which product to select for a given application. As the
index properties increased there is an increase in pre-
dicted performance. However, there are experimental
test and field study results which suggest that increased
performance by geosynthetic index properties is not
valid. The introduction of many different types of
geogrid materials has made product selection diffi-
cult. The Federal Highway Administration (FHWA)
offers a set of minimum properties required by geogrid
reinforcement for stabilization and base reinforcement
applications that are recommended. However, it is
important to recognize that the geogrid index proper-
ties listed in the FHWA design manual (FHWA, 2008)

are listed for survivability and are not provided as
indicators of performance.

Another function that is critically important to
punched and drawn geogrid, but less understood and
less acknowledged as a key function, is stabilization.
Lateral spreading of unbound aggregate is reduced by
inclusion of a geogrid. A geogrid layer facilitates the
optimal construction of a surrounding soil or aggregate
by synergistically interacting with the soil or aggre-
gate layer during construction in such a way that the
soil or aggregate layer obtains its optimal engineering
properties so that the performance of the aggregate
layer is maximized. When the aggregate layer is in ser-
vice the geogrid interacts with the aggregate particles
and maintains optimal and/or enhanced performance
during service. As a result, the composite consist-
ing of aggregate and geogrid has enhanced properties
over those of the original host material. The term
mechanically stabilized layer (MSL) was introduced to
define a composite structure (geogrid and aggregate)
with enhanced stiffness in relation to a conventional,
unbound aggregate layer.

A mechanistic based pavement design method bet-
ter accommodates alternative materials to achieve a
desired level of pavement performance. Implemen-
tation of the MSL in mechanistic designs requires a
series of performance related data. Numerical stud-
ies using a discrete element method demonstrated that
“enhanced” properties exist in the aggregate layer in a
“zone of influence” that is generally in close proximity
to the geogrid, and extends away from the geogrid for
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Figure 1. CAL/APT framework (Harvey, 2000).

a distance that will vary depending on aggregate type,
geogrid type, and construction procedures (Konietzky
et al., 2004; McDowell et al., 2006). It is believed that
there is “an optimal” geogrid property that is depen-
dent on the aggregate and conditions of use such as
loading. This concept is very difficult to prove or
measure due to the limitations of measuring aggregate
properties in constructed structures.

Research activities for evaluation and validation of
the mechanical stabilization concept and its influence
on pavement performance are presented in this paper.
This paper presents findings of both laboratory and
APT test results. Laboratory tests were conducted to
validate the MSL concept. Analyses of the laboratory
and full scale APT could provide a guideline for MSL
use in pavements. The impact of an MSL on pavement
performance is investigated using the APT facility at
the U.S. Army Corps of Engineers Engineer Research
and Development Center (ERDC).

The research activity to quantify the effective-
ness of geogrid stabilized flexible pavements follows
the framework within which the Caltrans Acceler-
ated Pavement Testing (CAL/APT) Program operates,
which is summarized in Figure 1 (Harvey, 2000).

2 SOLUTION CONCEPT

When unbound granular materials are compacted in
layers in pavements, the quality of the selected materi-
als, (grading, angularity, durability, etc.) will normally
improve. The various contributing material qualities
can be agglomerated in a modulus value, (e.g. resilient

Figure 2. Graphic representation of the geogrid Mechani-
cally Stabilized Layer (MSL).

modulus, surface modulus or elemental modulus).The
modulus of overlaying layers is dependent upon quality
of the underlying layer for a given quality and specifi-
cation of a material and its thickness. This means that
layers are interdependent and their combined effect
is not the same as that employed in some empirical
methods such as a structural layer coefficient as used
in the AASHTO 1993 design method. This concept
can be extended to Mechanistic – Empirical analysis
by considering the influence of lateral confinement
that develops through use of geogrids. In this regard,
modulus enhancement is one of the more realistic
options.

Based on the empirical and theoretical research con-
ducted by Wayne et al. (2011a, 2011b, 2011c) and
White et al. (2010a, 2010b) it is evident that lateral
confinement of the aggregate promotes the ability for
aggregate to carry more load that is distributed over
a larger area. The lateral confinement mechanism is
graphically depicted in Figure 2.

In mechanistic analysis, the road structure com-
prises a specific number of material layers which
support the traffic load while, ultimately protecting
the sub-grade. Each layer is defined by a thickness,
a modulus and a Poisson’s ratio. The analysis of the
structure reveals a resulting critical stress and strain
within each layer.The critical stress or strain values are
then used within a transfer function equation to predict
the traffic life of the individual layer. If the layer is an
aggregate material, its serviceability is usually defined
by rutting, and the critical parameter as vertical com-
pressive strain at the top of the layer.There is one minor
exception to this rule and that is the evaluation of the
subgrade. The predicted life for the subgrade is based
on the rutting, measured at the surface, and not within
the subgrade alone, or the overlying layer.

Inclusion of a geogrid within the unbound aggregate
will change the distribution of stresses and strains as a
result of enhancing the modulus of the stabilized layer.
The MSL provides long term performance benefits by
delaying the onset of rutting and fatigue. Depending
on the geogrid type, the performance benefit will vary
for each geogrid based on behavior in full scale testing.
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Figure 3. Gradation of aggregate base material.

Once the performance of a material subjected to full-
scale repeated loading has been assessed to account
for the presence and effect of a geogrid, then the MSL
can be properly accounted for in the pavement design
procedure to achieve an enhanced life, or its thickness
can be altered to achieve equal performance to that of
a thinner structural section.

3 PROOF OF CONCEPT – EVALUATION OF
MSL WITH LABORATORY TESTS

The introduction of geogrid reinforcement and the
complex phenomena of stabilization require mech-
anistic response validation. The interaction between
the soil/aggregate and the geosynthetic during con-
struction results in an increase in modulus of the
base material soil/aggregate. Lateral confinement is
the critical mechanism that determines the perfor-
mance of a mechanically stabilized layer. A number of
discrete element modeling (DEM) studies conducted
to capture the true interactions between geogrids
and aggregates, including load transfer mechanisms,
deformation, damage, particle re-arrangements and
more have been reported by Kwon et al. (2008). These
studies reveal that the level of confinement achieved
depends on a complex combination of geogrid prop-
erties including product geometry, rib and aperture
shape, and stiffness. Results underscore that perfor-
mance in base course reinforcement depends not only
on a geogrid’s actual properties, but also its abil-
ity to interact with, improve and ultimately create a

stiffened aggregate layer above the geogrid capable of
delivering enhanced overall pavement performance.
The validity of the concept of mechanical stabilization
is supported by triaxial test results.

In order to determine the effect of placing a
geogrid within unbound aggregate, a test combi-
nation including AASHTO T307 (Determining the
Resilient Modulus of Soils and Aggregates) and
NCHRP 598 Repeated Load Permanent Deformation
(Shear Strength of Aggregate by the Repeated Load
Triaxial Test) was conducted on crushed limestone
used in the APT research described later in this paper
(Jersey et al. 2012). Both unstabilized and geogrid
stabilized samples were tested. It is noted that both
of these tests were conducted in series – first follow-
ing AASHTO T307, then NCHRP 598 – for each test
specimen fabricated (remolded to a specified dry
density and moisture content).

Figure 3 shows the gradation of this aggregate.
The crushed limestone was classified as poorly graded
silty gravel (GP-GM) in the Unified Soil Classifica-
tion System (USCS) and as A-1-a according to the
AASHTO procedure (ASTM 2004).

The geogrid used in this study is a punched
and drawn integrally formed polypropylene triaxial
geogrid. Triaxial geogrids have triangular apertures
and increased rib thickness when compared to geogrids
with square apertures. Table 1 lists the index prop-
erties for the polypropylene triaxial geogrid used in
laboratory test specimens.

Figure 4 shows the geogrid cut in a pattern to fit
across the 6-inch diameter specimen cross section,

427



Table 1. Geogrid properties used in the tests.

Longitudinal Diagonal Transverse
Properties mm mm mm

Rib pitch 40 40 –
Mid-rib depth – 1.4 1.2
Mid-rib width – 1 1.1
Rib shape Rectangular
Aperture shape Triangular

Figure 4. Geogrid specimen preparation prior to placement
in the triaxial cell.

which was placed at the interface between the top 6 in.
specimen height and bottom 6 in. specimen height for
the geogrid stabilized specimens. Figure 4 (b) demon-
strates placement of the geogrid within the compacted
specimen.

3.1 Repeated load triaxial tests (AASHTO T307)

The resilient modulus test was conducted in accor-
dance with procedures contained within the referenced
test standard. The specimen is subjected to a series of
load pulses at a variety of axial stresses and confining
pressures (15 specific combinations of stress levels),

Figure 5. Resilient modulus predicted by the universal
model.

and recoverable deformation resulting from these load
pulses are measured. The data is used to fit a constitu-
tive model, where resilient modulus can be predicted
for any level of stress the pavement designer wishes to
consider the design. Note that if density of the aggre-
gate is not correctly achieved throughout the aggregate
layer a noticeable reduction in resilient modulus can
occur. Resulting resilient modulus equations can be
easily established for any combination of aggregate
and geogrid.

A comparison of the predictive modulus values
between the unstabilized and stabilized materials
shows that the stabilized specimen provides a stiff-
ness benefit ranging from 5 to 20%, depending on the
stress regime used for comparison (Figure 5).

While the differences in calculated modulus look
to be small, these differences could in fact be signifi-
cant when considering pavement performance. As an
example, comparison is made between the stabilized
and unstabilized materials at a bulk stress of 40 psi,
which translates into a resilient modulus of 39,000 psi
for the unbound aggregate material and 47,000 psi for
the mechanically stabilized material.

3.2 Repeated load permanent deformation
(NCHRP 598)

The permanent deformation test was conducted in
accordance with procedures documented in NCHRP
Report No. 598. Each of these specimens were tested
immediately following the AASHTO T307 procedure,
thus each specimen had been ‘conditioned’ with a
specified number and amplitude of loadings, up to
40 psi axial stress.

The deformation response from the mechanically
stabilized specimen and the unbound aggregate spec-
imen are presented in Figure 6. This is an empirical
representation of what would occur over time in a
pavement system. As indicated by the shape of the
curves versus load cycle (note that the test is commonly
stopped at 10,000 load cycles for unbound aggregate
specimens as shake down is readily achieved. If con-
tinued, plastic strain leads to failure of the specimen.
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Figure 6. Repeated load permanent deformations (Based on
NCHRP 598 results).

The mechanically stabilized specimen did not exceed
the shake down limit even after an 8% axial strain
deformation level.

3.3 Discussion of laboratory test results

These results highlight the fact that resilient modu-
lus testing can be used to characterize MSL behavior.
Although resilient modulus curves for the mechan-
ically stabilized and unbound crushed limestone
specimens were similar, repeated load permanent
deformation curves were dramatically different.

The permanent deformation test shows that the
unbound crushed limestone specimen was able to
withstand the 10,000 cycles as prescribed by the
NCHRP 598 test and showed a strain of only 4.5%.
This same specimen was able to withstand an addi-
tional 6,690 cycles at 180 psi axial stress before
reaching the 10% strain criteria. As a comparison, the
mechanically stabilized specimen was able to with-
stand the 10,000 cycles as prescribed by NCHRP 598
and showed a strain of only 3.9%. This same specimen
was able to withstand an additional 10,000 cycles at
180 psi axial stress and only reached 6.5% strain, indi-
cating a greater resistance to permanent deformation
compared to the same material without reinforcement.

4 FULL SCALE EVALUATION WITH
ACCELERATED PAVEMENT TESTING

A full-scale test section was constructed and trafficked
at the U.S. Army Engineer Research and Development
Center to evaluate the performance of a geogrid used
for base reinforcement in a thin, flexible pavement.
Three test sections consisting of a geogrid-stabilized
section and two unstabilized control test sections were
constructed under controlled conditions. The rein-
forced section was paved with 2 in. of asphalt and
the two control sections with 2 in. and 3 in. of asphalt,
respectively. The asphalt was placed on a foundation

Table 2. Summary of ESALs at various levels of surface
deformation.

Number of ESALs to rut depth

Rut Depth Stabilized Control#1 Control#2
(in.) +2in. HMA +2in. HMA +3in. HMA

0.25 19,300 1,800 4,220
0.5 100,000+ 8,100 16,300
0.75 100,000+ 9,500 24,500
1 100,000+ 13,000 27,870

which consisted of an 8 in. aggregate base layer and
a design subgrade CBR of 3%. The strength profiles
obtained after construction of the subgrade indicate a
variation of 0.5% in the subgrade support values. The
gradation of crushed limestone base course is shown
in Figure 3. A punched and drawn integrally formed
polypropylene triaxial geogrid was placed at the inter-
face between the subgrade and the crushed limestone
base.The test pavements were subjected to accelerated
trafficking to evaluate the relative performance of the
various pavement structures.

Sensors were placed to measure pavement
responses under traffic loading. Dynamic sensors
included earth pressure cells at the top of the sub-
grade, single-depth deflectometers and geogrid strain
gauges in the base, and asphalt strain gauges at the bot-
tom of the asphalt layer. Environmental sensors were
also placed in the subgrade to monitor changes in soil
moisture (volumetric), temperature, and pore pressure.

5 ANALYSIS OF APT RESULTS

5.1 Permanent surface deformation

Permanent surface deformation was measured peri-
odically throughout traffic testing. Rut depth is an
indicator of a pavement’s structural performance, par-
ticularly in thin pavements where subgrade failure is
expected to govern rather than fatigue of the asphalt
concrete surface layer. Rutting was measured at five
locations along the length of each test section at
selected traffic intervals throughout traffic testing.The
average rutting measured at various traffic levels is
shown in Table 2.

The results indicate that the onset of rutting
occurred more rapidly in the unstabilized control
sections than in the geogrid-reinforced pavement.
Further, these data indicate that the pavement service
life of the geogrid-stabilized test section exceeded that
of the unstabilized test sections.

The unstabilized control with the 2 in. of asphalt
concrete surface sustained the least traffic, followed by
the section with 3 in. of asphalt concrete surface, and
then the geogrid-stabilized section with 2 in of asphalt
concrete. Following loading to failure of these sec-
tions, trenches were excavated through the pavement
for further examination of the test section performance
as shown in Figures 7a and 7b.
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Figure 7. Pavement cross sections after testing.

5.2 Falling Weight Deflectometer (FWD)

The use of FWD data to backcalculate pavement layer
moduli is a cost-effective and widely used method.
The deflection test data were analyzed by backcalcula-
tion to determine the resilient modulus of the subgrade
and the effective pavement modulus (for the compos-
ite of the pavement components above the subgrade).
The deflected shape of the channelized traffic basin is
predominantly a function of the thickness of the pave-
ment layers, the moduli of individual layers, and the
magnitude of the load.

The FWD testing was performed periodically
throughout traffic testing.The deflection basin param-
eters were used to investigate the enhanced rutting
performance of geogrid stabilized pavements. Data
were analyzed in terms of the centerline deflection
and Base Damage Index (BDI). In general, higher
centerline deflection values indicate weaker pavement
layers.

The BDI was used to identify the strength and
stiffness of the aggregate base.

Pavement stiffness increased due to inclusion of
the geogrid mechanically stabilized layer as shown in
Figure 8 and Figure 9.

In Figure 9, the base stiffness values for the rein-
forced test section appear to be higher than those
computed for the control section.A significant drop in
pavement stiffness or increase in base damage index
occurred after 10,000 passes while the reinforced

Figure 8. Comparison of centerline deflection (D0) versus
applied traffic.

Figure 9. Comparison of Base Damage Index (BDI) versus
applied traffic.

section retained its base stiffness. This information
supports the fact that base stiffness was increased and
maintained due to the presence of an MSL.

6 SUMMARY

Guidance on how to quantify the enhanced perfor-
mance of an MSL layer was presented in this paper.
The framework presented requires a series of labora-
tory and accelerated pavement tests. Laboratory tests
can be used as an initial assessment of MSL per-
formance and then used to predict how the MSL is
expected to perform over time. The laboratory test
results provide a fundamental understanding of the
behavior of an MSL. Tests currently used for char-
acterizing unbound aggregate materials can be used to
characterize a particular combination of aggregate and
geogrid.

APT provides a practical understanding of long-
term performance of a pavement section stabilized
with the geosynthetic. Observed performance, mea-
sured pavement responses, as well as monitored pave-
ment stiffness should be used to quantify the effect of
a particular geosynthetic on pavement performance.
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The only limitation of the proposed method is that
APT test results are required to calibrate design criteria
to field performance condition. APT tests acceler-
ate the cumulative effect of traffic loading, while the
environmental effects on the pavement performance
are not normally accelerated.
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ABSTRACT: FHWA has completed a full-scale, accelerated loading experiment to identify an improved
performance-based binder purchase specification for fatigue cracking in response to the shortcomings of
|G*|sin(δ) in the current Superpave Performance Grading (PG) system. Nine candidate asphalt binder tests
relating to fatigue cracking were evaluated and the statistical based selection procedure is described that iden-
tified the strongest candidate. A composite score calculated from multiple statistical parameters was utilized
to select a test that provides a calculated critical Crack Tip Opening Displacement (CTOD) which evaluates a
binder’s strain tolerance in the presence of a crack. This paper summarizes the experimental results and recom-
mendations from the original, principal experiment plus newer data collected from the test sections using full
scale accelerated pavement aging. The test sections received an in-situ accelerated aging process, after being in
place for more than five years of natural exposure, which heated the test sections to 74 C for eight weeks. The
fatigue cracking performance of the aged test sections was measurably decreased when compared to the younger,
less aged test sections with little effect on the ranking between material types. The accelerated-aged sections
exhibited more top-down cracking than the younger, less aged sections at the same amount of passes. Extracted
binder was recovered from the asphalt layers to quantify the variation of aging with depth for modified and
unmodified asphalts from both natural aging conditions and the addition of accelerated aging. The relationships
between in-situ CTOD in the younger, less aged sections and accelerated aged sections was much stronger than
|G*|sin(δ) confirming the original recommendation from the principal experiment.

1 INTRODUCTION

Research has shown that the current Superpave Perfor-
mance Grading (PG) specification for fatigue crack-
ing, |G*|sin(δ), has limited ability to discriminate
the performance of modified and unmodified asphalt
binders (Bahia, et al. 2001). In the absence of a
binder purchase specification that is “blind” to the
type of modification, state highway agencies have
developed a variety of localized specifications (com-
monly referred to as plus specifications) added to
the Superpave PG binder specifications that can limit
innovation and impact performance.The Federal High-
way Administration (FHWA) initiated transportation
pooled fund study TPF-5(019) to validate and refine
changes proposed in the Superpave binder specifica-
tion to properly grade modified binders (Gibson, et al.
2011).

2 PRINCIPAL EXPERIMENT

Figure 1 illustrates twelve lanes of pavements con-
structed with both unmodified and modified binders
at FHWA’s pavement test facility. The total thickness
of the hot mix asphalt (HMA) and crushed aggre-
gate base layers was 660 mm (26 in.). The HMA mix
design for the test lanes was an identical, dense, coarse
graded 12.5 mm nominal maximum aggregate mix,
but the binder type was varied. Fatigue loading utilized
a 425 super single tire with a 71 kN (16,000 lb) wheel
load inflated to 827 kPa (120 psi). The wheel speed
was nominally 18 km/h (11 mi/hr). Lateral wheel wan-
der was programmed to produce a 133 mm (5.25 in.)
standard deviation of the ALF transverse position.

Radiant heaters maintained the temperature of the
HMA at 19◦C (66.2◦F) at a depth of 20 mm (0.79 in.)
deep during cooler fall, winter and spring months.
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Figure 1. Materials and layout of APT experiment.

Table 1. Fatigue performance of modified and unmodified
asphalts in principal experiment (without aging applied).

Passes to HMA
surface thickness

Binder type crack (mm) Lane

Air Blown 6,648 100 Lane 3
Control PG70-22 22,728 100 Lane 2
CR-TB 40,178 100 Lane 5
Terpolymer 79,915 100 Lane 6
Air Blown 80,984 150 Lane 10
SBS-LG 1,40,857 100 Lane 4
Fiber 1,85,484 100 Lane 7
Control PG70-22 2,91,667 150 Lane 8
SBS 64-40 3,36,326 150 Lane 9
CR-AZ/Control >375,000 100 Lane 1
Terpolymer >400,000 150 Lane 12
SBS-LG >673,000 150 Lane 11

Cracks were mapped manually so that cracked area
and crack length could be quantified, but the ranking
of those parameters has been found to be essentially
identically and thus the passes to initial surface crack
are summarized in Table 1.

3 CANDIDATE BINDER TESTS CONSIDERED
FOR REPLACEMENT

Each of the binders was characterized with nine dif-
ferent tests. Comparisons were then made between the

laboratory performance and full scale APT fatigue
cracking to identify the relative strengths of each
test. Brief descriptions of those tests are provided.
Standard dynamic shear rheometer (DSR) tests were
conducted to obtain the Superpave intermediate PG
temperature and the |G*|sin(δ) loss modulus at a fixed
temperature at 19◦C by AASHTO T-315. Low tem-
perature direct tension tests (DTT) were conducted to
obtain the low temperature failure stress and strain by
following AASHTO T-314 because low temperature
fracture could provide some association with ductile
intermediate temperature fatigue. Similarly, the low
temperature creep stiffness and relaxation properties
were included using bending beam rheometer tests fol-
lowing AASHTO T313. Martono and Bahia (2008)
conducted stress sweep and time sweep fatigue test-
ing on the ALF binders in the DSR. Time sweeps
are cyclic tests where the imposed oscillatory strain
amplitude is fixed throughout the test and fatigue dam-
age is exhibited as the resultant peak-to-peak stresses
decrease and thus the modulus decreases. As the name
suggests, a stress sweep consists of multiple cycles of
imposed stress magnitude causing the resultant cyclic
strain to increase and the modulus to decrease. A spe-
cial variation of stress sweep fatigue test was also
developed by Martono and Bahia (2008) as a faster
alternative to the time sweep. Instead of fixing the
stress amplitude during the test, the stress was expo-
nentially increased to reach failure sooner. Shenoy
(2002) developed a technique to correlate and use
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large-strain loss modulus as a surrogate for lengthy
strain sweep tests.

Andriescu, et al. (2004) proposed evaluation of the
energy needed for fracturing ductile materials to get a
measure of the fatigue and crack resistance behavior
of asphalt binders using double edged notched ten-
sion specimens. The essential work of fracture (EWF)
approach has a history of application in the failure
characterization of ductile materials such as plas-
tics, certain metals, and composite materials (Broberg,
1995; Mai and Cotterell, 1980).The work necessary to
fail a pre-notched elasto-plastic specimen is assumed
to be divided into two parts; an essential portion of
work performed in the local region of the advancing
crack creating two surfaces and non-essential work
away from the local region of cracking/tearing asso-
ciated with ductility, plasticity and yielding. Johnson
et al (2009) suggested the use of the yield energy mea-
sured in the DSR to identify the relative performance
of asphalt binders. The method involves the evalua-
tion of the amount of energy (stress-strain) to induce
peak yielding in the asphalt binder. Data from Lane 1
composite crumb rubber and dense graded HMA and
Lane 7 fiber are not considered any further in this paper
because fibers do not lend themselves to the same eval-
uation using binder tests and tools.The composite, gap
graded crumb rubber section does not allow a direct
comparison of binder effects to the dense graded mixes
and binders.

4 MAKING COMPARISONS TO JUDGE
CANDIDATE TEST STRENGTHS

Ideally, a large number of data points are desired to
make comparisons and judge the strength of various
material properties against others; e.g., binder vs. mix-
ture vs. full scale performance. This was not the case
given only five data points were available for each
HMA thickness under the ALF; 100 mm or 150 mm.
Comparisons between the binder properties and lab-
oratory axial fatigue performance measured on the
mixtures (Kutay, et al. 2008) were incorporated in
the comparative process. This was because there is
much greater control over the density for laboratory
fabricated specimens than full scale test pavements.
However, the influence of HMA construction and
unbound base and subgrade layer construction vari-
ability was analyzed and found not to be a significant
factor in the ALF performance (Gibson, et al. 2011).

An assortment of comparative and statistical tech-
niques and parameters were used. First, binder tests
were screened by inspecting the direction of the paired
data relationship in either the inverse direction or pro-
portional direction and compared against the direction
expected for a particular set of binder parameters. For
example, an inverse relationship would be expected
for two variables such as amount of cracking in the
field versus number of cycles to reach failure in a
laboratory test (binder or mixture). Any binder tests
which did not have the correct direction compared to
full-scaleALF cracking and laboratory mixture fatigue

tests were not considered any further. The direction of
the relationship was checked using the linear regres-
sion slope, correlation coefficient, and also the score
calculated by the Kendall’s Tau measure of associa-
tion. The parameters listed below were calculated and
transformed such that they ranged between 0 and 1
where 1 indicated the highest measure of association:

– Absolute value of Kendall’s Tau measure of associ-
ation score, |−1 < τK < +1|

– ANOVA significance of the regression slope;
(1-pvalue) from t-statistic

– SIGNIFICANCE of the Kendall’s Tau association
as a test for independence, like (1-pvalue)

– Absolute value of correlation coefficient, |R|
The Kendall’s Tau measure of association is a

distribution free or non-parametric, rank-correlation
parameter (Washington et al. 2001). The Kendall’s Tau
parameter is better suited to small data sets than corre-
lation coefficient, R, or coefficient of determination,
R2, which is more appropriate for larger data sets.

The four statistical parameters listed above were
computed for binder vs. ALF cracking and again
for binder vs. laboratory fatigue performance then
summed and divided by eight to yield a single com-
posite score. The individual and composite scores
for the candidate binder tests for 100 mm thick ALF
fatigue cracking are ranked from strongest to weakest
in Table 2. The ranking reveals that there are more dis-
criminating parameters than the Superpave |G*|sin(δ).
Calculated CTOD has the strongest association with
laboratory and full scale ALF fatigue cracking fol-
lowed by the Binder Yield Energy. Both of these
parameters mobilize the binder to very large strains
and deformations, which research has identified as a
needed mechanism to capture the beneficial effects
from polymer modification rather than in the linear
visco-elastic small strain region. Number of cycles to
failure from the time sweep cyclic fatigue test is the
third strongest parameter and takes place at a smaller
strain but the approach illustrates that cyclic fatigue on
binder and cyclic fatigue on mixture are equally valid.
Brittle failure strain in direct tension test at tempera-
tures much lower than the intermediate fatigue region
discriminates fatigue cracking better than the stan-
dard Superpave fatigue parameter for these particular
mixes, which could also support using deformations
larger than linear visco-elasticity applied in Superpave
|G*|sin(δ). The weaker parameters identified were the
creep slope m-value from BBR and Essential Work
of Fracture. BBR m-value was identified in the lit-
erature review as worthy of exploration but did not
appear to provide any discrimination with these par-
ticular materials in this experiment, possibly due to
the small deformations and low temperature region.
The weaker Essential Work of Fracture is a neces-
sary step in the calculation of CTOD by means of
dividing EWF by the yield strength. This suggests the
contributions of yield strength to Essential Work of
Fracture to compute CTOD is important. The individ-
ual and ranked composite scores corresponding to the

435



Table 2. Ranked binder fatigue cracking parameters from 100-mm (4-in.) ALF lanes.

Binder test Compare 1-pReg (%) τK 1-pτK (%) R Score

CTOD A.F. 99 1 99 0.95 0.99
A.C 100 1 99 0.98

Binder yield energy A.F. 94 0.8 96 0.87 0.88
A.C 90 0.8 99 0.8

Time sweep A.F. 89 0.8 96 0.79 0.88
A.C 95 0.8 96 0.88

DTT Failure Strain A.F. 92 0.6 88 0.83 0.81
A.C 93 0.6 88 0.85

Superpave |G*|sin δ A.F. 84 −0.6 88 −0.73 0.75
A.C 78 −0.6 88 −0.66

Shenoy surrogate A.F. 85 −0.4 76 −0.74 0.67
A.C 78 −0.4 76 −0.67

EWF A.F. 53 0.4 76 0.43 0.55
A.C 60 0.4 76 0.5

Low Temp m-value BBR A.F. 63 0.4 76 0.52 0.54
A.C 47 0.4 76 0.38

Stress sweep A.F. 89 −0.4 76 −0.79 0.69
A.C 83 −0.4 76 −0.73

A.F. =Axial Fatigue (Laboratory), A.C. =ALF Cracking.

Table 3. Ranked binder fatigue cracking parameters from 150 mm (5.8-in.) ALF lanes with Lane 9
SBS 64-40.

Binder test Compare 1-pReg (%) τK 1-pτK (%) R Score

CTOD A.F. 96 0.8 96 0.89 0.62
A.C 12 0.4 76 0.1

DTT Failure Strain A.F. 94 0.6 88 0.86 0.55
A.C 16 0.2 59 0.13

Shenoy surrogate A.F. 78 −0.8 96 −0.67 0.54
A.C 38 0 41 −0.3

Superpave |G*|sin δ A.F. 74 −0.8 96 −0.63 0.53
A.C 38 0 41 −0.31

A.F. =Axial Fatigue (Laboratory), A.C. =ALF Cracking.

150 mm thick ALF lanes are provided in Table 3 and
Table 4 when data from Lane 9 SBS 64-40 is included
and excluded respectively. More binder tests exhibited
correct trends when the data from SBS 64-40, a very
soft base asphalt with high polymer content that chal-
lenged the laboratory fatigue characterization ranking,
was included or excluded. Consistent with the previous
ranking, CTOD and Binder Yield Energy are present
at the top of the ranking which further supports the
discriminating ability of these tests.

Although the results are weaker than the ALF test
results, the CTOD has the strongest association with
the observed cracking while the Binder Yield Energy
and Superpave |G*|sin(δ) are weaker and have incor-
rect trends altogether. These results combined with
the ALF results help further identify and confirm
that CTOD is a discriminating parameter for fatigue
cracking.

Original binders and cracks maps from a test sec-
tion built by the Ministry of Transportation of Ontario
(2008) were able to provide another independent
assessment of the ability of CTOD, binder yield energy

and standard Superpave |G*|sin(δ) to discriminate
fatigue cracking. Seven different asphalt binders were
placed in the same pavement structure and mix design
like the experimental design of the ALF experiment.
Load associated cracking was approximated by sub-
tracting detailed crack map data from the southbound
lane from the northbound lane because heavy logging
trucks are generally reported to travel loaded in one
direction and unloaded in the other direction. Table 5
shows the same composite score and ranking analysis
as followed by the ALF data.

5 CONSIDERATION OF AGING IN APT
FATIGUE

A combination of natural and accelerated aging was
utilized to gather additional performance data to ver-
ify the CTOD recommendation from the principal
experiment and complement the younger, less aged
fatigue performance. This aging program addressed
how most APT loading takes place in the early stage
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Table 4. Ranked binder fatigue cracking parameters from 150-mm (5.8-in.) ALF lanes without Lane 9 SBS 64-40.

Binder test Compare 1-pReg (%) τK 1-pτK (%) R Score

Binder yield energy A.F. 79 1 96 0.79 0.83
A.C 79 0.67 83 0.79

CTOD A.F. 29 0.67 83 0.29 0.75
A.C 100 1 96 1

Shenoy surrogate A.F. 68 −0.67 83 −0.68 0.64
A.C 65 −0.33 63 −0.65

Superpave |G*|sin δ A.F. 67 −0.67 83 −0.67 0.63
A.C 61 −0.33 63 −0.61

DTT Failure Strain A.F. 24 0.33 96 0.24 0.39
A.C 21 0.33 63 0.21

A.F. =Axial Fatigue (Laboratory), A.C. =ALF Cracking.

Table 5. Comparison between binder fatigue cracking test and Ontario total length of cracks.

Binder test Compare 1-pReg (%) τK 1-pτK (%) R Score

CTOD Inv., Yes 79 −0.62 97 −0.54 0.73
Binder yield energy Inv., No 18 0.05 50 −0.11 0.21
|G*|sin(δ) 25◦C Prop., No 63 0.24 72 −0.4 0.5
|G*|sin(δ) 16◦C Prop., No 80 −0.43 88 −0.55 0.66

Inv. = Inverse relationship expected, Prop. = Proportional relationship expected.

Figure 2. Representation of seasonal (and daily) pavement temperature change showing the imposed APT experiments
temperature. Example for lane 2 PG70-22 Control.

of a pavement’s life cycle rather than at a later time
when the binder has become more brittle and less
crack resistant. The pavement test sections received
an in situ accelerated aging process, after more than

five years of natural exposure, which used the radiant
temperature control heaters to raise the temperature to
74◦C for eight weeks; two separate sequences each
at four weeks. Figure 2 puts into perspective the
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Figure 3. Full-scale fatigue cracking performance measured at two distinct aging levels.

time-temperature aspects of the imposed temperatures
and natural temperatures at the ALF. Seasonal and
hourly changes in pavement temperatures are repre-
sented using a daily sinusoid and annual sinusoid.
These are summed together and fit to the quintiles
of monthly climatic temperature changes, predicted
by the enhanced integrated climatic model (EICM)
from the mechanistic empirical pavement design guide
methodology for the locality of the FHWA pavement
test facility. The applied temperatures of 64◦C and
74◦C for rutting appear as spikes annotated for Site 1
and Site 2 while and 19◦C fatigue for Site 3 and Site 4
appear as notches.Accelerated aging for Site 4 appears
like the 74◦C spikes from the rutting tests.

6 IMPACT OF AGING ON FATIGUE CRACKING

Figure 3 graphically presents the early-aged and
accelerated-aged fatigue results in terms of percent
surface area cracked versus ALF loading passes. The
legend indicates the designated lane/site and pave-
ment aging condition. For example, L2S3 refers to
Lane 2 Site 3 before accelerated aging and L2S4
(Aged) refers to Lane 2 Site 4 tested after accelerated
aging. Asphalt aging and embrittlement significantly
reduces fatigue life.

The in-situ binders’ CTOD and |G*|sin(δ) prop-
erties for the 100 mm thick Lane 2 to Lane 6 were
measured after solvent extraction and recovery follow-
ing AASHTO T-319 using an 85 percent toluene/15
percent alcohol blend. Cores were taken from both
Site 3 and Site 4 of each lane in 2009 after all acceler-
ated aging and subsequent loading on Site 4 had been
completed. Only the top and bottom 25 mm (1 in.) were
cut from the cores for extraction and recovery. The
results are summarized in Table 6 and plotted graphi-
cally in Figure 4. The CTOD properties after pressure

Table 6. Summary of asphalt binders’ CTOD values (mm),
extracted and laboratory PAV aged.

Extracted Extracted
top 25 mm bottom 25 mm

Acc. Nat. Acc. Nat.
Lane Binder Aged Aged Aged Aged PAV

6 Terpolymer 9 12.8 20.3 20.1 15.7
4 SBS-LG 6.9 11.8 33.4 37.4 24
5 CR-TB 7.2 9.9 17.6 16.6 8.5
3 Air Blown 6.5 8.2 10 9.2 6.8
2 70-22 Control 6.6 7.7 11.8 14.4 7.5

aging vessel (PAV, AASHTO R-28) conditioning are
shown in Figure 4 as the vertical line for comparison
to the full scale aging responses. The natural aged and
accelerated aged properties are plotted with square and
triangle data points respectively.

The CTOD values on the x-axis are plotted in a
reverse direction so as to be more consistent with
stiffness or viscosity increasing to the right because
a smaller CTOD corresponds to a less crack resis-
tant, more brittle material. The particular binder type
is included as a text inset to each sub-figure. The data
illustrate how much less aging occurs at the bottom
HMA layers relative to the surface where temperature
swings are more extreme and more oxygen is avail-
able for oxidation. The data also illustrate that PAV
aging exceeds the lower depths of HMA while PAV
appears to underestimate surface aging responses near
the surface.

Figure 5 and Figure 6 provide a graphical com-
parison between the principal experiment’s fatigue
cracking performance and accelerated aged fatigue
cracking (cycles to 15% cracked area, see Figure 3)
plotted against in-situ binder properties |G*|sin(δ) and
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Figure 4. Change in binder CTOD due to age and depth.

Figure 5. Comparison between |G*|sin(δ) and full-scale
fatigue cracking for naturally aged and accelerated.

CTOD respectively. The accelerated aged data points
represent the average for both Site 3 and Site 4 for the
top 25 mm while the natural aged (principal experi-
ment) data points represent the average of both Site 3
and Site 4 for the bottom 25 mm because coring of the
test sections revealed that the cracking in the acceler-
ated aged sections was top-down cracking as shown in
Figure 7. It is clear the relationship between cracking
and aging for CTOD is less scattered and has a greater
level of association than the relationships observed for

Figure 6. Comparison between CTOD and full-scale fatigue
cracking for naturally aged and accelerated.

|G*|sin(δ) confirming CTOD is again a valid choice
to replace |G*|sin(δ).

7 ESTIMATES ON EQUIVALENCY OF
ACCELERATED AGING PROCESS

Estimates of the equivalent time that was simulated by
the cumulative eight week, high temperature acceler-
ated aging process have been calculated. The Western
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Research Institute is developing improved aging mod-
els for asphalt binder based on individual binders’
chemistry and the associated kinetics of oxidation
(Western Research Institute, 2011).

An ongoing study is using high temperature, atmo-
spheric pressure aging of thin 100 µm films and trans-
mission infrared spectroscopy to track the carbonyl
and sulfoxide products of oxidation.An FTIR cell with
1.0 mm path length characterizes binder dissolved in
carbon tetrachloride at a rate of 50 mg/ml.

Original binders and cores from natural and accel-
erated ALF lanes have been included along with
other national pavement test sections. Some prelimi-
nary estimates of the aging kinetics calculations using
results from Lane 2 PG70-22 control are provided
in Figure 8. The left axis provides the dimensionless
absorbance of carbonyl and sulfoxide at wave numbers
1,693 cm−1 and 1,034 cm−1, respectively, calculated
based on the hourly pavement temperature profile with
time and depth which is plotted and described by the
right axis. The calculation of the aging products are
compared for the temperature inputs with and with-
out the accelerated aging period and suggest that eight

Figure 7. Photographs of cores showing top-down cracking
in accelerated aged sections.

Figure 8. Illustration of the estimated equivalent increase in age simulated by two sessions of high temperature full scale
accelerated aging calculated from chemistry and kinetics; Lane 2 PG70-22 Control binder.

weeks is equivalent to 12 to 18 months depending on
the depth. Thus, it appears the difference in fatigue
cracking performance between the accelerated aged
and younger, less aged sections (Figure 3) is largely
attributed to the natural aging process on the order of
five years while the forced aging could account for
a smaller portion of the change in fatigue cracking
performance due to aging.

The thin film experiment more closely approxi-
mates surface aging while the conditions at the bottom
of the asphalt layer are less comparable and reli-
able than the surface. As this research is completed,
validated and the tools are implemented, full –scale
accelerated aging to enhance accelerated pavement
testing can become increasingly useful for durability
and cracking studies.

8 SUMMARY AND CONCLUSIONS

Using full-scale APT, FHWA has been able to rec-
ommend a replacement specification test for asphalt
binders to control fatigue cracking performance. A
series of test sections were constructed having the
same mix design and thickness varying only the
binder type/modification. Fatigue cracking perfor-
mance under the ALF loading was measured and
compared to the laboratory properties of the binder and
mixtures. Given the number of data points available, a
composite statistical score was used to screen nine can-
didate binder fatigue tests, which identified there were
more discriminating parameters than |G*|sin(δ). The
calculated CTOD was found to be the strongest param-
eter. Currently, a draft test method is available from
the authors in AASHTO-style format for continued
implementation of the research results.
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To further validate and strengthen the recommen-
dation, the same APT sections received full scale
accelerated aging and then loading to assess the abil-
ity of the CTOD parameter to gauge performance
of a more realistic scenario where older pavements
are oxidized and more brittle and less crack resis-
tant. The CTOD parameter was again shown to be the
strongest discriminator. Accelerated aging produced
more top down cracking and preliminary estimates on
the equivalent aging time gained by accelerated aging
followed a framework using chemistry and kinetics for
the development of improved aging models.
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ABSTRACT: Accelerated Pavement Testing (APT) has always been conducted with the objective of improving
the understanding of real pavements under real traffic and environmental conditions. While APT provides an
accelerated view of some of the major structural behavior to be expected from tested pavements, and while various
environmental conditions can typically be simulated during APT, it is important to link the results obtained to
real world pavement behavior to enable outputs fromAPT to be calibrated for use in general pavement design and
analysis. One way of conducting this type of calibration is to conduct Long-Term Pavement Performance (LTPP)
evaluations on similar pavements to those tested under accelerated conditions and to relate this information to
the APT data to calibrate the them for general use (inclusive of normal traffic and environmental conditions).
This paper evaluates six years of APT and LTPP data from two road sections in South Africa. The results of the
APT tests are compared to the LTPP data and the pavement behavior models obtained from the APT calibrated
to real-world outputs. Various concepts required to conduct these calibrations are discussed and the general
procedure is reported. It is recommended that more LTPP sections be assessed in conjunction with APT, which
should result in more realistic application of the APT data in that the effects of more real-time environmental
and traffic applications will be incorporated into calibrated models.

1 INTRODUCTION

Accelerated Pavement Testing (APT) is the controlled
application of a wheel loading, at or above the appro-
priate legal load limit, to a prototype or actual, layered,
structural pavement system to determine pavement
response and performance under a controlled, accel-
erated, accumulation of damage in a compressed time
period (Metcalf, 1996). Long-term pavement perfor-
mance (LTPP) focuses on evaluation of the in-service
performance of pavements, incorporating normal traf-
fic loads and typical environmental conditions affect-
ing the pavement in a normal way. The calibration
of APT data with LTPP data to allow for a realis-
tic incorporation of normal traffic and environmental
loading effects has been a topic of interest for APT
practitioners for many years. It has been highlighted
in two NCHRP synthesis documents (Metcalf, 1996;
Hugo and Epps Martin, 2004) as one of the objec-
tives of a comprehensive APT program, enabling the
transposition of APT data to real-world applications.
It should be appreciated that LTPP data resembles real

life (real pavement, real traffic and real environment)
while APT data are collected to understand behavior
and to develop performance models in an accelerated
period, and therefore the APT data should be adapted
to the LTPP data.

Although the general aims and objectives of the
combination of APT and LTPP data have been rec-
ognized for many years, the practical and economic
aspects of such a combination of data have typically
been the major hindrance in achieving this aim. From
a practical viewpoint, it is important to ensure that the
LTPP sections and the APT sections are located on the
same pavement types and in the same environmen-
tal areas, and that the traffic on the LTPP section can
be monitored in sufficient detail to use as input into
the analysis process. This traffic should also resem-
ble the traffic applied to the APT section within a
reasonable period. From an economic viewpoint it
should be appreciated that the operation of a qual-
ity LTPP program requires dedicated funding over a
number of years, even though limited data are added
to the database each year. The significance of the data
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only materializes once sufficient data are available to
compare realistically with the collected APT data.

This paper focuses on one application of a combi-
nation of the data from an APT and LTPP program
in South Africa. There are currently two such pro-
grams running in South Africa, one for the Provincial
Administration of the Western Cape (PAWC) on which
this paper focuses, and one for the Gauteng Provin-
cial Administration. The paper starts with background
on the development of the LTPP guidelines used in
the program, as well as some thoughts regarding the
effective implementation of these guidelines into a
provincial roads department environment. This is fol-
lowed by a short methodology followed in developing
this paper, and background information of the two
pavements on which the APT and LTPP data were col-
lected. The surface rut and elastic deflection data of
the two pavements are compared and discussed, and
conclusions and recommendations developed based on
the data are provided.

2 PROJECT BACKGROUND

In 2003, when the South African initiative to relate
APT to LTPP was started, very few formal compar-
ative experiments had been undertaken anywhere in
the world, although numerous ad hoc studies had been
carried out in a number of countries. The primary rea-
son given for this is usually the absence of sustained
long-term funding.

Although committed funding had not been guar-
anteed for the South African Heavy Vehicle Simu-
lator (HVS) APT/LTPP study program, the need for
a protocol to standardize the methodology used for
establishing and monitoring LTPP sections in con-
junction with APT sections was identified, with a
view to initiating such a study. The protocol, writ-
ten in the form of a guideline was finalized in 2004
(Jones and Paige-Green, 2003) and a paper presented
on it at the 2nd International Conference on Accel-
erated Pavement Testing (Jones et al., 2004). The
protocol covers management responsibilities, section
location and establishment, instrumentation, and data
collection and reporting criteria. The protocol was
developed for mobile facilities, but most aspects are
also applicable to fixed facilities and test tracks.

In 2004, funding to conduct LTPP studies adjacent
to two recently completed APT studies was pro-
vided by the Gauteng Department of Transport and
Public Works to “test” the protocol. The first experi-
ment included two sections where recycled materials
(clinker ash) were used as base material with a thin
chip seal surfacing. The second experiment was part
of a full-depth reclamation with foamed bitumen study.
Annual monitoring of these two sections continues
today and interim reports have been published (Jones
et al., 2007).

Additional funding was provided by the Depart-
ment of Transport and Public Works (DTPW) of
the Provincial Administration of the Western Cape

(PAWC) in 2005 for an additional two studies to assess
the performance of two pavements also rehabilitated
using full-depth reclamation with foamed bitumen
(Steyn et al. 2007,Anochie-Boateng and Fisher, 2010)
after HVS tests were completed on a number of test
sections on the two roads. The two sections, one on
a National Highway (N7, equivalent to an Interstate
highway in the United States) and one on a low-
volume road (M538) were selected because of the
differences in traffic loading, climate, and materials
used. The studies on these two roads are the focus of
the discussion in this paper.

Both long-term structural and functional perfor-
mance of the two sections are being monitored, with
the primary objective of providing appropriate, ade-
quate data, information, and products (e.g., rutting
and cracking performance models) to better under-
stand pavement performance. The ultimate intention
is to use LTPP data in the PAWC pavement design
and pavement management systems. Based on the data
collected to date, PAWC is currently extending the
LTPP program by adding further pavement sections
into the existing LTPP program.

3 PAPER METHODOLOGY

The methodology followed focused on a realistic cali-
bration of the APT data using the available LTPP data.
The overall objective is that the pavement performance
models that were based on the original APT data be
updated/calibrated through comparison with the data
collected over a longer period using the LTPP process.

The two pavement sections used in the paper con-
sist of a relatively high volume highway (N7) and a
low-volume road (M538). The APT tests were con-
ducted at load levels of both 40 kN and 80 kN, and
allowance is firstly made for the calculation of equiv-
alent traffic load repetitions for both the APT data and
the LTPP data (based on traffic counts). No detailed
environmental data were collected on the sections
under investigation, although the seasonal changes are
expected to be directly linked to the two main sea-
sons (dry summer and wet winter) experienced in the
Western Cape.

Once allowance was made for calculation of equiv-
alent traffic loads, the actual data were compared
graphically. At this stage of the process the calibration
effort started, which essentially consisted of changes
in the damage factor of the load equivalence equation,
to allow the measured APT data to resemble the LTPP
data as closely as possible. As pavement properties
are variable, all data were shown as the average, as
well as ±1 standard deviation of the average data. The
outcome of the calibration process was an improved
load equivalence damage factor for application to all
the data collected during APT tests on the specific
pavement type and region (environmental effects).The
rut and deflection data were treated separately in this
calculation.
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Figure 1. Nominal pavement structures of the two LTPP sections studied.

Table 1. Test conditions for HVS tests discussed in this paper.

Test conditions for Road N7 (HVS tests 415A5 and 416A5)

Wheel load (kN)/tire pressure (kPa)

Dry Wet

40/620 80/800/850 100/880 80/800

Test section repetitions 415A5 0 to 48,628 48,628 to 423,374 423,374 to 498,863 –
416A5 0 to 1,168,850 1,168,850 to 1,618,850 – 1,168,850 to 1,742,850

Test conditions for road M538 (HVS tests 419A5 and 420A5)

Wheel load (kN)/tire pressure (kPa)

Dry Wet

40/620 80/820 40/620 80/820

Test section repetitions 419A5 0 to 15,268 15,268 to 310,000 – –
420A5 0 to 400,000 – 400,000 to 1,040,903 1,040,903 to 1,099,400

Apart from the rut and deflection data collected
on the sites, in situ density and moisture content data
were also collected during each monitoring visit.These
visits are carried out approximately every six months
to ensure that data are collected at the end of the dry
and wet seasons. Logistics do not always allow for pre-
cise intervals in these data collection visits, and gaps
may thus exist in the data.

The traffic levels on the two roads are approximately
17,000 (Average Annual Daily Traffic [AADT]) (23%
heavy vehicles) for the N7 and approximately 200
AADT (15% heavy vehicles) for the low-volume road
(M538) (2011 data).

4 TEST SECTION BACKGROUND

4.1 Road N7

The HVS study on Road N7 evaluated the perfor-
mance of a rehabilitation strategy involving in-place
full-depth reclamation of the existing pavement (thin

surfacing over aggregate base (hornfels) using foamed
bitumen and cement as a stabilizer and surfaced with
hot-mix asphalt (HMA). Figure 1 shows the nomi-
nal pavement structures before and after construction,
while the conditions under which HVS tests were con-
ducted on the road section are shown in Table 1. The
base was treated with 2.3% foamed bitumen and 1.0%
cement by mass of dry aggregate. The subbase con-
sisted of crushed stone and the subgrade of sand. Two
HVS test sections (415A5 and 416A5) were inves-
tigated for Road N7 adjacent to the LTPP section
(Theyse, 2004a). The site is located in a relatively flat
sandy area with a moderate climate.

4.2 Road M538

The HVS study on Road M538 was initiated to
assess the performance of a pavement structure with
a very thin surface seal. Figure 1 shows the pave-
ment structure, while Table 1 presents the conditions
under which HVS tests were conducted on the road
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Figure 2. Rutting profile on N7.

section. The base consisted of quartzitic sandstone
while the subbase consisted of residual quartzitic sand-
stone fragments in a matrix of residual and windblown
quartzitic sand. Two HVS tests were conducted on
Road M538 (419A5 and 420A5) (Theyse 2004b). The
site is located in a relatively flat sandy area with a
moderate climate.

4.3 General LTPP data

An indication of the general form of both the rut and
deflection data collected during the LTPP experiment
are shown in Figure 2 (rut) and Figure 3 (deflection)
for Road N7. Figure 4 shows typical trends of average
elastic modulus at different depths in the Road N7
pavement. The stiffness values on the outer wheel path
were consistently higher than the values for the inner
wheel path. Figure 5 shows variations of density with
pavement depth in the outer and inner wheel paths of
the section. The figures indicate the general seasonal
changes in the data. Similar trends were observed on
the Road M538 pavement data.

4.4 Summary of findings from road N7

The various analyses of the data collected from Road
N7 (Figures 2 and 3) indicated that (Theyse, 2004a;
Long and Brink, 2004):

– Backcalculated resilient moduli from both FWD
and MDD deflection measurements indicated an
increase in the resilient modulus of the base layer
in the early stages of the investigation as a result of
the stabilization process. However, under traffick-
ing, the initial relatively high resilient modulus was
reduced to values more representative of unbound
crushed stone materials. As in the case of other
stabilized materials, two modes of behavior were
identified for the foamed-bitumen-treated base, the
first mode consisting of a gradual reduction in the
resilient modulus of the base layer, the second being
the gradual permanent deformation of the layer;

– The structural bearing capacity of the pave-
ment was ultimately determined by the permanent
deformation and should be between 10 and 30 mil-
lion standard axles (ES30 design traffic class) if

Figure 3. Average deflections on N7 LTPP section.

Figure 4. Stiffness trends on the N7 section at different
depths.

Figure 5. Variation of density with depth for LTPP section
on N7 (refer to Figure 1 for layer thicknesses).

the surfacing is well maintained. The permanent
deformation increased and the structural bearing
capacity decreased when water was allowed to
penetrate the base layer during the wet test on
Section 416A5;

– Water at the interface between the base layer and
the HMA surfacing resulted in erosion of the base
layer. This may lead to functional distress in the
form of surface irregularity, and

– The dry density of the recycled base appeared to be
less than that of the crushed stone base layer prior
to recycling.

448



4.5 Summary of findings from Road MR538

The various analyses of the data collected from Road
MR538 indicated that (Theyse, 2004a; Theyse, et al.
2006):

– The sandstone base layer material and light pave-
ment structure performed well during the HVS
tests, and laboratory results approaching those
normally associated with crushed stone products
were obtained for the sandstone gravel;

– The current CBR based material classification sys-
tem correlated poorly to the performance of the
sandstone gravel base layer in HVS tests. The shear
strength and resilient modulus laboratory results
were better indicators of performance and it is rec-
ommended that performance based specifications
be developed for this class of pavement base layer;

– The light pavement structure of the HVS test sec-
tions was shown to be appropriate for application
to low-volume roads and the structural bearing
capacity of the pavement far exceeded the South
African design traffic classes associated with low-
volume roads (TRH4, 1996).

– The integrity and functional performance of the
surfacing layer is a crucial aspect of pavement per-
formance that will probably determine the service
life of the road but could not be assessed with the
HVS. LTPP projects are better suited to determin-
ing functional deterioration trends associated with
the distress of the surfacing layer, especially on
low-volume, light structures;

– The effect of density and degree of saturation was
shown to be highly significant with regards to the
mechanical properties of the sandstone gravel base
layer material.

5 OUTCOME OF THE CASE STUDY

The analysis of the LTPP and APT data entailed a
comparison of the surface rut and surface deflection
measured for the respective sections. In the compari-
son, the average, as well as the average ±1 standard
deviation of the rut and deflection data, are shown for
both the LTPP and APT data, to demonstrate the vari-
ability in pavement properties.The rut comparisons for
the two roads (N7 and R538) are shown in Figures 6
and 7, while the deflection comparisons are shown in
Figures 8 and 9.

Analysis of the data in Figures 6 to 9 indicates the
following important points:

– Both the rut and the deflection data for the LTPP
and APT sections on the higher trafficked section
(N7) compare well;

– The damage exponent (used to calculate the equiv-
alent traffic for the APT section on the N7 section)
was 4.2 for both rut and deflection;

– The rut on the low-volume road (M538) showed
significantly higher values for the LTPP (real traf-
fic and environment) sections compared to theAPT

Figure 6. N7 rut correlation example.

Figure 7. M538 rut correlation example.

Figure 8. N7 deflection correlation example.

data. This may be linked to previous work in this
regard where it was indicated that for low-volume
roads, environmental factors may have a more sig-
nificant role in the performance of the pavement
than the actual applied loads (Steyn and Sadzik,
1998);

– The LTPP-measured deflections on the low-volume
road (M538) were similar to the higher values
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Figure 9. M538 deflection correlation example.

Figure 10. M538 deflection correlation example.

(average plus one standard deviation) recorded
towards the end of the APT testing. This supports
the theory that environmental factors often have a
bigger influence on the performance of low-volume
roads than traffic;

– For the low-volume road it appears that the APT
rut needs to be adjusted by a factor of five to obtain
similar data to the LTPP (real life) data, while the
load applications should be adjusted (decreased)
by a time factor of six for the APT elastic sur-
face deflections to be equivalent to the LTPP data
(M538 elastic deflection shown in Figure 10 with
load application scale forAPT decreased by a factor
six);

– The time factor used for the M538 elastic deflec-
tion data is necessary to ensure that the effects of
season and time on the low-volume pavement be
attributed correctly to theAPT data, as theAPT data
excludes the effect of these variables, which affect
low-volume (light) pavements more significantly
that higher volume (thicker) pavements.

6 CONCLUSIONS AND RECOMMENDATIONS

Based on the data analyzed for this paper the following
conclusions are drawn:

– The effects of environmental changes are visible
mostly on the low-volume road (M538) through

seasonal changes in parameters such as deflection,
moisture content, and density;

– Less environmental influences were identified on
the more heavily trafficked, thicker Road N7 pave-
ment;

– Comparison of the rut and elastic deflection data
for the Road N7 pavement indicated that a standard
damage factor of 4.2 was sufficient to convert the
different traffic loads used in the APT test data to
the LTPP data;

– The light pavement structure (M538) required a
factor of five increase in rut data and a load time
factor decrease of six for the elastic deflection for
the APT data to resemble the LTPP data, and

– The major distresses on the two LTPP sections are
believed to have been caused by seasonal varia-
tion in moisture identified during the evaluation
periods.

Based on the analyses shown in this paper the
following recommendations are made:

– The scope of LTPP programs needs to be expanded
to obtain additional and essential data to help
improve the applicability and accuracy of pave-
ment performance models for diverse pavement
conditions in southern Africa;

– There is a need to establish a database of mechan-
ical properties of pavement materials on all LTPP
sections. These data are typically collected as part
of the laboratory testing phase in APT tests. Lab-
oratory tests for stiffness (modulus), permanent
deformation, and cracking as well as yield strength
properties will be essential to develop calibrated
Highway Development and Management (HDM-4)
type models, and

– More LTPP sections are required close to APT sec-
tions covering a range of pavement types (light to
heavy traffic design) to evaluate where the effect
of environmental conditions start to become more
important than that of traffic load equivalence.

ACKNOWLEDGEMENTS

The authors would like to acknowledge the financial
support of theWestern Cape ProvincialAdministration
(PAWC) for conducting this research, as well as the
permission of the PAWC and the executive director of
CSIR BE to publish the paper.

REFERENCES

Anochie-Boateng, J. and Fisher, C. 2010. Technical Memo-
randum: Monitoring of two LTPP experimental sections
in the Western Cape. Pretoria, South Africa: CSIR Built
Environment. Contract Report CSIR/BE/IE/IR/2010/0021/B.

Hugo, F. and Epps Martin, A. 2004. Significant findings
from full-scale accelerated pavement testing. Washington,
DC: Transportation Research Board, National Research
Council. Synthesis of Highway Practice 325.

450



Jones, D. and Paige-Green, P. 2003. A protocol for the
establishment and operation of LTPP sections. Pretoria,
South Africa: CSIR Built Environment. Contract Report
CR-2003/11.

Jones, D., Paige-Green, P. and Sadzik, E. 2004. The develop-
ment of a protocol for the establishment and operation of
LTPP sections in conjunction with APT sections. In Proc.
2nd International Conference on Accelerated Pavement
Testing, Minneapolis, MN, September 26–29, 2004.

Jones, D., Steyn, W.J.vdM. and Fisher, C. 2007. Techni-
cal Memorandum: 2006/2007 monitoring of four LTPP
experiments in association with HVS tests in Gaut-
eng. Pretoria, South Africa: CSIR Built Environment.
CSIR/BE/IE/IR/2007/0108/B.

Long, F.M. and Brink, A.C. 2004. 2nd level analysis of
the HVS data for the southbound carriageway of the N7
(TR11/1). Pretoria, South Africa: CSIR Built Environ-
ment. Contract Report CR-2004/12.

Metcalf, J.B. 1996.Application of full-scale accelerated pave-
ment testing. Washington, DC: Transportation Research
Board, National Research Council. Synthesis of Highway
Practice 235.

Steyn, W., Jones, D. and Fisher, C. 2007. Technical Memo-
randum: Monitoring of two LTPP experimental sections
in the Western Cape. Pretoria, South Africa: CSIR Built
Environment. Contract Report CSIR/BE/IE/IR/2007/
0109/B.

Steyn, W.J.vdM. and Sadzik, E. 1998. Evaluation of
superlight pavements under accelerated traffic. In Jour-
nal of the Transportation Research Board. Transporta-
tion Research Record (TRR) 1639. Washington, D.C.
pp.130–139.

Theyse, H.L. 2004a. First Level analysis report: HVS test-
ing of the foamed-bitumen-treated crushed stone base
on the slow lane of the southbound carriageway of the
N7 near Cape Town. Pretoria, South Africa: CSIR Built
Environment. Contract Report CR-2003/23.

Theyse, H.L. 2004b. HVS and laboratory testing of a
light pavement structure on Main Road 538 between
Leipoldtville and Lamberts Bay. Volume 1: Report.
Pretoria, SouthAfrica: CSIR Built Environment. Contract
Report CR-2004/36.

Theyse, H.L., Steyn, W.J.vdM, Sadzik, E. and Henderson,
M. 2006. The use of the Heavy Vehicle Simulator and
advanced laboratory testing to asses a light pavement
structure for low-volume roads. In Proc GeoShanghai
International Conference 2006, Geotechnical Special
Publication 154, ASCE, Shanghai, China.

TRH4. 1996. Structural design of interurban and rural road
pavements. Pretoria, South Africa: Committee for State
Road Authorities, Department of Transport.

451



This page intentionally left blankThis page intentionally left blank



Advances in Pavement Design through Full-scale Accelerated
Pavement Testing – Jones, Harvey, Mateos & Al-Qadi (Eds.)

© 2012 Taylor & Francis Group, London, ISBN 978-0-415-62138-0

Using point level accelerated pavement testing data for calibration of
performance models

J.D. Lea
University of California Pavement Research Center, University of California, Davis, US

ABSTRACT: Accelerated Pavement Testing (APT) data is generally expensive to collect, and one section only
yields one point or series of data for the calibration of performance models for mechanistic-empirical design
methods.This data is typically the mean performance from a number of sets of measurements at various locations
on the section. These raw data observations cannot be used directly for calibration because they are strongly
correlated with one another. This paper details methods of using these points to calibrate performance models
by controlling for this correlation. The paper uses examples from Heavy Vehicle Simulator (HVS) tests used
to calibrate the CalME pavement design method for flexible pavements. Using all of the available data from
a section can dramatically improve the quality of the calibration, and significantly enhance the value of APT
testing.

1 INTRODUCTION

Accelerated pavement testing (APT) is generally used
for two functions: proof testing of new materials or
pavement design concepts, and for building a perfor-
mance database to aid in the calibration of pavement
design methods. However, the costs of testing are high
and, even with the accelerated nature of the testing, it
can still take time to perform the testing (although con-
siderably less than long-term pavement performance
[LTPP] monitoring). As a result, it is common to see
comparisons of various materials made using a single
test for each material and for performance models to
be developed off extremely limited data sets. It must be
assumed that the performance of a single small section
is representative of the performance of a long section
of pavement, which is not always the case.

On the other hand, the quality and quantity of
data available is often very high, since the pave-
ment is under continuous monitoring. While the latest
mechanistic-empirical (ME) design methods, such as
CalME, can take better advantage of this data, by
using an incremental formulation that allows track-
ing the performance history and not just the ‘failure’
point, the assumption is still made that the section is
representative.

This paper discusses strategies for using all of the
available data to improve the calibration of models,
so that the coefficients are more representative of
the entire pavement, and so that better estimates of
variability in performance can be made. In particu-
lar, it introduces the use of mixed effects models that
have a spatial correlation structure. The application
of these models to performance comparisons is also
considered.

2 BACKGROUND

While some APT has been conducted on mainline
pavements, most is on small, purpose built, test tracks.
These tracks typically have a number of smaller cells of
pavement (these are sometimes referred to as tracks or
lanes), each with a slightly different pavement or mix
design, and on each cell a number of sections might be
tested, under different loading or environmental con-
ditions. On each section, data is typically taken at a
number of stations along the section, and at a num-
ber of fixed instrument locations. This is true for both
machine-type APT devices and full-scale test tracks,
although the details are slightly different. This paper
will focus on the type of data collected in a HeavyVehi-
cle Simulator (HVS) test, simply to narrow the focus.
The models described can be applied to any type of
APT, and to LTPP or pavement management system
(PMS) data.

At the section level, APT data often exhibits con-
siderable within-section variability, due to differences
in materials and structure, and minor differences in
environment (such as variations in temperature). In
the analysis of the results, the data from each sec-
tion is typically averaged before between-section and
between-cell results are compared. Because of the cost
of testing, it is common for each section to have dif-
ferent testing conditions, and consequently differences
in performance of a single section must be assumed to
be caused by differences in loading, etc. rather than
construction variation in the materials or structure.

However, when replicate tests are performed, large
differences in performance are often noted. As part
of the preparation for a sequence of HVS tests on
reflective cracking performance, six test sections were
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loaded with mostly identical loading, with the main
goal of damaging the sections before an overlay was
placed. In a sense, these sections were part of construc-
tion of the test track rather than tests themselves. The
initial pavement design was 90 mm of dense-graded
asphalt concrete (AC) on 410 mm of aggregate base
(AB), on native subgrade (Bay Area mud). Details of
the testing are available in Lea (2010) and Jones et al.
(2007).

One of these sections (573RF) had an unexpected
early failure and, as a result, the section was moved
and the load lowered to prevent another failure. This
section was thus discarded in this analysis. Another
section (572RF) exhibits some behavior that is diffi-
cult to explain statistically (the rutting on this section
occurred over a width greater than the measured pro-
file width, resulting in the baseline moving), and
consequently the data for this section was also dis-
carded. On another section (567RF), the load was
lowered at the end of the test since rutting was pro-
gressing too quickly without inducing cracking. The
data after the load change was discarded.

Extensive data for this track was obtained, mostly
after these sections were overlaid and tested further.
This includes coring, test pits, dynamic cone pen-
etrometer (DCP) and falling weight deflectometer
(FWD) testing. For this paper, this data, the details
of which can be found in Jones et al. (2007), was used
to estimate the thickness of the AC, thickness of the
AB and air-void ratio of the AC. A simple inverse dis-
tance weight interpolation scheme was used to predict
the values at the center point of the section at each
profilometer station. Profiles were taken transversely
at 500 mm intervals along the section using a laser

Figure 1. Rut depth progression on four identical sections at stations 3 through 13.

profilometer, at stations numbered zero through 16.
Only stations 3 to 13 are used in this analysis, since
the other profiles fall in the turn-around zone for the
HVS wheel.

Figure 1 shows the rutting progression on the four
remaining sections. The sections exhibit significantly
different rutting performance. A simple equation of
the form below is fitted to the rutting at each station,
treating them as independent tests.

where r is the rut depth (in mm); R is the repeti-
tion count at the time of measurement; and α0, α1 are
regression coefficients.

It is obvious that the results for each station are
highly correlated, so using them to calibrate a design
method would likely produce spurious results. It is typ-
ical to average the results for the section, resulting
in four sets of data in this case, which are shown on
Figure 2.

Three of the four sections have the same slope (since
this is a log-log plot, this is the exponent above, so
implies the shape of the rutting curve), while the fourth
(569RF) has a higher slope. The intercepts of the lines
are clearly different, implying different scales.

This much is clear from looking at the raw data.
However, at this point, it is difficult to say why these
results differ. Figure 3 shows a pair-wise plot of the
slope and intercept with some possible explanatory
variables (the average thickness of the AC and AB, the
air-voids in the section, and the ‘thickness’ of voids
in the AC: V = hAC × AV /100. The single result for
569RF dominates the correlation, so it is difficult to
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say if there is any effect from these variables. On the
other hand, examination of the coefficients fitted to
the individual data for each station (from Figure 1)
in Figure 4, shows that there are significant correla-
tions between the layer thicknesses and air-voids for
some coefficients, and that these correlations are stable
across the various sections.

However, examination of the two coefficients along
each section, as shown on Figure 5, shows that they

Figure 2. Average rut depth progression for four sections.

Figure 3. Correlation between regression coefficients for section models.

Figure 4. Correlation between regression coefficients for station level data.

are not only correlated with one another (as one would
expect from a regression model), but that they are also
correlated spatially. In addition, because each station
was fitted independently, the regression models are not
particularly good (each of the 567RF models has only
four data points).

3 MIXED-EFFECTS MODELS

In the past many types of statistical model have been
applied to pavement performance data. For the most
part, these have been simple regression models. In sta-
tistical literature, there has been significant interest in a
class of models known as mixed-effects models, which
are ideal for handling the type of data generated by
APT experiments (a multi-level panel data set). Unsur-
prisingly, these models have been applied to APT data
several times, including Onar et al. (2006) and Hong
and Prozzi (2010).

In a multi-level panel data set, the data are bro-
ken into a number of groups or panels (which in
statistical literature are often referred to directly as
individuals, although in APT these would be sections
or stations). Below, a simple case of one level with
groups i = 1.N is used, although in some APT cases,
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Figure 5. Spatial correlation between regression coefficients.

three or four levels may be used. The groups do not
need to have the same number of members, although
they should be similar. Each group has a set of data
with time (or repetition in APT data) or space (on a
continuous location scale). Each group i can have a
different number of observations (ni). The response
variable of interest (the dependent variable) needs
to vary within the panels (i.e. with time/repetition
or position). In general, there should be some other
explanatory (independent) variables observed, at least
some of which are constant within the group. These
are organized into two sets: fixed-effects and random-
effects. In general, fixed-effects are those variables
which are controlled between groups (e.g. different
types of asphalt or different design thickness), while
random-effects are uncontrolled differences between
groups (e.g. the actual measured thickness on lay-
ers which should have all been the same). Since the
model splits estimation into groups, the grouping vari-
ables must also be random-effects, which implies that
grouping should not be by any experimental design
parameters directly.

The classic form of a mixed effects model is:

where yi = the ni × 1 vector of response variables in
group i; Xi = a ni × p matrix of explanatory variables
in group i; β = the p × 1 vector of fixed-effect coeffi-
cients; Zi = a ni × q matrix of explanatory variables
in group i; bi = the q × 1 vector of random-effect
coefficients for group i; εi = the ni × 1 vector of
residual errors for observations in group i; � = the
q × q covariance matrix for the random effects; and
σ 2�i = the ni × ni covariance matrix for the errors in
group i.

This form can be easily extended to more levels of
groups if need.The independent variables are split into
two groups (X and Z), although the same variables can
appear in both. Since the distribution of the random
effects coefficients is defined to have zero mean, this

implies that the mean of Z is effectively included as a
fixed effect. The model is also split between a set of
global coefficients that can be used for estimation, and
a set of random effects that can only be used to fit the
observed data. Since the groups must be random, this
implies that one cannot assign any future observation
of a new section to one of the groups.

The error structure of the mixed-effects model
makes the model appealing. In the classic model there
are two error distributions, both normally distributed
with zero mean.The first is the within-group variance,
which is governed by �i. This matrix is typically a
structured matrix based on a combination of phys-
ical concerns or data observations. For example, if
the within-group responses are over time, then it is
common to use a time-series model, such as an auto-
regressive (AR) or moving average (MA) model. If
the data are collected spatially, then a spatial auto-
correlation model is used. This correlation model can
also be augmented with a weighting model or a model
that accounts for heteroskedastic variance. The role of
this matrix is identical to the role of the covariance
matrix in generalized least squares (GLS) models. If
the matrix �i is a function of some parameters γ i then
these can be included in the estimation process. σ 2 is
retained outside of the matrix, since, after all of the
model setup, it is still this parameter which is being
minimised during the fitting process.

The random effects (or more strictly random coef-
ficients) part of the model is determined by the vector
bi. These allow each section or station to have a unique
model. The matrix � governs the correlation structure
of the random effects, and is typically estimated along
with the parameters. The random effects are typically
correlated, since changing one effect requires changes
to the others to maintain the fit of the model. The dif-
ference between a random effects model and fitting
individual models to each group is in the structure
of this matrix. Coefficients in individual models can
often exhibit large variability, because of the effect
of points with high errors. However, in a random
effects model, these parameters are constrained by the
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Figure 6. Spatial correlation of coefficients with random effects model.

Figure 7. Spatial correlation of coefficients in random effects model with spatial correlation.

distribution, so there is a balance between the likeli-
hood that a parameter is an outlier verses the individual
data being an outlier.

What is missing from the classical model is the
ability to specify a correlation structure between the
random effects based on spatial distance. The assump-
tion above is that the marginal distribution of each of
the random effects in bi is independent and identically
distributed. The models fitted in the remainder of this
paper follow the classic model, even though it is clear
that the random effects are correlated spatially.

To begin, a two level mixed effects model, at both
the section and station was fitted. The model in this
case is:

where Vij is the total voids in the AC at station j on
section i; hABij the thickness of the AB; repijt the load
repetition at time t; and the b and c coefficients are the
per section and per station random coefficients.

Figure 6 shows the coefficients from this model
with α0 as the first bracket expression above and α1
as the second, so that the total slope and intercept of
the model can be compared to those on Figure 5. It is
clear that coefficients are generally similar, although
the model reduces the variability in the coefficient esti-
mates for 567RF, since it is compensating for the lack
of data on this section. It is still clear that there is spa-
tial correlation in the model that is not being taken into
account.

Although the software available cannot handle spa-
tial correlation in the random-effects an attempt was
made to “trick” the software by allowing a random
effect for each observed repetition at each station, but
forcing the data from the various stations to have a
spatial correlation structure. Because this model has a
large number of random coefficients, the structure of
the correlation matrices had to be limited to enable the
model to fit. In particular, this required not introducing
correlation between the random intercept and random
slope, which should be required. However, the model
does show some interesting results. Figure 7 shows
the coefficients for this model, which are similar to
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Figure 8. Random effects rutting model without random effects.

the previous model, except for what appears to be a
slightly more logical slope at Station 10 on 569RF,
and slightly more variance in the slopes at the earlier
stations on this section. The change at Station 10 is
a direct result of the model limiting the slope at this
point because the rate of spatial change was higher
than expected based on the estimates of the adjacent
stations.

The model form in this case is similar; the only
change is in the correlation structure of the random
effects.

In this case the parameters for the voids in the AC
and thickness of the AB have increased and the model
now provides a good estimate of the range of perfor-
mance of the sections.The estimates for this model are
shown on Figure 8, without any random-effects.

Even with this ‘tricked’ model it can be seen that
by controlling the correlation structure of the model,
so that it accounts for both spatial and time based
structure, can allow the development of models that
extract additional information from the station level
data which is not available at the section level. In this
case there is a very clear indication that the total air
voids in the AC is the main contributing factor for
rutting.

This result is despite the estimates of thickness and
air-voids at each station being made using a crude
inverse distance weighted average from measurements
around the section, rather than direct measurements at
these points.

Figure 9 shows a comparison between a classic
ordinary least squares model (what one would obtain
fitting Equation 1 to all of the data with a spreadsheet
or other simple program) and mixed effects model with
the mean voids in the AC and thickness of the AB
across the test track.

4 CONCLUSIONS

APT is an expensive process, which generates high
quality performance data on small sections of pave-
ment. In the past, the within-section variability of the
data (as measured at points along the section) has
largely been ignored and the section averages used for
comparisons and calibration. Because there are typi-
cally a small number of sections, this results in a small
number of data points for comparison or performance
modeling, and it is difficult to attribute the differences
in performance of the sections to the differences in the
experimental design parameters alone. Best practice
for APT already suggests that rather than comparing
the raw data for the sections one should model the
pavement using the best available mechanistic models
to try to account for unintended differences between
sections, to extract the true difference from changes in
materials or structure.

However, fitting mixed-effects models to the sta-
tion or point level data within each section, which can
account for the correlation structure between obser-
vations in time and space, allows the differences in
performance at each station to inform the analysis pro-
cess. If there are significant differences between the
station level data, and one can establish the reasons
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Figure 9. Comparison between ordinary least squares model and Equation 4 with mean AC voids and AB thickness.

for these differences (such as differences in layer thick-
ness), then this can be used to correct and adjust the
results from each section. This process extracts addi-
tional value from the APT data and can lead to better
decision making, along with providing a method of
correcting the section level data for minor differences
in construction.

This process obviously relies on being able to
extract some relationship between the station level
performance and structural or material differences at
each station, which can help to explain the changes
in performance. In most tests, these will be differ-
ences in material thickness and density (and hence
stiffness), although other factors such as differences in
temperature, loading effects from the machine, binder
contents, etc. might also play a role. On the one hand,
the test track should be constructed to minimize these
effects, to ensure the best possible comparison between
sections, but, on the other hand, some variation is
inevitable. Thus, even if the construction is closely
controlled, as much data about each test track as pos-
sible should be gathered. This can be in the form of
cores or other samples taken before, during or after
the test, or non-destructive tests, such as ground pen-
etrating radar. In all cases, the sampling should be
spatial referenced, so that the exact location of each
sample is known, and results can be extrapolated into
the sections.

Further work needs to be performed on the available
tools for mixed-effects modeling, since these tools do
not allow spatial correlations in the random effects.
This is not a major change to the methodology, since it
merely adds another set of parameters to the covari-
ance matrix. Of more importance, is that it is not

currently possible to use this type of model in the
calibration process for ME design methods, since the
process typically does not involve statistical estimation
of parameters.
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ABSTRACT: This paper presents a discussion of the use of Mechanistic-Empirical (ME) analysis to simulate
Accelerated Pavement Testing (APT) results in order to overcome problems with using APT data, such as
differences in underlying conditions, construction quality, loading, and environmental control.This is particularly
important when APT results are used for comparison studies between different pavement alternatives. In the
process presented, APT results are first used to calibrate ME models so that the results from simulation of APT
under actual conditions match the results predicted by the models. The APT results are then simulated with ME,
this time assuming uniform conditions in the APT, to produce a ranking of the alternatives tested without the
bias of differences between APT sections. Extrapolation of APT results to field conditions using ME analysis
is also discussed. The paper presents a demonstration of this process from an experiment to compare different
asphalt overlay treatments for reflective cracking and rutting performance.

1 INTRODUCTION

1.1 Why are mechanistic-empirical simulations of
APT results needed?

Accelerated Pavement Testing (APT) is performed for
a number of reasons. One of the most common is to
quickly evaluate a new pavement technology that has
shown promise in the laboratory and mechanistic anal-
ysis before going to more widespread implementation
or pilot projects on the road network. The evalua-
tion usually involves comparison with proven existing
pavement technologies. Often there is some perfor-
mance data from initial pilot projects in the field.
However, the results from the field pilot projects
are sometimes inconclusive for one or more of the
following reasons:

– Differences in construction quality between the
different sections, or problems with construction,

– Differences in the underlying pavement structure
make direct comparison difficult,

– Insufficient time for the pavements to reach failure,
– Different traffic or climate from the control sec-

tions that new technologies are being compared to,
because the pilot sections are in a different location,

– Pilot projects were placed in a location that is low
risk in case of early failure (usually in a low traffic
location), while the primary application will be in
a different climate region or traffic level.

APT experiments intended to compare different
types of pavement are often affected by the first and
second problems listed above, which makes it dif-
ficult to provide a completely unbiased comparison.
These problems occur because it is nearly impossible
to construct exactly replicate subgrade and underlying
pavement structures, achieve the same concrete cur-
ing conditions because of moisture and temperature
differences at different times, or obtain the same com-
paction of asphalt, on different sections. These often
occur because of factors such as the inevitable break-
downs at the materials plant, paver problems, clogged
jets on the tack coat spray truck, and lost trucks full of
hot asphalt or hydrating concrete.

In the process described in this paper, mechanistic-
empirical (ME) models are used to help produce a
ranking of the alternatives tested in an APT com-
parison study by accounting for the bias caused by
differences in conditions that occurred between APT
sections through ME simulation.

1.2 Interaction between mechanistic-empirical
analysis and APT

The most common interaction of ME and APT has
been the use of APT to calibrate ME models. Many
mechanistic-empirical (ME) pavement design meth-
ods have been calibrated using at least some APT
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data over the years. These include a number of the
early methods that were calibrated in part using the
AASHTO Road Test data, as well as more recent
methods such as the AASHTO Darwin-ME mod-
els and software (Mechanistic-Empirical Pavement
Design Guide [MEPDG], based on the NCHRP 1-37A
[ARA, 2004]) and the CalME models and software
(Ullidtz, 2008a, 2008b, 2010) that are the subject of
this paper.

A less common interaction of ME and APT is to
use ME to adjust APT results to help remove bias
in APT comparison studies caused by the differences
in construction, underlying structure, trafficking, and
environmental control. The process for doing this was
described in Harvey (2008) as follows:

“Once [ME] models are reasonably well validated
and calibrated, they can be used to “re-run” the APT
test sections through simulation with completely equal
underlying conditions, temperature, water content, etc.
Because there are inevitable differences in conditions
that are supposed to be equal between APT sections,
this simulation of the APT tests is extremely useful to
confirm that the results of the initial empirical com-
parisons of performance do not change significantly
under absolutely uniform conditions.”

The synergetic interaction between APT and ME is
greatly improved when the ME analysis method, such
as the one used in this study, is capable of simulat-
ing the entire process of pavement damage and aging
(or curing), and the changes in corresponding stress
and strain responses throughout the entire pavement
life for both the APT section and simulated field sec-
tions. This is very difficult to accomplish if the ME
analysis method uses an approach, such as Miner’s
Law, that only considers the initial condition of the
pavement and the final failure state. With the latter
type of approach the ME method can only be cal-
ibrated based on the stress and strain responses at
the initial state and the final failure distress level.
The responses that occur in between these two points
in time cannot be verified with data from APT
instrumentation.

For example, the MEPDG (ARA, 2004) produces
calculations of fatigue damage for the entire simula-
tion starting from the first load. However, the asphalt
master curve is not updated for damage (loss of
stiffness for a given load, time of loading, and temper-
ature) after each set of loads in each time increment
(month) and responses of the pavement (stresses and
strains) calculated for the undamaged state are there-
fore used for the simulation of the entire life of the
pavement. (Note that although the master curve is not
updated for damage, it is updated for aging so that the
MEPDG predicts an increase in asphalt stiffness until
the end of life, at which time the total damage calcu-
lated by Miner’s Law is applied). Alternatively, a fully
“incremental-recursive” analysis method (described
in more detail in Ullidtz [2008a, 2008b]) is defined
as one where the material properties are updated for
damage, aging, and other processes (such as debond-
ing) incrementally throughout the section life. With

an incremental-recursive method, responses measured
withAPT instrumentation at intervals during the entire
APT test can be used to calibrate and verify the dam-
age processes simulated by the ME analysis method
because they both reflect the incremental damage
occurring during loading. The CalME analysis mod-
els used in the study described in this paper use an
incremental-recursive method that updates the con-
dition (fatigue and permanent deformation) of each
layer of the pavement after each increment of loading
for both aging and damage using the time hardening
approach. Examples of the load increment can be each
hour of a representative day of every month of the
life for simulations of field loading, or each hour in
an APT test. An additional advantage of incremental-
recursive models is that data from APT and long-term
pavement performance (LTPP) sections that never
demonstrate distress on the surface can be used for
calibration of the models because the damage (mea-
sured in terms of loss of stiffness such as in the asphalt
master curve) can be measured by backcalculating
the stiffness from measured deflections or strains
and comparing it with the initial undamaged stiffness
under the same load, time of loading, and temperature
conditions. For example, some of the Heavy Vehicle
Simulator (HVS) test sections in the study described
in this paper never exhibited surface cracking, but had
measurable damage to pavement layers backcalculated
from deflections.

This paper presents an example of the three main
steps in using an ME analysis method in conjunction
withAPT to greatly increase the benefit obtained from
both of these research and development tools. These
steps are:

1. Calibrate and verify the damage process models in
the ME analysis method using instrumented APT
data from the as-built comparison test sections and
actual testing conditions (loading, temperature and
moisture primarily). Once this is completed, the ME
analysis should be capable of simulating the perfor-
mance of the pavement test sections under a range
of conditions.

2. Simulate the APT comparison test sections again,
assuming exactly the same as-built structures, as-
built construction quality, and as-tested loading,
temperature, and moisture conditions. This will
provide a “fair” comparison between alternatives
tested under simulated equal conditions.

3. Simulate field sections for the same comparison of
different pavements under different conditions of
climate, traffic, materials, thicknesses, construc-
tion quality, and subgrade. This is essentially an
extrapolation of the APT results, which must be
treated with some caution and pavement engi-
neering judgment. However, these simulations can
be extremely useful because extreme temperature,
loading, and moisture conditions are often used to
accelerate pavement damage inAPT and more real-
istic estimates are desired for the range of typical
condition on the network.
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2 OVERVIEW OF THE PROJECT AND APT
RESULTS

The objective of the project used as an example in
this paper was to develop improved rehabilitation treat-
ments for reflective cracking for California, while also
determining the risk of rutting for those treatments
(Jones, et al., 2007a, 2008). Simulation of fatigue
cracking of the original pavement prior to rehabili-
tation was also performed to help calibrate the ME
models used for the evaluation of the rehabilitation
treatments (Jones, et al., 2007b).

To provide a platform for evaluation of the rehabil-
itation treatments, a pavement was built to a single
design on a compacted clay subgrade. The pave-
ment was large enough (two lanes each 3.7 m wide
by 80 m long) to provide adequate area for later
placement of representative samples of six rehabili-
tation overlays with five different types of material
produced at a commercial asphalt plant. All of the
construction was performed using full-scale highway
construction equipment, procedures and specifica-
tions using a qualified contractor selected based on
low-bid.

The initial pavement was designed following stan-
dard Caltrans procedures and incorporated a 410 mm
Class 2 aggregate base with a 90 mm dense-graded
asphalt concrete (DGAC) surface. As was allowed by
Caltrans District specifications, the Class 2 aggregate
base included building waste, primarily crushed con-
crete, which was shown in the forensic trenching to still
have reactive properties (Jones and Harvey, 2007c).
The base was later found to have increased stiffness
when left to cure with the light cementation coming
from unhydrated cement in the crushed concrete that
was activated by compaction water.The increased stiff-
ness was substantially broken down when subjected
to HVS loading, and showed renewed increases in
stiffness whenever HVS loading was stopped, such
as between completion of the initial cracking of the
underlying pavement and the subsequent loading of
the same locations after the overlay to test for reflec-
tive cracking. Six replicate sections of this structure

Table 1. Summary of testing on the underlying DGAC layer
and identification of overlay sections.

Final Final
rut crack

Under depth density overlay
section Load reps1 mm m/m2 Overlay section

567RF 78,500 13.7 8.1 MB15-G 586RF
568RF 377,556 14.2 5.5 RAC-G 587RF
569RF 217,116 3.8 5.9 AR4000-D 588RF
571RF 1,101,553 14.1 6.2 MB4-G2 589RF
572RF 537,074 8.8 8.1 MB4-G3 590RF
573RF 983,982 15.3 4.1 MAC15-G 591RF

1at 20◦C, 60 kN dual wheel load, 720 kPa tire pressure,
bi-directional loading; 245 mm 3 90 mm

were trafficked with the HVS between 2001 and 2003
to induce fatigue cracking in the DGAC. This traffick-
ing of the initial pavement is summarized in Table 1,
along with the overlay type later placed on the cracked
DGAC pavement in each section.

The cracked DGAC sections were overlaid with six
different treatments, with all but one placed with a
thickness of half of the underlying DGAC (one type
of asphalt overlay material was also constructed with
full thickness) to assess their ability to limit reflective
cracking. The treatments included:

– Half-thickness (45 mm) MB4-G gap-graded over-
lay, with a terminal blend rubberized binder con-
taining both polymer and an unspecified amount
of recycled tire rubber, and meeting Caltrans MB-4
binder specification;

– Full-thickness (90 mm) MB4-G gap-graded
overlay;

– Half-thickness MB4-G gap-graded overlay with a
terminal blend rubberized binder with minimum 15
percent recycled tire rubber (referred to as “MB15-
G” in this paper);

– Half-thickness MAC15TR gap-graded overlay with
a terminal blend rubberized binder with minimum
15 percent recycled tire rubber, similar to the MAC-
10TR binder specified in the Southern California
Greenbook section 600-5.2.1, except that it uses
15 percent tire rubber rather than 10 percent tire
rubber. (referred to as “MAC15-G” in this paper);

– Half-thickness rubberized asphalt concrete gap-
graded overlay (RAC-G) using a “wet” process
binder containing at least 18 percent recycled
tire rubber, included as a control for performance
comparison purposes, and

– Full-thickness (90 mm) dense DGAC overlay with
a conventional AR-4000 binder (now PG64-16),
included as a control for performance comparison
purposes.

Each of the overlay treatments was subjected to two
APT tests. The first test was performed at high tem-
peratures (asphalt heated to 50◦C at 50 mm depth)
to assess rutting performance. The second test was
performed at moderate temperatures (asphalt temper-
ature maintained at 20 C at 50 mm depth) on the
overlay directly above the previously cracked under-
lying pavement section to assess reflective cracking.
Table 2 shows the details of the APT tests on the over-
lays. A summary of the experiment and references
to other project reports can be found in Jones et al.
(2007a).

The results of the APT tests for rutting of the over-
lay are summarized in Table 3. It can be seen that
the control overlays in the experiment typically used
by Caltrans, conventional dense-graded overlay and
RAC-G, were in the top three for best rutting perfor-
mance, while the terminal blend mixes ranked second,
fourth, fifth and sixth. These results suggested that
caution should be used for placement of these mixes
in locations with a higher risk of rutting based on the
then current mix designs.
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Table 2. Summary of HVS loading program on overlays.

Test Type Section Start Repetition Total Repetitions Wheel Load (kN) ESALs Temperature ◦C

Rutting 580RF Full test 2,000 60 11,000 50◦C ± 4◦C
581RF 7,600 42,000
582RF 18,564 102,000
583RF 15,000 83,000
584RF 34,800 191,000
585RF 3,000 17,000

Reflective 586RF 0 2,492,387 60 88 million 20◦C ± 4◦C
cracking (MB15-G) 215,000 90 to one million

410,000 80 repetitions;
1,000,001 100

587RF 0 2,024,793 60 66 million
(RAC-G) 215,000 90

410,000 80
1,000,001 100

588RF 0 1,410,000 60 37 million
(AR4000-D) 215,000 90

410,000 80
1,000,001 100

589RF 0 2,086,004 60 69 million 15◦C ± 4◦C
(45 mm MB4-G) 215,000 90 the reafter

407,197 80
1,002,000 100

590RF* 0 1,981,365 60 37 million
(90 mm MB4-G) 1,071,004 90

1,439,898 80
1,629,058 100

591RF 0 2,554,335 40 91 million
(MAC15-G) 215,000 60

410,000 80
1,000,001 100

*590RF was the first HVS test on the overlays, and the 60 kN loading pattern was retained for an extended period to prevent
excessive initial deformation (rutting) of the newly constructed overlay.

Table 3. Overlay rutting study results.

Reps to Avg. Avg.
12.5 mm max down
avg max rut rut

Overlay rank rut (mm)1 (mm)

AR4000-D 1 8,266 15.6 8.1
MB4-G (45) 2 3,043 31.3 9.7
RAC-G 3 2,324 22.7 10.3
MB4-G (90) 4 1,522 23.3 11.9
MB15-G 5 914 18.8 7.1
MAC15-G 6 726 23.5 7.7

1Rut measured from highest point of upheaval to lowest point
of deformation.

With regard to reflective cracking, after millions
of load repetitions, only three of the overlay sections
showed surface cracking (DGAC, RAC-G and a small
area of the MB15-G), as shown in Figure 1. The
sub-sections with different levels of cracking seen in
Figure 1 were modeled as separate sections. The other
three sections had measureable damage, identified by
increased deflections. The terminal blend overlay sec-
tions had the best reflective cracking performance with
only one showing any surface cracking after more than

Figure 1. Cracking patterns and rut depths on the overlay
sections.

two million load repetitions. Forensic trenches after
HVS testing showed that all of the surface cracks were
reflected from the cracked underlying DGAC, and that
some of the DGAC cracks had begun to propagate
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upward but had not reached the surface in the overlay
sections that did not show surface cracking.

3 SIMULATIONS

Six sets of simulations were performed using the
California mechanistic-empirical design and analysis
software CalME, including five of the HVS tests and
a sixth on a hypothetical set of typical Caltrans struc-
tures and traffic conditions in different climate regions
in the state.The simulations are summarized as follows
(Jones et al., 2007b):

1. Simulation of the tests on the original pavement
structure using actual (in-situ) conditions;

2. Simulation of the moderate-temperature cracking
tests on the overlaid pavement structure using actual
conditions;

3. Simulation of the high-temperature rutting tests
on the overlaid pavement structure using actual
conditions;

4. Simulation of the high-temperature rutting tests on
the overlaid pavement structure using design thick-
nesses for the overlays and identical conditions
of underlying pavement structure and temperature
across all of the tests;

5. Simulation of the moderate-temperature cracking
tests on the overlaid pavement structure using
design thicknesses for the overlays and identical
conditions of underlying pavement structure and
temperature across all of the tests; and

6. Simulation of rutting and cracking for a hypothet-
ical set of typical Caltrans structures and traffic
conditions in different climate regions in the state.

The first three sets of simulations served to validate
the CalME models by comparing the calculated results
from CalME models with the measured responses and
performance. Simulations 4 and 5 provided objective
ranking of the different asphalt overlays without the
influence of underlying conditions, which varied in the
actual HVS tests.The sixth set of simulations provided
extrapolation of the HVS results to field conditions
and an understanding of the sensitivity of the predicted
performance of the different overlays.

3.1 Input data and methodology

To perform the simulations using actual conditions,
data from each HVS test, reported in a series of
first-level analysis reports (Jones, et al., 2007a), were
imported into a CalME database. The data comprised
information on loads (time of application and load
level), temperatures at different levels, road surface
deflectometer (RSD) results, multi-depth deflectome-
ter (MDD) resilient and permanent deformations, and
pavement profiles. Strain gauges were not used for
the overlay testing because the cracking of the over-
lays was due to localized strains above cracks causing
reflective cracking, not overall bending of the overlays.
In fact, the bottoms of many of the thin overlays would

have been above the neutral axis and in compression
if analyzed using layer-elastic theory, but with high
tensile and shear strains above the cracks.

The backcalculated layer moduli from the last
falling weight deflectometer (FWD) tests undertaken
before commencement of HVS loading on each sec-
tion were used as the initial asphalt concrete layer
moduli (reference temperature of 20◦C). The master
curve for the asphalt concrete layers was obtained
from frequency sweep tests on beams in the labora-
tory, with the exception of the original DGAC layer
where the master curve was based on FWD back-
calculated moduli. The change in stiffness of the
subgrade with changing stiffness of the pavement lay-
ers and with changing load level was obtained from
FWD backcalculated values. These parameters were
used with the layer-elastic response model to calcu-
late stresses, strains, and deflections in the pavement
structure. The tensile strain in an overlay over an exist-
ing cracked asphalt concrete layer was calculated using
a regression equation based on finite element method
modeling described in Ullidtz (2008a, 2010).

A number of models were used to predict the pave-
ment performance, in terms of cracking and perma-
nent deformation. Parameters for prediction of asphalt
concrete damage for bottom up cracking (from the
underlying DGAC sections) and reflective cracking
(overlays) were obtained from controlled strain four-
point fatigue tests on beams (AASHTO T 321). The
model for the damaged asphalt master curve has the
format:

which is the MEPDG asphalt master curve equation for
dynamic stiffness (E) where a, b, g and d are fitting
parameters, tr is the reduced time of loading, and the
damage (ω), is a function of the number of loads, the
tensile strain, and current modulus.

Cracking at the pavement surface was calculated
from the damage to the surface layer, using models
shown below relating damage (ω) to crack initiation
and crack propagation developed based on previous
simulations of HVS tests and the FHWA WesTrack
experiment in Nevada (Ullidtz, 2008b)) to initially
simulate cracking from HVS testing on the underly-
ing pavement and the later overlays. These parameters
did not predict the relationship of damage to surface
cracking for the overlays and were then re-calibrated
to match the reflective cracking results on the overlays
tested, resulting in the following:
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Where ωinitiation is the damage at crack initiation,
hAC is the thickness of the combined asphalt lay-
ers, Crm/m2 is the crack density, and other values are
calibrated constants.

Repeated simple shear tests at constant height
(RSST-CH, AASHTO T 320) were used to determine
the parameters for predicting permanent deformation
in the asphalt concrete layers.

A crushing model was developed for the lightly
cemented base layer, consisting of recycled material
with a high content of old crushed concrete. The
model was based on a model developed for cement-
treated bases (CTB) at an HVS-Nordic experiment
(Thoegersen et al., 2004). A model developed for sub-
grade materials in the Danish Road Testing Machine
was used for permanent deformation of the unbound
layers.

An incremental-recursive process in CalME was
used to simulate the performance of the test sections.
A one-hour time increment was used for the HVS
test simulations. The modulus of the subgrade was
adjusted to the stiffness of the pavement layers and to
the load level. Wander was considered for the crack-
ing sections, while the rutting sections had channelized
traffic. For all load positions, the stresses and strains
at the center line of the test section were calculated
and used to determine the decrease in moduli and the
increase in permanent deformation of each of the pave-
ment layers. The output from these calculations were
used, recursively, as input to the calculation for the next
hour of loading, using a time hardening procedure,
which takes changes in moduli, response, damage, and
permanent deformation into consideration.

3.2 Responses

The first step in the simulation ensures that the cal-
culated pavement response was reasonably close to
the actual pavement response during the test. The cal-
culated pavement response was used to predict the
pavement performance (damage and permanent defor-
mation) and if this response was not reasonably correct
it would be futile to use it for calibration of the
performance models. In this study, response measure-
ments included resilient MDD deflections and/or RSD
deflections.

Once the resilient deflections were predicted with
reasonable accuracy during the simulations, the perfor-
mance models were calibrated such that the permanent
deformation of each layer, the decrease in layer moduli,
and the observed surface cracking, were reasonably
well predicted. The first important step in the sim-
ulations was to obtain good backcalculated stiffness
values for all layers, and to compare those with mea-
sured values and laboratory test data. The best impres-
sion of the agreement (or lack of agreement) between
the measured and calculated values is obtained from
the deflection measurements from the entire duration
of the HVS tests from start to finish, taken at vari-
ous times during each test, which are shown in Jones
et al., (2007b). A summary of the change in surface

Figure 2. Increase in deflection (terminal deflection/initial
deflection) during HVS experiments, as simulated and mea-
sured. (Note: some sections had both RSD and MDD mea-
surements, others only one or the other, see Jones, et al.,
(2007b) for detailed results).

Figure 3. Observed surface cracking vs. damage for HVS
tests on underlying DGAC and overlays with original param-
eters.

deflections between the initial and final deflections
from HVS tests on both the underlying cracking tests
and the cracking tests on the overlays from both MDD
(one location) and RSD (average of 13 locations) mea-
surements is provided in Figure 2. CalME tends to
slightly overestimate the increase in deflection. The
uncertainty on the measured values is illustrated by
the difference between the deflections measured by the
RSD and by the MDD, which in some cases is quite
large.

3.3 Simulations 1 and 2: Fatigue damage and
cracking of asphalt concrete layers under
actual conditions

The damage calculated by CalME compared to the
observed cracking on the test sections was reasonably
accurate (see Figure 3), but the results were influ-
enced by differences in the modulus of the underlying
DGAC determined from FWD backcalculation and
those determined from laboratory frequency sweep
testing. This difference was attributed to early damage
of the DGAC layer. Figure 4 shows that the surface
cracking was fairly well predicted for the underly-
ing sections (Sections 567 through 573) by cracking

466



Figure 4. Observed surface cracking versus damage for
overlays calculated using re-calibrated damage to cracking
equation parameters to better fit overlay results.

equation parameters that had been developed previ-
ously from other APT results, but not as well for the
overlay reflective cracking sections that had surface
cracking (Sections 587 through 589). In the figure the
CalME calculation for a thickness of 80 mm should
be compared with the HVS results for the underly-
ing sections; the CalME calculation for a thickness
of 125 mm should be compared to the 45 mm over-
lay results, and the CalME calculation for a thickness
of 170 mm should be compared to the 90 mm overlay
results, since those are the approximate thicknesses of
the combined asphalt layers in each case.

In order to obtain a better fit to the measured reflec-
tive cracking in the overlay sections, the parameters in
the equations developed for crack initiation and crack
propagation that relate damage to surface cracking
in CalME were re-calibrated in a series of iterations,
using different constants. Cracking predicted using the
re-calibrated equations is compared to the measured
cracking for the overlays in Figure 4.

3.4 Simulation 3: Permanent deformation under
actual conditions

The terminal overall permanent deformation calcu-
lated by CalME at the end of each HVS test and the
average measured down rut (same as average deforma-
tion in Table 1) from profile measurements are shown
in Figure 5.A similar plot for final down rut versus the
permanent deformation of the top cap of the MDDs
had a poorer correlation with CalME results because
most of the permanent deformation was in the asphalt
layer which was not captured because of positioning
of the MDD sensors.

On average, CalME underestimated the overall per-
manent deformation by about seven percent, but the
correlation coefficient was quite low. This should be
seen in the light of the very large variation of down rut
within some of the HVS sections.A difference of 5 mm
to 10 mm between the minimum and the maximum
down rut measured within the 6.0 m long test section
was not unusual, and in one case (45 mm MB4-G) it
reached 30 mm.

Figure 5. Calculated overall permanent deformation versus
measured final down rut.

The permanent deformation of the top MDD
includes the permanent compression of the aggregate
base layers and the permanent deformation of the sub-
grade. The permanent deformation of the subgrade
was usually very low, less than 1.0 mm, except for
one section where one of the MDDs recorded final
permanent deformations at the subgrade of 2.5 mm
and another that recorded a value of 1.5 mm. In both
cases, however, another MDD in the section recorded
a permanent deformation close to zero.

3.5 Simulation 4: Permanent deformation in
overlaid sections with uniform conditions

Experience has shown that the HVS testing condi-
tions always have some influence on the performance
of a particular section. This influence increases with
increasing duration of the test. The rutting study was
considered to consist of short duration tests since the
test sections were on parts of the overlays that had
not been trafficked previously with the HVS. As a
consequence, the influence of the test conditions was
less pronounced than it was in the fatigue experiment,
which had a longer duration and took place on test
sections located precisely above those trafficked with
the HVS during Phase 1 of the experiment (HVS test
on underlying DGAC). For completeness, the simula-
tions were repeated for the rutting experiment using the
same underlying structure used for the reflective crack-
ing study discussed above, with the exception that the
modulus of the underlying asphalt was assumed to
be 3,200 MPa at 20◦C, corresponding to the approx-
imate layer moduli determined from FWD tests. The
pavement structure and test conditions for HVS Test
584RF (90-mm MB4-G) were used for the simulation
of uniform conditions. Almost 20,000 load repetitions
(60 kN) were applied to this section. The ranking from
best to worst was:

1. 90 mm MB4-G
2. AR4000-D (DGAC control)
3. RAC-G (control)
4. MAC15-G
5. 45 mm MB4-G
6. MB15-G
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Table 4. Ranking of overlays for reflective cracking under
uniform conditions.

Cracking
Layer Damage (m/m2) Rank

MAC15-G (591) (45 mm) 0.48 3.1 1
MB4-G (589) (45 mm) 0.56 5.0 2
MB4-G (590) (90 mm) 0.75 5.5 3
MB15-G (586) (45 mm) 0.69 6.7 4
RAC-G (587) (45 mm) 0.76 7.4 5
AR4000 (588) (90 mm) 1.00 7.7 6

This ranking differs from the actual results as can
be seen by comparison with actual results in Table 3.
Some mixes changed ranking by one place, and one
mix changed ranking by two places.

3.6 Simulation 5: Fatigue damage and cracking
from reflection of overlays under uniform
conditions

Although the original pavement was built to provide
uniform support for the reflective cracking study, the
forensic investigation showed that there was some vari-
ation over the length of the structure, specifically with
regard to layer thickness, composition of the recy-
cled aggregate, and degree of re-cementation of the
aggregate particles. The conditions of the underlying
structure, wheel loads, and climate should be identical
when ranking the different overlays. The simulations
were therefore repeated using uniform conditions.The
HVS loading and climate for Section 591RF (MAC15-
G) were used, but the number of load applications
was multiplied by 50. Thicknesses of 45 mm, 80 mm,
and 400 mm were used for the overlay, underlying
DGAC, and base respectively on all sections. Mod-
uli of 3,580 MPa, 400 MPa, and 100 MPa were used
for the underlying DGAC, base, and subgrade respec-
tively.An intact modulus of 12,000 MPa with a damage
of 0.253 was assumed for the underlying DGAC. The
same factors for the effects of confining stiffness and
nonlinearity of the aggregate base and the subgrade
were assumed for all sections.

Damage and cracking were determined at the end of
the (simulated) HVS loading, at 458 million ESALs.
The values, ranked according to the amount of cracking
from best to worst, are shown in Table 4. These rank-
ings are the same for theAR4000 and RAC-G sections,
which cracked, and places the third section, which
showed some initial cracking (MB-4 45 mm overlay)
in one place different from ranking from the HVS tests.
These simulation results showed that the differing con-
ditions under the overlays in the HVS sections did not
substantially alter their ranking in performance. The
simulations also provided an indication of the expected
ranking of the sections that showed damage, but were
not trafficked to a point where cracking reached the
surface.

Figure 6. Simulated reflective cracking for identical testing
conditions.

Figure 7. Design plot of reflective cracking life for asphalt
overlays on cracked asphalt with using field mixed field com-
pacted fatigue beam results. (Note: TI values are 2.4 million,
5.4 million and 41 million ESALs for TI = 10, 11 and 14,
respectively).

The simulated reflective cracking is shown as a
function of the number of loads (in ESALs) in Figure 6.
The ranking depends to some extent on the number of
load applications. The ranking would not change sig-
nificantly if it was based on the reflective cracking
predicted from fatigue damage of the overlay rather
than surface cracking.

3.7 Simulation 6: Extrapolation to field conditions
and sensitivity studies

Simulations were carried out to assess extrapolation of
mix performance in the HVS tests to performance in
the field. These results provided a preliminary assess-
ment of expected field performance, considering the
many limitations of the modeling and need to be
checked with results from in-service pavements. An
example of average values for reflective cracking life
for each variable in the factorial of simulations for
overlays on cracked asphalt pavement is shown in Fig-
ure 7. It shows that the effect of overlay mix type,
climate region, and traffic level are more important
than overlay thickness (for the ranges used).

Based on the simulation results, a number of obser-
vations were made based on simulations using the field
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mixed field compacted materials placed on the HVS
test sections:

– The relative ranking with respect to reflective
cracking under field conditions was the same as the
ranking under HVS test conditions, with the only
exception being the RAC-G and MB15-G mixes.
The RAC-G performed better than MB15-G in the
field simulations but worse in the HVS tests.

– AR4000-D and MB15-G mixes had significantly
shorter reflective cracking life under the Desert
climate than under South Coast and Central Val-
ley climates. The other mixes did not appear to be
sensitive to climate conditions.

– Reflective cracking life was generally not sensitive
to an increase in overlay thickness from 45 mm to
90 mm, and increasing the overlay thickness from
45 mm to 90 mm would not necessarily result in a
longer reflective cracking life.

– Reflective cracking life decreased as traffic vol-
ume increased, but the life decreased at a rate much
smaller than the increase in traffic volume.

– Increasing traffic speed from 10 km/h to 70 km/h
approximately doubled the reflective cracking life
for AR4000-D and MB15-G mixes. However, the
reflective cracking life for the MB4-G, MAC15-
G, and RAC-G mixes were less sensitive to traffic
speed.

4 SUMMARY

This paper has presented a discussion of the syn-
ergistic interaction of mechanistic-empirical analysis
and accelerated pavement testing. APT is used to
calibrate ME analysis models, and calibrated ME
analysis can then be used to solve problems with
accelerated pavement testing results. These problems
particularly occur when APT is used for compari-
son studies between different pavement alternatives,
and include inevitable differences in underlying condi-
tions, construction quality, loading, and environmental
control. Calibrated ME analysis can then also be used
to extrapolate APT results to a much wider range of
conditions in the field than can practically and eco-
nomically be considered by APT alone. This paper
presented a demonstration of this process from an
experiment to compare different asphalt overlay treat-
ments for reflective cracking and rutting performance
that included six different sets of simulations, from
calibration through extrapolation.
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ABSTRACT: The main objective of this study is to calibrate CalME, a Mechanistic Empirical (ME) analysis
and design program for new flexible pavements and rehabilitation, rutting prediction models using the results of
Heavy Vehicle Simulator (HVS) experiments. The methodology followed a shear-based Incremental-Recursive
(IR) procedure using rutting model coefficients determined from laboratory shear testing. Calculated calibration
coefficients for different HVS test sections were compared to evaluate the effects of asphalt mixture and structure
type on predicted rutting performance. HVS rutting experiments were performed on four sections making up a full
factorial of mix type (PG64-28PM [polymer modified dense-graded] and RHMA-G [rubberized gap graded])
and thickness (65 mm and 115 mm [2.5 and 4.5 in.]). HVS test results and early failure of RHMA-G mixes
were also investigated to determine the changes in asphalt concrete microstructure with HVS trafficking using
X-ray ComputedTomography (CT) images taken before and after HVS rutting tests.Three-dimensional images of
deformed and un-deformed specimens were compared to determine the changes in air void content distributions
for the PG64-28PM and RHMA-G mixes. Results of the analyses showed that shear related deformation controls
the long term rutting performance of the test sections while densification was only an initial contributor at the
very earlier stages of the trafficking. Laboratory shear testing was also determined to be an effective experiment
for rutting performance evaluation. CalME was able to predict the early failure of the test sections constructed
with the RHMA-G mix.

1 INTRODUCTION

Highways are an important component of civil infras-
tructure; they are essential to the economy and con-
sume large amounts of natural and financial resources.
Therefore, the most effective design and construc-
tion methods and the most efficient materials need
to be used in order to minimize expenditures while
maximizing the social benefits of mobility. Asphalt
surfaced pavements make up the vast majority of
pavements in California and the United States (US),
and therefore have great importance in terms of
roadway construction, rehabilitation and maintenance.
Asphalt surfaced pavements include flexible pave-
ments with granular bases, semi-rigid pavements with
cement-treated soil bases, and composite pavements
with underlying concrete.Asphalt surfaced pavements
make up about 92 percent of roads in the US, and more
than eight million km (5 million mi.) of highway across
the United States. More than 500 million tons of hot-
mix asphalt (HMA, another term for asphalt concrete
[AC]) with the cost of nearly 18 billion dollars is used
annually to improve and preserve the existing networks
in the United States and to a lesser extent for the con-
struction of new roadways (Epps et al. 2002). Even

minor improvements in current design and construc-
tion methods can lead to large economic savings for
the entire country, and decreases undesirable effects
for the environment.

Rutting in the AC layers (White et al. 2002) appears
to be a crucial part of the pavement failure problem.
The risk of rutting of the AC is usually greater early in
the life of the new asphalt surface layers before harden-
ing occurs due to oxidation and trafficking, resulting in
major increases in life cycle cost. Prediction of rutting
performance is important to determine the most cost-
effective design alternatives. Understanding of in situ
deformation accumulation mechanisms is needed to
develop effective performance prediction models and
associated laboratory materials characterization tests
in order to effectively design mixes to the appropri-
ate level of risk for a given project. Appropriate tests
and models are also needed to understand the reasons
behind differences in the rutting performance of dif-
ferent asphalt mix types so that design methods can be
improved.

Mechanistic-empirical (ME) design is a method
of designing highway pavements by integrating the
empirical relations relating distress to pavement
response obtained from field data with the theoretical
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predictions of pavement response from structural
models (MEPDG, 2004). Structural models are devel-
oped based on generally accepted theories and meth-
ods (linear-elastic theory [LET], finite element [FE]
method, etc.) to determine the response of pavements
to environmental conditions, traffic levels, and mate-
rial properties. Material characteristics, traffic, and
climatic information are entered as inputs to predict
pavement responses, such as strain, stress, and dis-
placement at critical locations, by using theoretical
structural models developed for predicting cracking
or rutting distress potential. These responses are used
as input to empirical transfer functions, which are
generally developed from accelerated pavement test-
ing and/or field test results (MEPDG, 2004; Ullidtz,
2006), to predict in situ distress distribution and pave-
ment performance. Once it has been established that
the pavement responses calculated by the theoret-
ical models sufficiently match measured pavement
response, the transfer function models are calibrated
based on in situ performance measurements.

Accelerated pavement tests (APT) appear to be one
of the most important initial sources of information
for development and checking of ME models because
the long-term performance of the pavement can be
simulated in a short period of time (Brown, 2004).
However, because APT is very expensive (although
not as expensive as long-term field testing) and can-
not be performed for all possible design alternatives,
structural models and laboratory tests must be devel-
oped and/or improved to simulate actual pavement
performance with a reasonable cost. Thus, results of
APT should be used to improve these structural mod-
els and laboratory tests, rather than for development
of empirical design criteria directly from the APT
themselves.

The main objective of this paper is to summa-
rize a study that calibrated CalME (an ME analysis
and design program for new flexible pavements and
rehabilitation), rutting prediction models using the
results of Heavy Vehicle Simulator (HVS) experi-
ments. The study followed a shear based incremental-
recursive (IR) procedure using rutting model coef-
ficients determined from laboratory shear testing.
Calculated calibration coefficients for different HVS
test sections were compared to evaluate the effects of
asphalt mixture and structure type on predicted rutting
performance. Rutting accumulation mechanisms for
composite pavement sections were also investigated
using X-ray Computed Tomography (CT) images
taken before and after HVS rutting tests. Three-
dimensional (3D) images of deformed and un-
deformed specimens were compared to determine
the changes in air void content distributions, which
were used to identify the contribution of densifica-
tion to total accumulated downward rut. Changes in air
void content distributions were also used to determine
the significance of shear and densification related
components of surface deformation in controlling rut-
ting performance of AC layers. Results were further
used to evaluate the effectiveness of repeated simple

shear tests at constant height (RSST-CH) for rutting
performance prediction of AC layers.

2 MECHANICS OF RUTTING
ACCUMULATION

Pavement rutting can be divided into two categories:
rutting of the asphalt surfacing, and rutting of the
unbound layers. Rutting in the unbound layers usu-
ally results from subsidence caused by shearing and
densification in unbound base, subbase and subgrade
layers, and directly affects the total rutting accumu-
lated at the surface. However, on existing pavements
that are rehabilitated and where water has not been able
to pass through to the unbound layers, most rutting (85
to 95 percent) is generally accumulated in the AC lay-
ers (Coleri et al., 2008). Rutting in the asphalt layers
accumulates with increasing load applications and is
highly sensitive to variations in temperature and traffic
levels (Metcalf, 1996). Volume change (densification)
and shape distortion (shear related deformation) are
the two main deformation modes that control rutting
accumulation. Volume change is the deformation of
a material with equal principal strains in all dimen-
sions. Bulk modulus (K) is the resistance of a material
to volume change. Shear distortion can be defined as
deformation without any change in volume. Resis-
tance of a material to shear distortion is represented
with the shear modulus (G∗) (Weisman et al., 2003).
Typically, in situ rutting accumulation rates are higher
under initial loading due to the combined effect of
densification and shear distortion.

3 EXPERIMENT PROGRAM AND TEST
RESULTS

3.1 Heavy Vehicle Simulator testing

The HVS is a mobile load frame that uses a full-scale
wheel (dual or single) to traffic pavement test sec-
tions. The trafficked test section is 8 m (26 ft.) long, of
which 1 m (3.3 ft.) on each end is used for turnaround
of the wheel and is generally not included in analysis
and reporting of results.This wheelpath length permits
the testing of one slab of jointed portland cement
concrete (PCC).

In this study, composite AC over PCC, full-scale
pavement sections were constructed for HVS testing
at the University of California Pavement Research
Center facility at UC Davis (Coleri et al., 2012). Two
asphalt mixture types were used in this study (Coleri
et al., 2011), a dense-graded mixture with PG 64-28
polymer modified (PM) binder and a gap-graded mix-
ture with asphalt rubber binder (PG 64-16 base binder
modified with 18% crumb rubber [RHMA-G]). Both
mixes were specified based on Caltrans specifications.
Nominal maximum aggregate sizes (NMAS) for the
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Table 1. Summary of HVS loading program.

Temperature at 50 mm
Design As-built Wheel Total Load

Section Mix Type Thickness (mm) Thickness (mm) Load (kN) Average (◦C) Std Dev (◦C) Repetitions

609HB PG 64-28PM 115 116 40 49.5 1.1 63,750
60 136,250

610HB PG 64-28PM 65 72 40 49.8 1.0 64,000
60 137.200

611HB RHMA-G 115 118 40 48.7 1.1 18,503
612HB RHMA-G 65 74 40 49.7 1.3 90,000

PG64-28PM and RHMA-G mixtures were 19 mm and
12.5 mm, respectively.

Two overlay thicknesses were tested for each of the
two mix types placed on the HVS test sections: 65 mm
(one lift) and 115 mm (two lifts) for thin and thick
AC sections, respectively. All sections had 150 mm
aggregate base layers and 180 mm thick PCC layers.

The HVS loading program for each section is sum-
marized inTable 1.The failure criterion was defined as
an average maximum rut of 12.5 mm over the full mon-
itored section. Average maximum rut is defined as the
summation of the downward deformation and upward
deformation, or “humping”, of material sheared to the
sides of the wheelpath, averaged from 13 transverse
profile measurements, at 0.5 m intervals along the
6 m wheelpath. The pavement temperature at 50 mm
depth was maintained at 50◦C ± 4◦C to assess rut-
ting potential under typical pavement conditions. All
trafficking was carried out with a dual-wheel config-
uration with the centerlines of the two tires spaced
360 mm apart, using radial truck tires inflated to a
pressure of 690 kPa. A channelized (no wander), uni-
directional loading mode, in which the wheel travels
one direction loaded and is lifted off the pavement
for the return pass, was used. Channelized trafficking
is used to simulate the tracking of radial tires in the
wheelpath once a small rut forms, and is more aggres-
sive than field conditions in the initial stages of rutting
before tires begin to track in the ruts. Wheel speed for
all tests was 8.7 km/h.

The rutting performance of the four sections is
shown in Figure 1. Average maximum rut is given in
Figure 1a and downward deformation only in (Fig-
ure 1b). Sections constructed with RHMA-G mix show
earlier failure than the PG64-28PM mix, while the
thick RHMA-G section (611HB) failed before reach-
ing 20,000 load repetitions. Sections constructed with
the PG64-28PM mix (609HB and 610HB) showed bet-
ter rutting performance, with failure not observed after
200,000 load repetitions for both the thick and thin
sections. The wheel load for the two sections with the
PG 64-28PM mix (609HB and 610HB) was increased
from 40 kN (9 kips) to 60 kN (13.5 kips) at around
64,000 repetitions. However, increasing the load did
not have any significant effect on the rutting accumu-
lation rate. The maximum rut depth, which considers
both downward and upward deformation of material

Figure 1. HVS test results (a) Average maximum rut (b)
Average downward rut.

sheared to the sides of the wheelpath, is approximately
1.4 times greater than the average downward rut depth
for both PG 64-28PM sections, and nearly 1.8 times
greater for both RHMA-G sections, indicating that
shearing of material to the side of the wheelpath is
as important a contributor or more important than the
downward rut.

In order to determine the contributions of shear
and densification related deformations to total surface
rutting, changes in air void distributions determined
with X-ray CT imaging were analyzed for each section
and is discussed later in this paper.
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3.2 Laboratory testing – Repeated Simple Shear
Test at Constant Height (RSST-CH)

The purpose of laboratory testing of the asphalt overlay
mixes was to measure rutting performance and then
use the results for the development of a laboratory
performance model. RSST-CH tests were conducted
on field-mixed, laboratory-compacted (FMLC) cores
sawn from ingots compacted during the test section
construction. Loose mix was sampled from the trucks
with a skip loader immediately prior to it being tipped
into the paver and then dumped next to the prepa-
ration area. The required volume of material, based
on the theoretical maximum densities determined ear-
lier in the contractor’s laboratory, was weighed and
then compacted, using a rolling wheel compactor, into
moulds at the same temperatures as those recorded
on the test track. Specimens were cored and then cut
into 150 mm (6 in.) diameter and 50 mm (2 in.) thick
cylindrical shear specimens.

Test specimens were subjected to repeated load-
ing in shear using a 0.1-second haversine waveform
followed by a 0.6-second rest period while the per-
manent (unrecoverable) and recoverable shear strains
were measured. The permanent shear strain (PSS) ver-
sus applied repetitions is normally recorded until a five
percent strain is reached, although AASHTO T-320
(AASHTO, 2003) calls for loading up to only 5,000
repetitions. A constant temperature is maintained
during the tests.

Twelve shear tests were performed on the PG 64-28
PM mix and eighteen shear tests on the RHMA-G mix,
the difference being the number of replicates, which
differed based on the number of specimens available
and the variability in test results for each mix. The full
factorial experiment design was as follows:

– Two temperatures: 45◦C and 55◦C (113◦F and
131◦F)

– Three stresses: 70 kPa, 100 kPa, and 130 kPa (10.2,
14.5, and 18.9 psi)

– Three replicates for the RHMA-G mix and two
replicates for the PG 64-28 PM mix.

Air void contents were measured using the CoreLok
method (AASHTO, 2009). Table 2 summarizes the air
void distribution categorized by mix type, test temper-
ature, and test shear stress level. The differences in air
void content distributions between the two mixes are
clearly apparent. The mean differences for the mean
air void content of the RHMA-G mix was 5.4 percent
and 5.9 percent for the PG 64 28 PM mix. Labo-
ratory compacted mixes had better compaction than
the test track for both mixes. Significant differences
between the field and laboratory compacted mix air
voids was not expected to introduce bias into the test
results because volume change (densification) is not
permitted in RSST-CH tests.

Figure 2 shows the RSST-CH test results. Perma-
nent deformation accumulation rate was extremely fast
for the RHMA-G mix. This result indicated that early
rutting failure was likely to be observed for that mix
if exposed to pavement temperatures at 50 mm depth

Table 2. Summary of air void contents of FMLC shear test
specimens.

PG64-28PM RHMA-G

Temp (◦C) Stress (kPa) Mean SD Mean SD

45 70 4.1 0.4 8.5 0.6
100 4.1 0.9 9.4 0.6
130 3.9 1.2 8.5 0.4

55 70 4.9 0.3 7.8 1.2
100 4.2 0.2 7.5 1.3
130 2.9 0.4 7.5 0.3

Overall 4.0 0.8 8.2 1.0

Figure 2. RSST-CH test results (a) PG64-28PM mix
(b) RHMA-G mix.

(2 in.) of 45◦C to 55◦C (113 to 131◦F). The PG 64-28
PM mix showed better performance with a slower
deformation accumulation rate.

4 RUTTING PERFORMANCE PREDICTION
AND MODEL CALIBRATION

4.1 Calibration of incremental-recursive rutting
prediction models in CalME using HVS
experiments

4.1.1 General procedure
The mechanistic-empirical approach to pavement
design makes use of fundamental physical properties
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Figure 3. General framework for rutting model calibration.
(Coleri, et al., 2008).

and a theoretical model to predict stresses, strains, and
deflections, i.e., the pavement response, caused by a
load on the pavement.

CalME uses a modified version of the shear based
procedure developed by Deacon et al. (2002) to predict
accumulated rut depth in HMA layers by consider-
ing the effects of temperature, material properties,
load levels, and speed. CalME follows an increment-
recursive (IR) procedure when simulating pavement
performance where material properties are revised for
each time increment by considering the changes in
environmental conditions, traffic characteristics, and
HMA stiffness. Calculated damage (permanent defor-
mation for rutting, stiffness change otherwise) for each
time increment is recursively accumulated to be able
to predict the pavement condition at any point in time.
The IR mechanism has been found to be an effec-
tive approach for considering damage accumulation,
and has been implemented in CalME (Ullidtz et al.,
2006), and to a partial extent in the MEPDG (MEPDG,
2004). The general framework followed for rutting
performance model calibration is given in Figure 3.

The gamma function used to calculate permanent
shear strain by using elastic shear strain, number
of repetitions, and shear strain as the independent
variables is given as follows (Ullidtz et al., 2008):

where
γ i = permanent shear strain
γe = elastic shear strain
τ = shear stress
N = number of load repetitions
τref = reference shear stress (0.1 MPa = atmospheric

pressure)
A, α, β, γ and δ are model coefficients determined

from the RSST-CH results.

Table 3. Model Coefficients for CalME Rutting Model
(Eq. 1) for Mixes, PG 64-28 PM and RHMA.

Mix A α τref β γ δ

64-28PM 1.912 2.649 0.1 0 4.208 1
RHMA-G 0.359 3.943 0.1 0 1.719 1

Note: K = Calibration coefficient (Described in
Equation 3); E* = Elastic modulus; RSS = Residual
sum of squares (Described in Equation 4).

Model coefficients for Equation 1 for this study
were calculated based on laboratory RSST-CH data
for the HMA mixes of the HVS (PG 64-28 PM and
RHMA-G) test sections by using nonlinear regression.
Calculated model coefficients are given in Table 3.

Shear stresses at 50 mm (2 in.) depth at the edge
of the tire were determined using the calculated
stiffnesses, traffic-vehicle characteristics, and mate-
rial properties as inputs to a layered-elastic program.
Elastic shear strain values for each repetition inter-
val were calculated by using the following equation
(Ullidtz et al., 2008):

where
τ = shear strain calculated from layer elastic theory
Ei = modulus of layer i
νi = Poisson’s ratio for layer i (assumed to be 0.35

for all layers)
Calculated elastic strain values for the correspond-

ing repetition interval are used in Equation 1 to
calculate plastic shear strain. For the calibration of the
model, the coefficient for the shear stress variable (β)
is assumed to be equal to zero for all material types
because the effect of shear stress on accumulated per-
manent shear strain is simulated using the elastic shear
strain variable. CalME assumes that rutting is con-
fined to the upper 100 mm of the asphalt layers (Ullidtz
et al., 2008), therefore calculated plastic shear strains
(from Equation 1) for each repetition interval are mul-
tiplied by 100 mm to calculate corresponding rutting
deformation. Calculated rut depths for each repetition
interval are accumulated based on the IR procedure to
develop the final rutting curve.

The optimum calibration coefficient (K) is calcu-
lated by relating calculated permanent shear strain
values to measured downward rut depths using the
following equation and optimization:

where
K = calibration coefficient
hi = thickness of layer i (up to 100 mm, assumed to

be 100 mm for thicker asphalt layers)
dpi = rut depth
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The procedure given in Figure 3 can be repeated
several times to develop rutting deformation curves
for several calibration coefficients (K). The optimum
calibration coefficient to calibrate between the labo-
ratory regression equations and the measured rutting
can be determined on the basis of a fitness function
given as follows:

where
n: number of rut depth measurements
RSS: residual sum of squares
The plot for calibration coefficient versus RSS

can be fitted by a second order polynomial curve
whose minimum RSS will correspond to an optimum
calibration coefficient that can be used for design.

4.1.2 Calibration results
CalME rutting prediction models were calibrated
using the results of HVS experiments by following
the procedure described in the previous section and
using the calculated rutting model coefficients that
were determined from laboratory test results. Wheel
speed (loading time) and collected asphalt tempera-
ture data were used for the prediction of stiffnesses.
Shear stresses at 50 mm depth at the edge of the tire
were calculated by using the calculated stiffnesses,
traffic-vehicle characteristics, and material proper-
ties as inputs to a layered-elastic program. Calculated
elastic strain values for the corresponding repetition
interval were used to calculate plastic shear strain.
Calculated rut depths for each repetition interval were
accumulated based on the IR procedure to develop the
final rutting curve. In this study, measured downward
rut depths (layer compression compared to the orig-
inal surface of the pavement) were used for model
calibration.

HVS repetitions were converted to continuous time
(year) for calibrations. Figure 4 shows the results of
the calibrations.

The Kcalib rutting curve in each plot is the cali-
brated rutting prediction curve, while the Kavg curve
is the predicted rutting curve using the calibration
coefficient obtained by averaging the calibration coef-
ficients of all four HVS test sections. Kavg was
assumed to be the general calibration factor for com-
posite pavements. It can be observed that Kavg gives
reasonable predictions for all sections. Although the
115-mm thick RHMA-G section (611HB) showed
early failure, it can be observed that measured per-
formance can be effectively predicted with CalME
models without having extreme differences in cal-
ibration coefficients. In other words, CalME was
able to predict the early failure for that section with
the same calibration coefficient used for the other
sections.

Figure 4. HVS test results compared with calibrated CalME
rutting model predictions (a) 609HB – PG64-28PM – Thick
(b) 610HB – PG64-28PM – Thin (c) 611HB – RHMA-G –
Thick (d) 612HB – RHMA-G – Thin.
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Figure 5. Locations for the AC blocks (scaled – Dimensions in cm) (a) Sections 609HB and 611HB with thick (115 mm) AC
layer (b) Sections 610HB and 612HB with thin (65 mm) AC layer.

5 INVESTIGATION OF RUTTING
MECHANISMS BY X-RAY COMPUTED
TOMOGRAPHY IMAGING

5.1 General procedure for X-ray CT image data
collection

The detailed procedure followed for X-ray CT image
data collection for HVS samples (before and after HVS
testing) is described by Coleri et al. (2011). Changes in
AC microstructure with HVS loading were determined
by comparing the X-ray CT images taken before and
after HVS testing. Four blocks were sawn from each
HVS test section (16 blocks from four HVS rutting
sections) to obtain the complete deformation profile.
AC blocks were distributed over the HVS test sections
to avoid localized failure problems around the blocks.
Figure 5 shows the locations for the AC blocks. Only
one block was sawn from the upper wheel path of
the thick-AC sections (609HB and 611HB) to prevent
damage to the strain gauge cables (at 50 mm depth)

in these sections. Therefore, only half of the inner
wheelpath profiles were analyzed in this study for the
thick-AC sections. The asphalt concrete blocks were
scanned to determine the microstructure of the blocks
before testing. Three dimensional (3-D) distributions
of air voids were determined using these images.

Scanned AC blocks were replaced in their origi-
nal locations using a fast-setting epoxy. HVS loading
was applied until the surface rutting failure point was
reached. Deformed AC blocks were re-sawn to per-
form after-testing X-ray CT scanning. Deformed and
un-deformed 3-D air void distributions were com-
pared to determine the changes in air void content
distributions under HVS trafficking, which were used
to identify the contribution of densification to total
accumulated downward rut.

5.2 X-ray CT Image Processing

An X-ray CT image is simply the spatial distribution of
the attenuation coefficients measured by the detectors.
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A three dimensional image of a specimen can be gen-
erated by combining the image slices reconstructed by
the X-ray CT imaging. The quality of the 3-D image
will depend on the X-ray CT image resolution. In this
study, horizontal sample images were taken at every
1 mm interval distance while the resolutions for the
other two dimensions were 0.24 mm.At each sampling
point within the sample volume the X-ray CT scan-
ner measures a value that is related to the density and
atomic number of the material at that particular point.
These measured values are then converted to grayscale
values (Simpleware, 2010). The gray scale intensities
for the aggregates, air voids and mastic range from
−1,000 to +3,095, but these values were rescaled to
the range from 0 to 255. Because aggregates are denser
than mastic and air voids, they will occupy the higher
portion of the intensity scale, while air voids, with their
low density, will be at the lowest intensity portion, and
mastic intensity will be in between aggregate and air
void intensities.

AC samples sawn from the HVS test sections were
analyzed to evaluate the changes in microstructure
with HVS trafficking. For that purpose, images taken
before and after testing were processed to identify
the distribution of air voids and aggregates within
the sample block volume. Air void distributions were
determined using the Simpleware software. Air void
percentages for each asphalt mixture sample were
determined using the standard CoreLok method. The
total volume of the asphalt mixture sample was cal-
culated for the complete zero to 255 intensity range.
The upper limit for the air void intensity range was
determined by trial and error to match the measured
air void contents. The average range for the PG 64-
28 PM mixAC blocks was determined to be zero to 119
with calculated average air void content of 9.9% while
the average range for the RHMA-G mix AC blocks
was zero to 102 with calculated average air void con-
tent of 13.6%. After the thresholds for the air void
domain were determined, masks with specific colors
were assigned to clearly visualize the distribution of
air void domain in the total block volume. Figure 6
illustrates the air void distributions for Block 1 from
HVS test section 609HB (PG64-28PM, 115-mm thick)
before and after HVS trafficking.

5.3 Calculation of the contribution of
air void reduction related deformation
(densification) to the total accumulated
surface deformation

Changes in air void content profiles were determined
by comparing the air void content distributions of the
AC blocks before and after HVS testing. The three
dimensional images were divided into 2.93 mm thick
volumes along the horizontal direction.The calculated
change in air void content percentages for each unit
volume were multiplied by the height of the volume
slice to calculate the air void content related surface
deformation. Changes in block surface profile with

Figure 6. The changes in air void contents after HVS traf-
ficking for theAC block from section 609HB – PG64-28PM –
115 mm (colored volumes are air voids) (a) Before traffick-
ing (b) After trafficking. Note: HVS wheelpath is on the left
half of the figures.

HVS trafficking were also determined by taking sur-
face profilometer measurements on the blocks before
and after testing.

Laser profilometer-measured (total) and air void
related surface deformation, calculated from X-ray CT
images, profiles are given in Figure 7. Significant den-
sification occurred under the wheelpaths, as expected.
Air voids were also observed to be translated laterally
by the shear stresses caused by HVS trafficking. On
each block, the locations close to the humps (next to
the wheelpath) were exposed to smaller densification
related downward deformations, while even upward
movements were observed for sections with thinner
AC layers (Figure 7c and Figure 7d) as a result of the
shear related air void movement.

The contribution of air void reduction related defor-
mation (densification) to the total accumulated sur-
face deformation was determined by comparing the
profiles in Figure 7. The air void reduction related
deformation in the wheelpath, was isolated from
the complete block densification profile to calculate
the average air void reduction related rutting under
the HVS wheel. The ratio of densification related
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Figure 7. Comparison of profilometer-measured and air
void related surface deformation profiles. (a) PG64-28PM,
155 mm; (b) RHMA-G, 115 mm; (c) PG64-28PM, 65 mm;
(d) RHMA-G, 65 mm.

deformation to the total surface downward deforma-
tion was determined for each block and is shown as
a percentage on the profile curves in Figure 7. The
average contribution of densification related deforma-
tion to the total surface deformation was determined
to be 40, 44, 37 and 41 percent for thick-PG 64-28PM,
thick-RHMA-G, thin-PG 64-28PM and thin-RHMA-
G sections, respectively. This result shows that a
significant part of the measured downward rut was a
result of densification. In addition, although the aver-
age air void content of the RHMA-G blocks was 37
percent higher than the PG 64-28PM blocks according
to the CoreLok measurements, the contribution of air
void reduction to total downward rutting was close for
both mix types at both thicknesses. In other words, it
is not possible to predict future rutting performance

of the sections from the densification because it was
approximately the same. Shear related deformation
appeared to control the long-term rutting performance
of the test sections while densification was an initial
contributor at the very earlier stages of trafficking.

5.4 Calibration of incremental-recursive rutting
prediction models in CalME using the
shear-related component of surface
deformation

RSST-CH simulates the shear performance of the
AC mixes while densification is ignored. The general
assumption is that shear related deformation controls
the level of total surface deformation while densifica-
tion is described as a minor contributor affecting the
initial stages of the test. In this study, calibration coef-
ficients were calculated to range from 1.46 to 2.03. A
calibration coefficient that is equal to 1.0 suggests that
in situ performance of the mix can be directly predicted
based on the laboratory test results without using any
HVS or field data (Equation 3). In this study, calcu-
lated calibration coefficients that are larger than 1.0
are attributed to the densification related component
of the surface rutting, which cannot be simulated with
RSST-CH.

In order to calculate the calibration coefficients for
only the shear related component of surface rutting,
the densification component of downward rut mea-
surements were excluded from the surface downward
rut using the contribution of densification percent-
ages calculated in previous section. The assumption
for this procedure is that contribution of densification
to total surface rutting calculated by comparing X-ray
CT images taken before and after HVS tests also holds
for the intermediate repetitions.Although contribution
of densification will be higher at the initial stages of the
test, it is not possible to collect X-ray CT image data
at intermediate repetitions to calculate the actual con-
tribution. Thus, contribution of densification to total
surface rutting calculated by comparing the before and
after testing X-ray CT images is assumed to be an aver-
age contribution value for the overall HVS test and
used for the calibration.

Calibration coefficients calculated for the shear
related component of total surface rutting were 1.062,
0.897, 0.921 and 1.191 for thick-PG 64-28PM, thick-
RHMA-G, thin-PG 64-28PM, and thin-RHMA-G sec-
tions, respectively. The calibration coefficients for all
test sections were close to 1.0 after the exclusion of
densification from total surface rutting. This result
suggests that RSST-CH can effectively simulate the in
situ shear performance of AC mixes. Figure 8 shows
the predicted rutting curves for all test sections when
calibration coefficients were assumed to be equal to
1.0 (in other words, not using the calibration coeffi-
cient in Equation 3 and directly predicting shear related
surface rut from RSST-CH results). Results show that
predicted rutting curves for a calibration coefficient of
1.0 are close to measured shear related rutting for all
sections.
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Figure 8. Predicted rutting curves for all test sections when
calibration coefficients were assumed to be equal to 1.0.
(a) 609HB, PG64-28PM, Thick; (b) 610HB, PG64-28PM,
Thin; (c) 611HB, RHMA-G, Thick; (d) 612HB, RHMA-G,
Thin.

6 CONCLUSIONS

In this study, CalME rutting prediction models were
calibrated by using the results of HVS experiments
and following a shear based IR procedure using rutting
model coefficients determined from laboratory shear

testing. Early failure of RHMA-G mixes were inves-
tigated by determining the changes in AC microstruc-
ture before and after HVS trafficking using X-ray
CT images. Three-dimensional images of deformed
and un-deformed specimens were compared to deter-
mine the changes in air void content distributions for
PG64-28PM and RHMA-G mixes, and to quantify the
contribution of air void reduction to total downward
rutting. Measured contributions of air void reduction
to total downward rutting for each HVS test section
were used to calculate the shear related downward
deformation, which was used to perform a shear based
model calibration to determine the effectiveness of
RSST-CH in predicting rutting performance of asphalt
mixes.

Results of this study can be summarized as follows:

– Although the thick RHMA-G section (611HB)
showed early failure, measured performance was
effectively predicted with CalME models without
having extreme differences in calibration coeffi-
cients.

– The average contribution of densification related
deformation to the total surface deformation was
determined to be 40, 44, 37 and 41 percent for
thick-PG 64-28PM, thick-RHMA-G, thin-PG 64-
28PM and thin-RHMA-G sections, respectively.
This result shows that a significant part of the
measured downward rut was a result of the den-
sification.

– Although the average air void content of RHMA-G
blocks was 37 percent higher than the PG 64-28PM
blocks according to the CoreLok measurements,
the contribution of air void reduction to total down-
ward rutting was close for both mix types at both
thicknesses.

– Shear related deformation appears to control the
long-term rutting performance of the test sections,
while densification was an initial contributor at the
very earlier stages of the trafficking.

– Calibration coefficients for the CalME rutting
model were calculated to range from 1.46 to 2.03.
Calibration coefficients larger than 1.0 can be
accepted to be a result of the densification related
component of surface rutting, which cannot be
simulated with RSST-CH.

– Calibration coefficients calculated for the shear
related component of total surface rutting were
1.062, 0.897, 0.921 and 1.191 for thick-PG 64-
28PM, thick-RHMA-G, thin-PG 64-28PM and
thin-RHMA-G sections, respectively. Calibration
coefficients for all test sections were close to 1.0
after the exclusion of densification from the total
surface rutting. This result suggests that RSST-CH
effectively simulates the in situ shear resistance of
AC mixes.

Although the results obtained in this study pro-
vide considerable insight, further study is required to
extend the analysis. Results should be validated by
performing a field performance study. Falling weight
deflectometer (FWD) tests should be conducted at
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various locations on highway sections to determine
the variability of stiffness for all pavement layers. In
addition, pavement layer thicknesses should be mea-
sured by coring and/or ground penetrating radar. Rut
depths should be measured at different time points
by using profilometers. Rut depths, thicknesses and
stiffnesses from these in situ measurements should
be combined with data from weather and weigh-in-
motion (WIM) stations to calibrate laboratory models.
The effect of asphalt mix aging can also be incorpo-
rated into the calibration procedure by using the aging
equations given in CalME and the results of the indirect
tensile and FWD tests.
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Lessons learned from the application of the CalME asphalt fatigue model to
experimental data from the CEDEX test track
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ABSTRACT: Predicting asphalt fatigue evolution in the field is difficult. Very few models are effective
for this complex process, and even less where actual damage levels, determined from structural evaluations,
can be efficiently incorporated to improve previous performance predictions. One model evaluated, CalME
(California Mechanistic-Empirical Software for Structural Design of Flexible Pavements), incorporates an
incremental-recursive procedure based on mechanistic-empirical principles and was used to study and repro-
duce the deterioration process at the CEDEX Test Track. Experimental data for this evaluation came from four
full-depth pavements tested over 28 months at the track, during which bearing capacity and surface cracking
data was collected. This provided detailed information regarding asphalt layer deterioration under changing
environmental conditions. Special attention was paid to the accumulation of damage as a function of loads and
temperature and how this damage, together with aging and post-compaction under traffic, determine the stiffness
of the asphalt layer. This paper presents experimental evidence that supports the ability of the CalME model to
reproduce the main aspects of asphalt performance in flexible pavements and to predict future asphalt mixture
performance, after recalibration from field data. The model was initially calibrated from laboratory fatigue tests
and later recalibrated based on FWD tests conducted at an early stage of the deterioration process. After this
early recalibration, the model was able to predict future asphalt layer deterioration until an ultimate damage level
was reached.

1 INTRODUCTION

Predicting asphalt fatigue evolution in the field is dif-
ficult. The large number of variables that contribute
to the deterioration process, the complexity of the
process itself, and the interaction with other distress
mechanisms are some of the reasons for this. Pre-
venting pavement failure has significant economic
implications, not only at initial construction but also
throughout the service life. Consequently, an accurate
prediction of asphalt fatigue will allow optimization
of design, maintenance, and rehabilitation actions to
minimize the overall cost.

Figure 1 represents the typical evolution of asphalt
layer modulus in a flexible pavement during its ser-
vice life. Damage accumulation leads to this modulus
reduction up to a point where cracking begins. This
cracking process will continue until a “failure” condi-
tion is reached after Nf load applications. Prediction
of Nf has been the goal of classical analytical design
methods for at least two decades. However, the ulti-
mate goal of an asphalt fatigue model should go
further if it is deemed to be efficient in minimizing
the significant costs of pavements construction and
rehabilitation. These advanced goals can be stated as
the ability to:

1. Predict asphalt modulus evolution.
2. Determine asphalt damage from actual modulus.
3. Determine asphalt cracking from damage.

Figure 1. Evolution of asphalt fatigue during service life of
a flexible pavement.

In theory, there are very few models that can
achieve these goals. One of the few that can is the
widely recognized California Mechanistic-Empirical
Software for Structural Design of Flexible Pavements
or CalME (Ullidtz et al. 2006). This program incor-
porates three design levels of increasing complexity;
the most advanced being an incremental-recursive
procedure based on mechanistic-empirical principles.
CalME incorporates specific models for different
distress mechanisms, including permanent deforma-
tion of asphalt, granular and soil layers, longitudinal
unevenness, stabilized soils fatigue, and bottom-up
asphalt fatigue.
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A research effort has been conducted at CEDEX
Transport Research Center, in cooperation with the
University of California Pavement Research Center, to
evaluate the potential of CalME asphalt fatigue model
to predict actual performance observed from four flex-
ible sections tested at the CEDEX Test Track. Impor-
tant lessons have been learned from this research effort
that help to understand the complex process of asphalt
mixture deterioration in the field. The main lessons
are described and analyzed in this paper, with special
emphasis on the application of the CalME model to
in-service pavements. The reason for this is the
increasing importance of structural evaluation in Spain
and other countries with a consolidated road network,
where most investments are dedicated to maintenance
and rehabilitation rather than new pavement construc-
tion. Under these circumstances, the assessment of
actual pavement structural condition and the predic-
tion of its future evolution become priorities, which
are typically accomplished by conducting periodic
structural evaluations. These evaluations provide large
amounts of data that, if appropriately processed, can
be incorporated into the fatigue model, thus improving
previous performance predictions.

1.1 Objective

The objective of the research presented in this paper
is the evaluation of the applicability of the CalME
asphalt fatigue model as a tool for interpreting deflec-
tion testing data from in-service pavements and, based
on this, for the prediction of future asphalt fatigue
performance.

1.2 Research approach

The CEDEX Test Track is a linear-circular combined
accelerated pavement testing (APT) facility located
outdoors (Mateos, 2008). Traffic is simulated by two
automatic vehicles that continuously move around a
closed circuit, constructed in a test pit. Six asphalt sur-
faced sections (15–19 m long) were tested in a research
project that focused on subgrade performance. The
sections consisted of a 120 to 150 mm (4.5 to 6.0 in.)
asphalt layer placed directly on top of medium to high
quality subgrades, as shown in Figure 2. The two sec-
tions with cement-stabilized soils were not included
in this particular research, since the critical distress
mechanism was not conventional (bottom-up) fatigue
cracking. Additional information about the test is as
follows:

– Test period: 2007/08/29 through 2009/12/31
– Total number of passes: 1,323,600
– Vehicles loading: 65 kN (14.6 kip) dual wheel

(corresponding to 130 kN axle)
– Transverse wander: ±195 mm (±7.7 in.)
– Vehicle speed: 30 to 40 km/h (19 to 25 mph)
– Environmental conditions: Open air; water table

height changes with rainfall

Actual structural performance of the sections was
periodically evaluated throughout the test. Bearing

Figure 2. Flexible sections included in the test.

capacity was measured with a falling weight deflec-
tometer (FWD) and surface cracking was measured
by means of visual inspection. FWD testing was
conducted at between 15 and 20 points along each
section, and the average deflection bowl was used to
backcalculate asphalt layer modulus using Evercalc.
The temperature assigned to the asphalt modulus was
the mean value from two thermocouples embedded
in the asphalt layer (one at the top and one at the
bottom).

The pattern of the evolution of the stiffness of the
asphalt layer, determined from FWD testing, was stud-
ied as a function of three main factors: damage, aging,
and densification under traffic loads. The hypotheses
of the CalME model concerning the effects of these
three factors were evaluated by comparing the actual
pattern with the pattern expected according to the
model. The CalME asphalt fatigue model was initially
calibrated in the laboratory, by conducting 4-point
bending fatigue tests at 10◦C, 20◦C and 30◦C. Fatigue
tests were conducted in controlled-deflection mode
following European Standard EN 12697-24 Annex D
“Four-point bending test on prismatic shaped speci-
mens”. A shift factor was then introduced, according
to the CalME approach, which takes into account the
beneficial effects of rest periods between loads. The
unknown part of the shift factor was determined on
the basis of field data collected after 140,000 load
repetitions on the track. The ability of the model to
predict future performance was evaluated by compar-
ing actual asphalt layer modulus evaluated from FWD
testing to model predictions at this point.

The CalME transfer function for asphalt crack-
ing was evaluated by comparing measured cracking
to model predictions. Actual damage estimated from
FWD testing was used as input to specifically evaluate
this transfer function.

Finally, an application example is presented where
the model is used to analyze the structural response of
the sections in terms of deflection. Research is now
under way to study other response variables that were
measured by embedded sensors, in particular horizon-
tal strain in the asphalt and vertical stress and strain in
soils.
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The actual CalME software was not used for this
research, only the model for considering damage. This
allowed some flexibility to work with available data,
but required additional effort and missed some of the
potential of CalME.The CalBack backcalculation pro-
gram was also not used. This program incorporates
specific unique features that optimize FWD testing
data (Lu, et. al., 2009).

2 DETERMINATION OF ASPHALT DAMAGE
FROM STRUCTURAL EVALUATIONS

The ratio of the actual modulus of the asphalt layer to
the original value represents an indicator of the damage
in the material. However, the quantification of dam-
age from this ratio is not straightforward for two main
reasons:

1. The evolution of asphalt modulus in the field is not
only related to damage. It is widely accepted that
aging and post-compaction under traffic are two
main factors that must also be considered.

2. For a particular level of damage, the ratio
Eactual/Eundamaged is not independent of the temper-
ature and frequency content of the FWD loading
pulse.

CalME uses the MEPDG sigmoidal curve for the
asphalt mixture dynamic modulus, according to Equa-
tion 1. Parameters for this equation are determined
in the laboratory by conducting temperature and fre-
quency sweep dynamic modulus tests.

Original asphalt layer moduli can also be obtained
by backcalculating FWD measurements taken imme-
diately after construction, before trafficking. These
values are representative of the undamaged asphalt
mixture. A good correlation is typically found when
these moduli are compared to master curve values,
provided that a correct frequency is chosen that is rep-
resentative of the FWD loading pulse. This frequency
was 15 Hz for the particular load and buffer config-
uration of the Kuab device used for this particular
study. Figure 3 shows the good agreement achieved
for the four sections included in this study. It can be
concluded that the original master curve constitutes a
reliable reference to compare to FWD backcalculated
moduli during the service life of the pavements.

Figure 4a shows the asphalt layer modulus values
that were obtained by backcalculation from FWD test-
ing throughout the study. Only results for Section 5 are
presented in this paper, with results for the other sec-
tions in Mateos et al. (2012). Three issues in Figure 4a
deserve special consideration:

1. When temperatures below 15◦C (59◦F) are con-
sidered, modulus reduction is clear during the
test. In particular, modulus decreases consecu-
tively throughout the following load application

Figure 3. Comparison between laboratory and FWD
backcalculated moduli

measurement intervals: 0, 140,000, 200,000,
275,000, 920,000, and 1,323,000.

2. When temperatures over 30◦C (86◦F) are consid-
ered, the modulus tends to converge to the original
(undamaged) values.

3. No clear evolution can be observed for interme-
diate temperatures, except for the highly dam-
aged material after one million cycles. The asphalt
layer modulus actually tended to increase between
500,000 and 730,000 load repetitions. For this last
cycle, the “apparent damage” appeared to be less
than that recorded after 200,000 and 275,000 load
repetitions.

It is evident that this particular pattern is directly
related to the specific sections that were tested and
to the specific loading and environmental condi-
tions under which the test was performed. However,
the CalME approach actually shows that the pat-
tern reflects different phenomena that take place to
a greater or lesser extent in every flexible pavement
during its service life. In particular, it reflects the
combined effects of damage, aging and densification
under traffic, as discussed below.

CalME introduces aging and densification under
traffic by increasing the δ parameter in the master
curve, as shown in Equation 2. This is equivalent to
multiplying the modulus by the factor 10�δ for any
combination of temperature and frequency. Damage is
introduced by multiplying the α parameter by (1-ω).
As damage (ω) increases, the viscous part in Equa-
tion 2 decreases, and the modulus will be a constant
value, 10δ+�δ , for the maximum level of deterioration
(ω = 1).

According to Equation 2, the evolution of the
asphalt mixture master curve follows the pattern
reflected in Figure 5. Aging and densification shifts
vertically on the master curve in the logarithmic scale,
while damage effects are higher, in absolute and rel-
ative terms, for increasing reduced frequencies. As a
result, structural evaluations conducted at high temper-
atures will mainly reflect aging and densification, thus
hiding the real magnitude of the damage; the opposite
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Figure 4. Asphalt layer modulus evolution throughout the test on Section 5.

will happen for low temperatures. This is the pattern
that was observed in Figure 4a, supporting issues 1
and 2 listed above. It should be noted that each CalME
model curve in Figure 4 is derived from a particu-
lar “actual master curve” as presented in Figure 5, by
assuming the frequency corresponding to the FWD
pulse (15 Hz for this particular study).

It should be noted that the prediction of �δ dur-
ing the service life of a flexible pavement constitutes a
relatively complex problem. CalME software incorpo-
rates different aging and densification models, includ-
ing sets of recommended parameters depending on the
particular conditions of the pavement under consider-
ation. These parameters can be readjusted later on the
basis of actual performance evaluated from deflection
testing.

In practice, �δ can be estimated for an in-service
pavement at a particular time, as soon as deflection
testing is conducted over a wide temperature interval.

These tests must be conducted over a relatively short
period of time, where both �δ and ω can be regarded
as constant. For this particular research, the estima-
tion was possible at the one million load repetition
evaluation, when five FWD tests were carried out at
different temperatures between 15◦C and 35◦C (59 to
95◦F). An iterative process was followed by changing
�δ and ω in Equation 2 to fit actual backcalculated
moduli. The Excel Solver tool was used, and results
for Section 5 are presented in Figure 4.b. This process
was also attempted after 140,000 load repetitions, but
the resulting temperature range was too small and well
below the highest temperatures that need to be used for
the estimation of the increase in δ.

Once �δ values were estimated for the four flexi-
ble sections, aging and densification model parameters
were readjusted. This provided a reliable evolution of
�δ during the previous loading cycles as well as a
reliable prediction of its future evolution. A detailed
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Figure 5. Asphalt master curve evolution according to CalME.

description of the approach can be found in Mateos
et al. (2012). Results for Section 5, after removing
both effects, are presented in Figure 4c, where damage
evolution can be clearly seen for the full temperature
range.

One of the main problems applying this approach to
outdoor APT facilities is the difficulty in conducting
FWD tests for a relatively wide temperature interval
where both �δ and ω remain relatively constant. For
an in-service pavement, the slower rate of damage
accumulation is a clear advantage, since it is possi-
ble to perform FWD tests over a longer time period to
ensure that a wider temperature interval is obtained, as
required for a reliable determination of �δ. Another
problem when the approach is applied to APT is that
the time required for stabilization of densification
effects is of the same order of magnitude of the test
duration. This means that the effects of this factor will
coincide with asphalt fatigue, making it more diffi-
cult to discriminate between the two. For an in-service
pavement, densification will mostly take place during
the first years, while fatigue will continue until the end
of the service life.

It is difficult to determine the actual period of
time required for densification to stabilize in an
in-service pavement, since it depends on numerous
factors including traffic, environment and asphalt mix-
ture properties. Several studies show that the mechani-
cal properties of asphalt mixture remain fairly constant
after the first two years (Seo et al., 2007, Hanson
et al., 1994). The two-year period is also supported
by observations from this research, where 87% of the
permanent deformation of the surface layer at the end
of the test had taken place during the first year, as

Figure 6. Evolution of permanent deformation of the
surface layer during the test.

presented in Figure 6. Permanent deformation from
the base course was negligible in this test.

It can be observed in Figure 6 that post-compaction
effects concentrated at the beginning of the test and
throughout the first summer, between about 500,000
and 700,000 load repetitions. This is believed to
be the main reason behind the third issue that was
previously observed in Figure 4a, i.e., the increase
in backcalculated asphalt layer modulus during that
interval.

Once FWD backcalculated moduli were corrected
from aging and post-compaction effects, they could
be compared to the original (undamaged) values in
order to determine damage (ω), by applying Equa-
tion 3. Results obtained for Section 5 are included in
Figure 4d.
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Equation 3 can be deduced from Equation 2 and rep-
resents an assumption of the CalME asphalt fatigue
model. This assumption, as well as those correspond-
ing to aging and densification effects on asphalt
mixture stiffness, have been validated for CEDEX
sections within this research effort (Mateos et al. 2011,
2012).

It should be noted that aging, damage, and den-
sification are considered as “overall” asphalt layer
properties, but this is just a simplification, since they
vary throughout the pavement thickness. This simpli-
fication is required when actual asphalt layer back-
calculated moduli are used for the calibration, since
current backcalculation techniques cannot distinguish
between wearing and base asphalt courses.

3 FATIGUE OF THE ASPHALT MIXTURE:
MOVING FROM LABORATORY TO FIELD

The CalME asphalt fatigue model presents an impor-
tant advantage versus the classical fatigue laws
employed in most mechanistic-empirical design pro-
cedures. This advantage is the ability to reproduce
actual modulus reduction of the asphalt mixture due
to damage. The model is calibrated in the laboratory
by using the complete records of “modulus vs. cycles”
obtained from fatigue tests, as shown in Figure 7. Once
the model is calibrated in the laboratory, it can be
used to predict asphalt modulus reduction throughout
a fatigue test with changing load and temperature, as
presented in the example in Figure 8. The model can
also be used to predict asphalt layer modulus reduction
in the field, under changing temperature and traffic
loads, if horizontal strain at the bottom of the asphalt
layer is known. CalME estimates this strain by taking
into account pavement structure and axle configura-
tion, temperature, actual damage, vehicle speed, and
levels of aging and densification. Additional informa-
tion on the CalME asphalt fatigue model can be found
in the program help file (California DOT, 2010).

Laboratory calibration is best conducted for a
wide temperature interval, as close as possible to
the expected temperature range in the field. For this
research, fatigue tests were conducted at 10, 20 and
30◦C (50, 68 and 86◦F), which still represents less
than 50% of the actual temperature range on the sec-
tions during the test.A reasonably good agreement was
found between the model and laboratory data for the
three temperatures, with an overall error of 5.1% of
the initial modulus. Details concerning this laboratory
calibration can be found in Mateos et al. (2011).

The application of the model to in-service pave-
ments is not straightforward, since numerous experi-
mental studies show that asphalt fatigue life predicted
from laboratory tests will systematically underesti-
mate field performance (Bahia et al., 2010). It is widely
accepted that a shift factor must be introduced that
divides the actual number of load applications in the
field, as presented in Figure 7. There are different rea-
sons that explain the need for the shift factor, including

Figure 7. Application of laboratory data to field.

Figure 8. Example of application of CalME asphalt fatigue
model to laboratory.

time required for cracks initiated at the bottom of the
asphalt layer to reach the surface, traffic wandering
across the wheelpaths, or rate of mixture densifica-
tion. Probably the main reason is the existence of rest
periods between traffic loads, during which asphalt
healing takes place. This has been hypothesized by
different authors (Bahia et al., 2010), and is fully sup-
ported by experimental evidence from this research,
which shows that around 90% of the total shift fac-
tor was directly related to the beneficial effects of rest
periods (Mateos et al. 2011). It should be indicated that
this quantification was possible due to the approach
used by CalME.

CalME incorporates the beneficial effects of rest
periods into the shift factor, by using the concept
of reduced rest period, as developed in the frame-
work of the NCHRP 9-44 project (Advanced Asphalt
Technologies, 2008). This reduced period results from
the application of time-temperature correspondence
principle to actual rest periods between traffic loads,
as defined by Equation 4.

where RP is the actual rest period between traffic
loads; and aT is the time-temperature shift factor for
the temperature corresponding to the rest period.

According to this approach, the beneficial effect of
a rest period will be larger for higher temperatures,
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Figure 9. Application of CalME model to predict field performance.

which recognizes the well-known fact that healing
potential increases with increasing temperature. This
assumption entails important consequences concern-
ing the rate of damage accumulation as a function of
temperature. In particular, the critical periods with the
highest rate of damage accumulation will no longer be
the warmest periods, but the periods with the lowest
temperatures. This pattern was observed for the flex-
ible sections included in this research, as presented
below.

Time-temperature relationship was determined for
the asphalt mixture on the basis of dynamic modu-
lus testing in the laboratory, and a shift factor was
introduced according to Equation 5.

where k is the unknown part of the shift factor (to be
determined from field calibration); RPr is the reduced
rest period; and α is a parameter that takes into account
the nonlinear evolution of healing versus time.

Actual rest periods between loads of the two
automatic vehicles were known. Asphalt temperature
was measured from thermocouples embedded in the
asphalt layer. Strain was estimated at the bottom of
this layer by using Bisar, the well-known multi-
layer linear-elastic program developed by Shell. Dam-
age was calculated in increments of 10 load rep-
etitions, assuming constant temperature, speed and
pavement conditions. Asphalt layer modulus was cal-
culated for each 10-load repetition interval by applying
Equation 2.

It should be noted that the unique unknown of the
approach described above is the k parameter in Equa-
tion 5. This parameter was backcalculated, through a
manual iterative process, in order to fit actual field
performance. Values obtained for the four sections
ranged from 0.5 to 1.7, when asphalt strain in fatigue
tests was interpreted according to normativeAASHTO
T 321. Details of this approach can be found elsewhere
(Mateos et al. 2011).

The ability of the CalME model to predict asphalt
performance in the field is presented in the exam-
ple in Figure 9. The k parameter was determined
by fitting the actual modulus at 140,000 load repeti-
tions with the model. The model reproduced almost
exactly the reduction of asphalt layer modulus that
took place during the following cycles. The figure
also shows that the rate of damage accumulation was
clearly higher at medium and low temperatures and
not at high temperatures. FWD backcalculated modu-
lus, after aging and densification correction, remained
almost constant during the summer. The model was
also applied by considering a constant shift factor
(α = 0 in Equation 5) but in this case an incorrect pat-
tern of damage accumulation versus temperature was
obtained, despite the fatigue model being calibrated in
the laboratory for different temperatures. Some lim-
itations of the model can be deduced from Figure 9,
including the rapid decrease in modulus during the
first cycles, which was not supported by experimental
results. This was attributed to the model reproducing
the pattern of the laboratory fatigue tests that were
used for its initial calibration. It is widely known that
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the initial reduction of the specimen modulus in these
tests is mostly related to heating and thixotropy rather
than actual damage (Di Benedetto et al., 2004), which
explains the deviation observed. Problems were also
experienced in predicting the asphalt performance dur-
ing the second half of the test, probably due to the high
level of damage and the presence of discrete cracking,
which renders the hypothesis of continuity upon which
CalME asphalt fatigue model is based unrealistic. As
a consequence, a second calibration was required after
800,000 load repetitions.

It should be noted that in order to estimate asphalt
strain under heavy vehicles, the moduli of the sub-
grade layers that were used in Bisar were the actual
values obtained from FWD backcalculation and no
prediction was carried out. The same can be stated
for asphalt temperature, which were actual measure-
ments from throughout the test. CalME incorporates
models in order to predict these variables, but the use
of them was not attempted in this research, since the
objective was the specific evaluation of the asphalt
fatigue model. It is obvious that achieving a satisfac-
tory prediction in a real in-service pavement will be
considerably more difficult, due to the uncertainties in
the different variables that represent the inputs to the
problem.

The third “model goal” included in Figure 1 is the
ability to determine asphalt cracking from damage.
CalME incorporates a transfer function that relates the
ω parameter to cracking. A detailed description of this
function is included in the program help file (Califor-
nia DOT 2010). Results for Section 5 are included in
Figure 4.d, where a reasonably good agreement can be
observed between measured and predicted cracking.
Similar results were obtained for the other sections
(Mateos et al., 2012). It should be noted that the
damage values used for this calculation were the val-
ues determined from FWD testing, and consequently
the transfer function was specifically evaluated. The
good agreement observed for the different sections
was, to some extent, unexpected, due to the inher-
ent difficulty in predicting a variable such as cracking
from a variable such as damage. Cracking is domi-
nated by fracture mechanics while damage is based on
continuum mechanics.

The CalME transfer function includes the vari-
able hAC, the combined thickness of the asphalt lay-
ers, in order to predict damage at crack initiation.
The introduction of this variable recognizes that the
time required for bottom-up cracks to reach the sur-
face increases with layer thickness. As expected, the
contribution of each layer to this combined thick-
ness will depend on the characteristics of each asphalt
mixture. For this particular test, the asphalt mixture
used in the base course had an unmodified bitumen
content of 4.0% by mass of aggregates, while the
wearing course was a gap-graded mixture with 5.3%
highly modified bitumen. This 30 mm-thick wearing
course was expected to result in a significant delay
in cracking, although it was a challenge to quantify
how long this delay would be. Actual damage values

were determined when cracking first appeared in the
sections. Then, the equivalent thickness of the wear-
ing course was obtained through an iterative analysis,
where experimental values were fitted with the CalME
transfer function. From this, it was determined that
the modified binder wearing course mixture provided
the equivalent crack propagation delay of a conven-
tional mix six times thicker (i.e., 180 mm). This figure
must be understood in comparison to the base course
mixture.

4 APPLICATION EXAMPLE: STRUCTURAL
RESPONSE IN TERMS OF DEFLECTION

Deflections measured under the FWD loading plate
throughout the test are presented in Figure 10, together
with predictions according to the CalME approach.
Actual backcalculated moduli for the subgrade lay-
ers were used with CalME asphalt fatigue, aging, and
densification models. As expected, a direct link exists
between the pattern of deflections in this figure and
the performance observed in Figure 4a in terms of the
asphalt layer modulus. An additional factor, the mois-
ture content of the subgrade soils, is introduced here.
The test was conducted without cover and the water
table fluctuated with the natural rainfall. The water
table level was allowed to rise up to 1.0 m (3.3 ft.)
below the top of the subgrade, which occurred after
about 350,000 load repetitions. Thereafter the level
was kept constant by either pumping or by adding
water.

The effect of the water table can be assessed in Fig-
ure 10, by comparing experimental data for repetition-
zero to data for the untrafficked zone, located 2.5 m
(8.2 ft.) from the center of the wheelpath. FWD
deflections in this zone correspond to the period after
350,000 load repetitions, when the water table level
was constant. The introduction of the water table pro-
duced, as expected, a significant increase in deflection
as well as an increase in temperature sensitivity. Addi-
tional aging took place from repetition-zero to about
350,000 repetitions, the effects of which are evident in
this comparison. However, these effects are consider-
ably reduced when compared to the water table effect,
due to the relatively short period of time. It should
be noted that the CalME model for the untrafficked
zone was applied by considering two asphalt thick-
nesses: the mean asphalt layer thickness in this zone
and the mean thickness along the center of the wheel-
path (dashed line in Figure 10).This dashed line should
be considered when comparing the CalME model pre-
dictions corresponding to the center of the wheelpath,
especially for Section 6 where there was a significant
difference in the two thicknesses.

Asphalt damage is clear for the low temperature
range in Figure 10. This is the same issue that was pre-
viously observed in Figure 4a in terms of the asphalt
layer modulus. Damage effects can be appreciated
by comparing deflections for 920,000 and subse-
quent load repetitions to those corresponding to the
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Figure 10. FWD deflection evolution throughout the test.

untrafficked zone. Data collected at 200,000 and
275,000 load repetitions, conducted at asphalt temper-
atures below 15◦C (59◦F), could not be included in this
comparison since the water table had not reached its
final level.

For the high temperature range (over 30◦C [86◦F]),
damage evolution is not evident, as can be appreci-
ated by comparing deflections along the wheelpath at
one million load repetitions to values along the untraf-
ficked zone (Figure 10). This is in part related to the
asphalt layer modulus convergence to original values
for high temperatures, as observed in Figure 4.a. This
pattern was attributed to aging and densification of
the asphalt mixture. An additional factor is present,
namely the densification that took place in the capping
layer under the pass of the vehicles. This densification
was verified in terms of backcalculated modulus for
Sections 4, 5 and 6, and also by means of penetrometer
testing, which indicated that resistance to penetration

was multiplied by a factor of about two. As a conse-
quence, the deflections measured at high temperatures
for these three sections were below those obtained
along the untrafficked zone, where no damage had
taken place.

The main conclusion that can be extracted from this
application example is that the interpretation of FWD
data, even if only in terms of the central deflection,
represents a very complex process. This process will
be more efficient and reliable if the different factors
affecting asphalt mixture stiffness in the field are fully
understood and accurately modeled.

5 CONCLUSIONS

The evaluation of four flexible sections at the CEDEX
Test Track has provided detailed information concern-
ing asphalt mixture deterioration in the field. The
complexity of this process, together with its interaction
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with aging, densification, and changing environmen-
tal conditions, have been the main obstacles, as well
as challenges, of the research presented in this paper.

Experimental results from this test indicate that the
rate of damage accumulation is strongly dependent
on asphalt temperature. Most damage took place at
medium to low temperatures, while very little damage
took place during summer, even though strain at the
bottom of the asphalt layer reached maximum values.
This pattern was fully explained by the CalME mod-
els, as a consequence of the beneficial effects of rest
periods, which are higher for increasing temperatures.
This model incorporates a variable shift factor based
on the concept of “reduced rest period”. It should be
noted that the pattern of damage accumulation that
was observed in this test could not be explained by
only the increase in asphalt fatigue life that results
when temperature increases in laboratory fatigue tests
conducted in controlled deformation.This implies that
the introduction of a constant shift factor, used in most
existing mechanistic-empirical procedures, will not be
sufficient to bridge the gap between laboratory and
field.

Important conclusions were also extracted from this
test concerning how damage, in combination with
asphalt aging and densification under traffic, affects
the modulus of the asphalt layer. Damage caused a
reduction in mixture modulus that was higher, in abso-
lute and relative terms, at decreasing asphalt temper-
atures, while aging and densification effects appeared
to multiply the asphalt layer modulus for any com-
bination of temperature and frequency. This pattern
was expected according to the CalME model, which
employs a master curve format that incorporates the
effects of the three factors: damage is introduced by
decreasing the α parameter of the master curve (vis-
cous term) and aging and densification by increasing
δ (elastic term).

The CalME model was successfully used in this
research as a tool for the interpretation of deflections
from FWD testing. This was a complex process in that
aging as well as densification effects had to be removed
from the FWD backcalculated asphalt layer modulus.
After removing the effects of both factors, modulus
values could be compared to the original (undamaged)
master curve to determine actual damage. These dam-
age values were also used to predict asphalt cracking
by using the corresponding CalME transfer func-
tion. The agreement between measured and predicted
cracking was excellent.

The ability of the model to predict future perfor-
mance, after recalibration from FWD testing results,
has also been shown in this paper. The unknown part
of the shift factor was determined on the basis of
FWD results at 140,000 load repetitions. After this
recalibration, the model was able to reproduce field
performance up to 800,000 load repetitions, when an
ultimate deterioration level was reached.

As a general conclusion, the CalME asphalt fatigue
model was an indispensable tool in understanding the
performance of the four flexible sections tested at the

CEDEX Test Track. The validity of the assumptions of
the model, together with the flexibility to incorporate
results from FWD testing, make it a unique tool for
obtaining the most out of structural evaluations.
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ABSTRACT: A response model to be employed in a mechanistic-empirical pavement performance prediction
model based on multilayer elastic theory has been developed.An iterative approach using a method of successive
over-relaxation of a stress dependency model is used to account for the nonlinear behavior of unbound materials.
Asphalt and subgrade materials are assumed to be linear elastic. The response model was verified against
two series of Heavy Vehicle Simulator (HVS) response measurements made under a variety of wheel load
configurations and at different pavement temperatures.A comparison with Falling Weight Deflectometer (FWD)
data was also carried out. The model was subsequently used to predict permanent deformation from the HVS
testing using simple work hardening models.A time hardening approach has been adopted to combine permanent
deformation contributions from stress levels of different magnitude.The response model outputs and the predicted
permanent deformations were generally in good agreement with the measurements.

1 INTRODUCTION

A response model is one of the key components of
all mechanistic-empirical (ME) performance predic-
tion methods used to estimate the stresses, strains and
displacements of a pavement structure subjected to
traffic, and taking into account the material proper-
ties and prevailing environmental conditions. Several
pavement response modeling approaches exist that
might be utilized depending on the desired accuracy
and computational speed.

The multilayer elastic theory (MLET) developed
by Burmister has been employed in many engineer-
ing applications to calculate the responses of layered
structures to external loading (Huang, 1968; Buffer,
1971; Maina and Matsui, 2005).As flexible pavements
are layered structures composed of layers with differ-
ent material properties, the Burmister theory can be
utilized to simulate the response of pavement struc-
tures (Huang, 2004) and with the advent of high speed
computers it is possible to use this method practically
for multiple layers.

As a part of a new mechanistic-empirical perfor-
mance prediction procedure for flexible pavement
structures, a response model using MLET has been
developed. The program outputs were compared with
response measurements which were carried out in an
accelerated pavement testing (APT) program using a

Heavy Vehicle Simulator (HVS) under different pave-
ment temperatures, different wheel configurations
(single and dual wheels), and different tire pressures
and wheel loads. The main objective of the research
was to verify the results from the response and per-
manent deformation model with respect to the APT
measurements.

2 MULTILAYER ELASTIC THEORY

Flexible pavements are layered structures with the
stiffer layer conventionally placed at the top and
weaker layers underneath. Their responses to exter-
nal loading are well represented in analyses based on
a multilayer elastic approach. The basics of the lin-
ear theory of elasticity for homogeneous half space
have been well established by Boussinesq and their
extension to a multilayer system has been presented
by Burmister (Huang, 1968; Buffer, 1971).

An axisymmetric solution of a multilayer elastic
system under a constant load q which is distributed
over a circular area as shown in Figure 1 begins
from the classical theory of elasticity where it is well
known that axisymmetric problems can be solved by
assuming a stress function that satisfies the govern-
ing differential equations together with the boundary
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Figure 1. Layered system.

and continuity equations (Timoshenko and Goodier,
1951).

By introducing a stress function φ, the governing
differential equation to be satisfied can be written as
a fourth order differential equation:

For a multilayer elastic structure, Equation 1 is
assumed to be satisfied for each of the layers and
for axially symmetrical stress distribution the Laplace
operator ∇4 can be written as:

where r and z are radial and vertical cylindrical
coordinates, respectively, as shown in Figure 1.

The axisymmetric responses, stresses and displace-
ments, can be obtained from (Maina and Matsui, 2005;
Timoshenko and Goodier, 1951)

in which v and E are the Poisson’s ratio and modulus
of elasticity of the material, respectively; σ, τ, w, u,
are normal stress, shear stress, vertical displacement
and radial displacement, respectively.

The solution of the stress function φ for the ith layer
which satisfies the governing differential equation is
given as (Huang, 2004):

where H denotes the distance from the pavement sur-
face to the top of the lowest layer, ρ = r/H, λ = z/H,
λi = zi/H , zi denotes the distance from the pavement
surface to the bottom of the ith layer; Ai, Bi, Ci and Di
are the constants of integrations; J0 is the Bessel func-
tion of first kind and order 0 and m is a parameter. The
subscript (i) denotes the quantity corresponding to the
ith layer and it varies from 1 to n. The coefficients A,
B, C, and D in Equation 4 are obtained from a linear
system of equations of the form as shown in Equation 5
which is formulated from the boundary and continuity
conditions:

where W is a matrix of size (4n-2 x 4n-2), X consists of
the coefficients A, B, C and D of each layer arranged in
columns, and Y includes known values from boundary
and continuity conditions.

After solving for the coefficients in Equation 5,
a numerical integration scheme is applied to deter-
mine the responses. The integration involves Bessel
functions of the first kind which have an oscilla-
tory nature. Several methods have been suggested for
the integration, such as integrating between zeros of
the Bessel function using the Gauss quadrature rule
(Khazanovich, 2007; Huang, 2004) and double expo-
nential integration (Maina and Matsui, 2005). In this
paper Gauss-Kronrod rules, which are very effective
and also provide error estimates (Lukas and Stone,
1994), have been implemented.

3 STRESS DEPENDENCY OF UNBOUND
LAYERS

Unbound materials consist of granular aggregates.
Their response behavior is affected by the applied
stress level. Several studies have revealed that unbound
granular materials (UGMs) show nonlinear elastic
behavior and their stiffness increases with increas-
ing confinement levels. This led researches to develop
models that relate stiffness to the confining pressure
(Lekarp et al., 2000; Gomes-Correia et al., 1999; Uzan,
1985; May and Witczak, 1981; Huang, 1968).

Unlike UGMs, subgrade materials are frequently
composed of fine grained soils such as sandy, silty or
clayey materials. Their response behavior is affected
by the stress level as well as by the shear stress applied,
frequently expressed as either the deviatoric stress or
the octahedral stress (Thompson and Elliott, 1985).

The relationship used in this paper to take into
account the nonlinear behavior of UGMs and sub-
grades is given as (ARA, 2004):

where Mr denotes the resilient modulus, p denotes
hydrostatic stress, which also includes the self weight
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Figure 2. Flow chart for nonlinear iterations of unbound
layers.

of the material and the lateral earth pressure denoted by
p = (σkk + (1 + 2ko)γz)/3, using the summation con-
vention, where σkk is the normal stress, ko is the
coefficient of lateral earth pressure, γ is the unit weight
of the material and z is the depth, pa is the atmo-
spheric pressure (100 kPa); k1, k2 and k3 are regression
constants and τoct is the octahedral shear stress.

To take the stress dependency into account, the non-
linear layers are divided into a number of sub-layers
and the stresses at the mid point of the sub-layers
are used to compute the modulus. This procedure is
repeated until the computed resilient modulus con-
verges for successive iterations. For this particular
task, only the points under one wheel are considered.
This iterative procedure is depicted in Figure 2.

To speed up the convergence of the iteration, a
method of successive over relaxation (Hadjidimos,
2000) of Mr is used; accordingly Equation 6 is
written as:

where j = 0, 1, 2…ω, 0 < ω < 2, is a relaxation factor
and j is the iteration step. A value of ω = 0.5 is used
in this paper.

For the particular cases presented in this paper, the
tolerance level is taken as tol = 0.1%. Depending on
the starting value of Mr used to compute the stiffness,
the above method should converge within a maximum
of 15 iterations with this tolerance level.

4 APT FACILITY

The Swedish National Road and Transport Research
Institute (VTI) own an APT facility with an HVS.
The HVS equipment is and can be used to study the
behavior of pavement structures under controlled load-
ing and environmental conditions which are similar to
actual field conditions. The HVS can apply both sin-
gle or dual wheel loading at wheel load magnitudes
between 30 and 110 kN. The applied wheels travel in
the longitudinal direction at a speed of up to 12 km/hr.

The wheels are also able to move in transverse direc-
tions (to simulate traffic wander).The HVS equipment
has been used to perform a number of tests in both
Sweden and Finland and occasionally in some other
European countries. Environmental influences, such
as pavement temperature and ground water table,
are controlled through add-on facilities (Wiman and
Erlingsson, 2008).

5 COMPARISON WITH APT RESULTS

The results of two series of APT structures (Figure 3),
from the HVS – Nordic test program, were analyzed
to verify the numerical approach against real response
measurements.

The structures were named SE05-2 and SE06 and
the tests were performed at VTI, Linköping, Sweden.
SE05-2 was constructed from three layers including
hot mix asphalt (HMA), a crushed aggregate base
course and sand subgrade over a rigid bottom. SE06
was composed of an asphalt concrete surface, a bitumi-
nous base, granular base, granular subbase and sand
subgrade over a stiff underlying structure. Figure 3
shows cross sections of the test structures. The struc-
tures were instrumented to measure the vertical stress
and strain in the unbound layers and horizontal strain at
the bottom of the asphalt layer. Both response and per-
manent deformation measurements were carried out
in the test sections (Wiman, 2006). The response mea-
surements were carried out at 0, 10 and 20

◦
C while

the permanent deformation measurements were made
at 10

◦
C. Falling weight deflectometer tests were also

carried out during the different construction states of
the structures.

The instruments (sensors) were located along the
centre line of the loaded area. The following sensors
were used in the tests (Wiman, 2006):

– H-shaped asphalt strain gauges.
– Soil pressure cells.
– Linear variable differential transducers (LVDTs)

for vertical deflection and deformation.
– Inductive coils (εMU) for vertical deformation and

strain (static and dynamic).
– Water content reflectometers.
– Temperature gauges.

Two or three sensors of each type were used at each
measurement depth.
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Figure 3. Cross sections of SE05-2 and SE06 HVS test
structures.

5.1 Material characterization

This section discusses the material models and con-
stitutive equations adopted for different layers which
were used for modeling of the HVS sections.A detailed
description of the selection of material properties is
beyond the scope of this paper. Further information
can be found in (Wiman, 2006; Erlingsson, 2010a).

5.1.1 Asphalt concrete
The surface layers of both structures were constructed
with a dense graded HMA with a maximum aggre-
gate size of 16 mm. The bound base layer of the SE06
consisted of bituminous road base with crushed rock
aggregate of 22 mm maximum size (Wiman, 2006).
The asphalt layers were considered as linear elastic
materials and their stiffnesses were measured using an
indirect tensile test (ITT). The stiffness was consid-
ered temperature dependent and it was adjusted to the
desired temperature, T , according to the model given
by (Erlingsson, 2010a):

where Eref denotes the stiffness at reference temper-
ature Tref = 10

◦
C and the parameter b = 0.065 which

has been obtained from the ITT.

Table 1. Material properties for the SE05-2 pavement
structure.

Stiffness or Resilient modulus Unit
Thickness weight
h E k1 k2 k3 γ

Layer (cm) (MPa) (−) (−) (−) (kN/m3)

AC 5.5 5,500 – – – 25.0
BC-1 10.0 – 700 0.3 0 22.0
BC-2 35.1 – 4,000 0.6 0 22.0
Sg – 180 – – – 17.3

Table 2. Material properties for the SE06 pavement
structure.

Stiffness/Resilient modulus Unit
Thickness weight
h E k1 k2 k3 γ

Layer (cm) (MPa) (−) (−) (−) (kN/m3)

AC 4.8 5,500 – – – 25.0
BB 5.3 5,500 – – – 25.0
BC 10.8 – 284 0.4 0 23.0
Sb 14.2 180 – – – 22.5
Sg – 140 – – – 17.3

5.1.2 Unbound layers and subgrade
The granular base course materials were considered
as stress dependent elastic material for both struc-
tures (Erlingsson, 2007).The stress dependency model
shown in Equation 7 was utilized for this purpose.
A repeated load triaxial (RLT) test was used to esti-
mate the nonlinear coefficients. However the granular
subbase and subgrade materials used in this modeling
were assumed to be linear elastic materials. Tables 1
and 2 present the geometry and material properties of
the tested pavements (Erlingsson, 2010a).

In Tables 1 and 2, AC, BB, BC, Sb and Sg
denote asphalt concrete, bituminous base, granular
base course, subbase and subgrade, respectively, as
shown in Figure 3.The coefficient of lateral earth pres-
sure ko was taken as a constant ko = 0.6 for all layers in
both structures. A poisons ratio of 0.35 was assumed
for all layers.

Due to lack of compaction in the upper part of the
base layer of SE05-2, the base layer was divided into
two layers (BC-1 and BC-2) with different values of
k1 and k2.

6 VERIFICATION OF RESPONSE
MEASUREMENTS

The results of the response model for the HVS struc-
tures (SE05-2 and SE06), along with the correspond-
ing measurements are discussed in this section. The
responses considered include the vertical stress and
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Figure 4. SE05-2 Vertical strain at 10◦C for single wheel loading configurations.

strain, within the unbound layers, and the horizon-
tal strain at the bottom of the asphalt layers. In order
to study the response behavior of the test structures
under various loading conditions, the measurements
were performed for single and dual wheel loading con-
figurations at different wheel loads and tire inflation
pressures p.All the single wheel loading tests were per-
formed at a pavement temperature T of 10◦C, whereas
0, 10 and 20◦C were used for dual wheel loadings.
Unless otherwise specified, the responses shown were
for the location under the centre of one of the wheels.

6.1 Results from SE05-2

Figure 4 presents a comparison between the mea-
sured and computed vertical strain for the SE05-2
test structure and Figure 5 compares the measured
falling weight deflectometer (FWD) test results with
backcalculated values.

6.1.1 Vertical strain in the unbound layers
The vertical strains under single wheel (SW) loads of
30, 50 and 60 kN and at tire pressures of 500, 800 and
900 kPa, respectively, are shown in Figure 4.

The results depicted in Figure 4 cover very light to
heavy loading conditions. The measured strains repre-
sent the average strain for the portion of the pavement
where the instruments were installed. At base course
level, good agreement was obtained for medium to
heavy loading conditions while at lower loading the
model underestimated the strain. On the other hand,
the strains at lower depths were slightly over-predicted.

6.1.2 Falling weight deflectometer measurements
FWD measurements were carried out after the HVS
test. These measurements have been simulated and
Figure 5 shows the comparison. The model under-
estimated the surface deflections in the vicinity of
the centre of the plate and slightly over-predicted
the deflections at farther distances from the centre.
However, the overall agreement was acceptable.

Figure 5. SE05-2 falling weight deflectometer measure-
ment using a 50 kN load intensity on a 30 cm diameter steel
plate.

6.2 Results from SE06

Figures 6 through 12 present the measured and com-
puted responses for the SE06 test structure. The mea-
surements shown were taken from two or more sensors
installed at each measurement depth. For horizontal
and vertical strain responses, the mean responses from
sensors are presented.

6.2.1 Vertical stress
The measured and computed vertical stresses within
the tested structure under single wheel (SW) loadings
of 30, 50 and 80 kN and tire pressures of 500, 800 and
900 kPa, respectively, and at a pavement temperature
of 10◦C are presented in Figure 6.

The test results in Figure 6 cover light to heavy load-
ing conditions and show a better agreement between
the measured and computed responses for the lower
part of the test structure.

The vertical stresses due to dual wheel loading of
60 kN at 800 kPa tire pressure for pavement tempera-
tures of 0 and 20◦C are presented in Figure 7.
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Figure 6. SE06 vertical stress under single wheel loading at T = 10◦C for three loading cases ranging from low to high.

Figure 7. SE06 vertical stress under dual wheel loadings at
T = 0 and 20◦C.

The measured and computed vertical stresses at a
number of radial locations at depth D = 17 cm under
the surface are presented in Figures 8 and 9 for a single
wheel loading of 60 kN at tire pressures of 500 and
900 kPa and at a temperature of T = 10◦C.

The results in Figures 8 and 9 show the mea-
surements from two pressure cells together with the
computed values. The results from the two pressure
cells were scattered; however the computed values
appear to lie in between the measured values.

6.2.2 Vertical strain
The vertical strain within base, subbase and subgrade
materials for dual wheel loadings of 50, 60 and 80 kN
at tire pressures of 500, 800 and 900 kPa, respec-
tively, are shown in Figure 10. The vertical strain
measurements represent the average values from three
sensors.

The results depicted in Figure 10 cover light to
heavy loading conditions. As has been discussed for

Figure 8. Vertical stress under single wheel loading at
500 kPa tire pressure and T = 10◦C for different radial
locations.

predicted strains for the SE05-2 structure, at lighter
loading the response model somewhat under-predicts
the strain. On the other hand there was good agreement
for medium to heavy loading.

6.2.3 Horizontal strain at the bottom of the bound
layer

Asphalt strain gauges were used to measure the hor-
izontal strain at the bottom of the asphalt layer.
Figure 11 shows selected measurements for single
wheel loading at tire pressures of 500 and 800 kPa and
varying wheel loads at temperature T = 10◦C. As the
transverse and longitudinal strains were equal on the
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axis of symmetry of single wheel loading, only one
curve is shown as a computed value in Figure 11.

Horizontal strains at the bottom of the asphalt layer
under varying dual wheel loads at a tire pressure of
800 kPa and pavement temperatures of 0 and 20◦C are
shown in Figure 12.

From Figures 11 and 12, it can be observed that
there was an acceptable agreement between the mea-
surements and calculations. However the calculations
somewhat over-predict the strains at high wheel load-
ing. A better agreement was obtained at 0◦C than
at 20◦C.

Figure 9. Vertical stress under single wheel loading at
900 kPa tire pressure and T = 10◦C for different radial
locations.

Figure 10. SE06 vertical strains in the unbound layers for three different load cases.

Figure 11. SE06 horizontal strains at the bottom of the
asphalt layer due to single wheel loading at T = 10◦C.

Figure 12. SE06 horizontal strains at the bottom of the
asphalt layer for various dual wheel loads at two temperatures.
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Figure 13. Mechanistic empirical performance prediction.

7 PREDICTION OF PERMANENT
DEFORMATION FOR HVS TESTS

In this section, the HVS tested structures are studied
for their permanent deformation behavior. The perma-
nent deformation for these structures was measured
under a dual wheel load of 60 kN and 800 kPa tire
inflation pressure at a 10◦C pavement temperature.
To simulate traffic wandering, the applied load was
normally distributed in the lateral direction through a
width of 50 cm; −25 cm to +25 cm from the centre at
intervals of 5 cm.

Figure 13 presents the flow chart for the mechanis-
tic empirical performance prediction process where
the design life of the pavement is divided into small
time steps, �t, that is characterized by specific mate-
rial properties, climatic conditions, and traffic. These
properties are introduced into the response model that
performs the structural analysis and in return gives
stresses, strains and deformations.These responses are
thereafter used as an input to the performance predic-
tion module which estimates the contribution of the
distresses for the specified time step. These distresses
are accumulated with time to obtain the performance
history of the pavement. This procedure is repeated
until the incremented time step reaches the design life.
In this paper the response model developed has been
used together with permanent deformation models,

which are described below, to estimate the permanent
deformation in HVS test structures.

Lateral wandering was considered in this study.
Eleven locations were used at each depth level at 5 cm
intervals to perform the calculations, distributed over a
width of 0.5 m.To calculate the rutting at a given lateral
wander location, xi, for a given period, the responses at
xi due to the loads at each wander location were com-
puted and their corresponding number of repetitions,
from the distribution curve, were used to estimate their
contribution to the permanent deformation at xi. These
contributions were summed to obtain the rutting at
xi. Similar procedures were followed for other wander
locations.

In the above formulations, the nonlinear multilayer
elastic responses were first modified according to the
Mohr-Coulomb failure criterion, so that the stresses
did not exceed the strength of the materials. The mod-
ified stresses were used for computing permanent
deformation in the base, subbase and subgrade layers.

7.1 Permanent deformation model for asphalt
bound layers

The permanent deformation model for asphalt
concrete layers that has been developed for
the Mechanistic-Empirical Pavement Design Guide
(MEPDG) was used for this task, given as (NCHRP,
2004):

where �εr is the induced resilient strain computed
from the response model, εp is the accumulated per-
manent strain, T is the pavement temperature, N is
the number of load repetitions and a1, a2 and b are
regression constants.

7.2 Permanent deformation model for unbound
layers

A model developed by Korkiala-Tanttu (2008) for pre-
dicting the permanent deformation in unbound layers
was used. It is given by:

whereCand b are material parameters, A is a parameter
which is independent of the material (A = 1.05) and R
is the deviatoric stress ratio given by

where

and
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Table 3. Permanent deformation model constants for
asphalt concrete.

Structure a1 (−) a2 (−) b (−)

SE06 0.08 1.85 0.27
SE05-2 0.34 1.85 0.27

Table 4. Permanent deformation constants for base, sub-
base, and subgrade layers.

Structure c φ C b
(kPa) (◦) (−) (−)

Base layers
SE06 15 40 4.0e-4 0.3
SE05-2 15 50 1.5e-4 0.3

Subbase layers
SE06 20 50 2.0e-4 0.3

Subgrade
SE05-2/SE06 20 36 2.0e-6 0.6

where φ is the angle of internal friction, c is the
cohesion of the material and qmax and pmax are
the maximum deviatoric and hydrostatic stresses of
the load application respectively.

7.3 Accumulation of permanent deformations

To accumulate the permanent deformation at a given
point due to different loading scenarios for a given
cycle, a time hardening approach (Lytton et al., 1987)
was applied, where for each season i the incremental
permanent deformation �εi

p was computed from:

where i, j = 1, 2, 3, . . . and Neq,j is calculated from:

where εi
p,j(N = 1) is the permanent strain for the jth

stress level (due to wander location or load level)
for N = 1, �Ni

j is the number of repetitions for the
jth stress level in period i, εi−1

p is the accumulated
permanent strain up to season i – 1, and b is the
material parameter corresponding to the permanent
deformation model under consideration.

The accumulated permanent deformation at the end
of period i is calculated from:

Figure 14. Measured and predicted permanent deforma-
tions for SE05-2.

Figure 15. Measured and predicted permanent deforma-
tions for SE06.

7.3.1 Material properties
Tables 3 and 4 present the material properties used to
calculate the permanent deformation of the HVS test
structures (Erlingsson, 2010b).

7.4 Results of permanent deformation modelling

Figures 14 and 15 present the measured and predicted
permanent deformation for both HVS test structures,
shown in Figure 3. For SE05-2, only the permanent
deformation of the base layer and the total surface rut
are shown as the structure was instrumented that way.
On the other hand the permanent deformation in the
upper part of the subgrade, subbase, base course and
total surface rut are depicted for the SE06 structure.
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The figures show that the permanent deformation
prediction models used in this study captured the
development of the permanent deformation in the
pavement layers.

8 DISCUSSION

The response behavior of two HVS test structures was
studied under a broad range of axle loads and tire infla-
tion pressures. The response measurements depicted
in Figures 6 through 12 showed that there is fair
agreement between the measured and the computed
responses using the developed nonlinear multilayer
elastic theory approach. In general the agreement was
better for vertical strains than for stresses. This may be
due to the fact that it is generally difficult to measure
vertical stresses in granular materials due to the com-
plex inherent inter-granular interactions between the
aggregate particles. Furthermore the agreement in all
responses increased with depth.This may be attributed
to the influence of dynamic loading on the sensors,
which diminished with depth due to the damping effect
of the pavement materials.

The permanent deformation behavior of the HVS
test structures was also studied. The two permanent
deformation models considered in this study pre-
dicted the permanent deformation in the asphalt, base,
subbase, and subgrade materials reasonably well.

9 CONCLUSIONS

In this research, a multilayer nonlinear elastic response
model which takes the stress dependency of unbound
granular materials into account was developed. The
model was been verified using response measurements
from two HVS tests, both of which included different
load configurations and magnitudes at varying pave-
ment temperatures. Furthermore, the response model
was used in a performance prediction procedure. A
three parameter work hardening model for all lay-
ers was employed. The following conclusions were
drawn:

– Multilayer elastic theory in conjunction with the
method employed to account for stress depen-
dency in unbound layers captures the responses of
real pavement structures with acceptable agreement
under a broad range of axle loads and tire inflation
pressures.

– Better agreement was observed between measured
and calculated vertical strains compared to vertical
stresses. This might be attributed to the fact that it
is difficult to measure vertical stresses accurately
in course grained materials at shallow depths.

– With regard to horizontal strains at the bottom of the
asphalt layer, there was better agreement at a low
temperature. This might be attributed to the fact
that at low temperatures asphalt mixtures behave
elastically, that is, their viscous nature becomes

insignificant and is thus in better agreement with
the assumptions made in this research.

– The results indirectly confirmed that the temper-
ature correction model used in this work gives
acceptable estimates of asphalt stiffness for a given
temperature to estimate responses in the unbound
layers.

– The permanent deformation that was predicted
using the MEPDG model for asphalt layers and the
model for unbound granular layers gave acceptable
results with appropriate calibration.

– The permanent deformation contributions from
stress levels of different magnitude can be com-
bined using the time hardening approach.
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ABSTRACT: This paper presents results of a full scale accelerated test performed on the IFSTTAR pavement
fatigue carrousel, to study the effect of various multiple axle combinations on bituminous pavements. The tested
combinations correspond to the permissible maximum loads in France for the following axle systems: tridem
axle (255 kN), tandem axle with dual wheels (210 kN), tandem axle with single wheels (170 kN) and single axle
with dual wheels (130 kN). Recently, however, the French road carriers’ federation was authorized to change
the vehicle load from 400 kN to 440 kN. The consequences of this increase are also discussed. The test was
performed on two thick bituminous pavement sections consisting of a 16-cm granular subbase and a 26-cm thick
bituminous layer. Both pavements were instrumented with strain gages, vertical displacement and temperature
sensors.The objective of this research is to compare the strain signals and the maximum strain levels obtained for
different axle combinations and temperature conditions and then, to compare the results with classical pavement
design calculations to assess the relative aggressiveness of the different axle systems. The fatigue life of the two
pavements, however, was not studied because, owing to their thickness, too many load cycles would have been
required to complete a full fatigue test.

1 INTRODUCTION

In France, transport of goods is currently divided up as
78% by road, 16% by waterway 5% by rail and 1% by
pipeline or air. In order to absorb the expected traffic
growth, the government is developing rail transport,
which is considered safer and less polluting. To limit
the number of heavy trucks, some Northern European
countries have authorized alternatives including trains
of loaded motor trucks, called ecocombis or EMS
(European Modular Systems). They can haul up to 60
tons of goods, but can only be used for long distance
transport and are considered more dangerous regard-
ing traffic safety. In France, the search for a balanced
transport policy was marked by the recent decision to
increase vehicle maximum loads from 40 to 44 tons
without modification regarding the number of axles
of the vehicles. This concerns mostly five to six axle
heavy goods vehicles carrying cereals, aggregates or
liquids.

The impact of this gross weight legislation change
on roads is not very well understood. Calculations were
performed, using the French pavement design method
(SETRA-LCPC, 1994; Corté and Goux, 1996) which
is based on a simplifying hypotheses (linear elastic
behavior, pavement design criteria based on maximum
tensile strain values), but until now the problem has
not been studied experimentally. This paper presents

some first experimental studies, carried out on the cir-
cular test track at IFSTTAR Nantes, to compare the
aggressiveness of the following different axle systems:
tandem axle with single wheels, tandem axle with dual
wheels, tridem axle with single wheels and single axle
with dual wheels.The study was conducted to examine
the performance of two thick bituminous pavements,
for heavy traffic, under the above applied axle com-
binations adjusted to current permissible maximum
loads. The pavements were instrumented with strain
gages, vertical displacement sensors and temperature
sensors, placed at different depths.The number of load
cycles applied during this test was not sufficient to
damage the thick structures. Pavement deformation
and vertical displacement measurements, on the other
hand, were used to assess the aggressiveness of the
different axle systems.

2 PAVEMENT STRUCTURES AND LOAD
COMBINATIONS

2.1 The circular test track facility

The IFSTTAR accelerated pavement testing facility,
in Nantes (Autret et al., 1987; Gramsammer et al.,
1999; IFSTTAR) is an outdoor circular carrousel ded-
icated to full-scale pavement experiments carried out
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Figure 1. View of the IFSTTAR pavement testing facility.

with public and private partners (Figure 1). The car-
rousel is a one thousand horse-power electro-hydraulic
facility, with a central tower and four 20-m long arms,
which can run at a maximum speed of 100 km/hour.
The experimental site includes three test rings, with
the facility being moved from one ring to another in
approximately one week.

Each arm can be equipped with different load
combinations. The half-axle loads can vary from
40 kN on a single wheel to 135 kN on a triple axle
system with single wheels, a tandem axle with dual
wheels or a tandem axle with single wheels.

2.2 Studied loads

The different axle load combinations studied are pre-
sented in Figure 2. All combinations conform to the
current permissible maximum loads per axle or group
of axles in the French road regulations.

During the tests, a lateral wandering of the loads is
applied, over a width of approximately 1.1 m (11 dif-
ferent lateral positions), with a Gaussian distribution
over this width. The strain gages are always placed in
the centre of the wheel path (Position 6).

2.3 Pavement structures and instrumentation

The tested pavements were thick bituminous struc-
tures commonly used for the construction of heavy
traffic roads (Figure 3). Structure 1 is used for
freeways with a traffic capacity of TC5-30 accord-
ing to the French Catalogue of Pavement Struc-
tures (between 6 and 14 million heavy trucks
over 30 years). Structure 2 is used for main or
secondary roads with a traffic capacity of TC3-20
(between 0.5 and 1.5 million heavy trucks over 20
years). Both pavements were instrumented with strain
gages, vertical displacement and temperature sen-
sors during construction of the circular test track, to
measure response under different load combinations.
The location of the different instruments within each
structure is presented in Figure 3.

The clay sand of the subbase contains approx-
imately 10% water sensitive fines. The Unbound
Granular Material (UGM) is a 0/31.5-mm crushed
gneiss, classified as B according to French stan-
dards. The composition of the bituminous materials
is presented in Table 1.

Figure 2. The circular test track facility equipped with the
different axle systems studied.

Figure 3. Instrumentation of the experimental pavements.

Table 1. Bituminous mix compositions.

Fractions AC (Class 2) (%) RBA (Class 3) (%)

0/2 34 35
2/6 16 20
6/10 49 10
10/14 – 35
Filler 1 –
Bitumen 35/50 5.7 4.6

Complex modulus tests on trapezoidal specimens
(NF EN 12 697-31) were performed on the two bitumi-
nous mixes. The standard elastic moduli obtained for
the two materials at 15◦C and 10 Hz were respectively
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Table 2. Huet Sayegh’s model parameters obtained for the
two bituminous mixes.

E0 (MPa) Einf (MPa) δ k h

AC 20 29 843 2.194 0.217 0.658
RBA 20 22 980 1.985 0.174 0.578

A0 A1 A2
AC 20 29 843 2.194
RBA 20 22 980 1.985

Figure 4. Strain gages used for vertical and horizontal strain
measurements.

11,320 MPa and 10,700 MPa.The results of these tests
were interpreted with the Huet-Sayegh visco-elastic
model (Huet, 1963, 1999; Sayegh, 1965; Chailleux
et al., 2006), and the model parameters obtained for
the two mixes are summarized in Table 2.

The two pavement structures were instrumented
with vertical strain gage sensors placed in the sub-
grade and the UGM, and horizontal strain gages placed
at the bottom of the bituminous layers. Figure 4 shows
the different gages used. An anchored vertical dis-
placement sensor was also installed in each structure
to record the vertical displacement of the pavement
surface (vertical deflection). Finally, temperature sen-
sors were placed at different depths in each structure
to combine mechanical measurements with material
temperature data (Figure 3).

2.4 Axle load configurations

The experiment was conducted in two successive
phases, with different axle load combinations mounted
on the four arms of the circular test track (Fig-
ure 5). The loads applied on the different groups of
axles are summarized in Table 3 and correspond to
the maximum permissible loads of the French road
regulation.

These types of loads correspond to typical axle
configurations of heavy trucks. Tridem axles with sin-
gle wide wheels are those most commonly found on
heavy trucks with a gross vehicle weight of 40 tons.
The single wheel mounted on a single axle is never
used at the rear of heavy vehicles, but only as the front
axle, with a lower axle load around 70 kN. During the
test, this axle was loaded at 42.5 kN and used as a
reference load. The objective of the research was to

Figure 5. Two successive axle system configurations of the
test.

Table 3. Current permissible maximum loads per axle or
group of axles.

Maximum load
Axle type per axle (kN)

Dual wheels 130
Tandem axle with dual wheels 210
Single wide wheel 85
Tandem axle with single wide wheels 170
Tridem axle with single wide wheels 255

examine the effects, on the same sensors, of the four
axle systems loaded at the maximum permissible load
and to compare the results with those of the single ref-
erence wheel. Since the carrousel has only four arms,
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two successive configurations were used to complete
the test.

The tires chosen for the test were:

– Dunlop 385/65 R 22.5 tires for single wide wheels,
inflated at 8.5 bars.

– Dunlop 12.00 R20 SP321 tires for dual wheels,
inflated at 8.5 bars.

Tire imprints were determined under a load of 65 kN
for the dual wheels and 42.5 kN for the single wheel
(Figure 6). They can be approximated by rectangles,
loaded with a mean vertical pressure of 0.62 MPa and
0.66 MPa respectively.

Figure 6. Dual and single wheel imprints at F = 65 kN and
F = 42.5 kN, respectively.

Table 4. Maximum deflection and deformation values
under a single wheel load of 42.5 KN. (speed v = 42 km /h,
mean temperature T = 20◦C).

Structure 1 Structure 2

Vertical displacement at the
surface of the pavement

0.32 mm 0.45 mm

Longitudinal strains at the
bottom of the bituminous
base layer

+90 µstrain +150 µstrain

Transverse strains at the
bottom of the bituminous
base layer

+120 µstrain +300 µstrain

Figure 7. Vertical displacement signals at the pavement surface under tridem axle load.

3 EXAMPLES OF MEASUREMENT RESULTS

3.1 Mechanical stiffness of the pavement
structures

The mechanical response of the tested pavements
in terms of typical pavement surface deflection val-
ues and mean tensile strain values at the bottom of
the bituminous materials obtained under the appli-
cation of the reference load (single wheel loaded at
42.5 kN) are plotted inTable 4 (tensile strain values are
positive).

Note that the transverse strains are higher than
the longitudinal strains. The strain signals, presented
below, also show that visco-elastic effects are more
visible on the transverse strain gages.

3.2 Examples of strain signals under the tridem
axle load

Figures 7 to 10 present examples of strain signals
and displacement signals recorded as the tridem axle
load (42.5 kN for each wheel) travels on both pave-
ment structures. The distance between the wheels is
1.38 m for all the tandem and tridem combinations
studied. The influence of the wheelbase on material
deformations, though recognized, was not studied.

The signals were recorded under the centre of
the wheels at a speed of 42 km/h and with a mean
temperature within the bituminous materials of 18◦C.

The signals from the longitudinal strain gages
placed at the bottom of the bituminous layers always
return to zero (Figure 8). The transverse strain gage
signals distinctly reveal the visco-elastic behavior of
the materials (Figure 9): the strains tend to cumu-
late under the passage of the three wheels, and the
return to the zero state is slow. Some permanent
deformation can sometimes be observed, in particu-
lar at high temperatures or low speeds. The transverse
strains are in all cases greater than the longitudinal
strains.
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Figure 8. Longitudinal strain signals at the bottom of the bituminous materials under tridem axle load.

Figure 9. Transverse strain signals at the bottom of the bituminous materials under tridem axle load.

Figure 10. Vertical strain signals at top of the UGM, under tridem axle load.
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Figure 11. Maximum transverse strains under the reference single wheel load (42.5 kN) for different lateral positions
(temp. 9◦C).

Figure 12. Maximum transverse strains under reference single wheel load (42.5 kN) for different lateral positions (temp 30◦C).

4 COMPARISON OF PAVEMENT RESPONSE
UNDER DIFFERENT AXLE COMBINATIONS

4.1 Normalization of measurements recorded at
different temperatures

Figures 11 and 12 present, for Structure 1, the max-
imum transverse strain values measured at different
depths in the bituminous layers, at two different tem-
peratures (9◦C and 30◦C), under the single wheel load,
for the eleven transverse positions of the wheel, due to
the lateral wandering. The strain distributions change
considerably with temperature. For instance, at the
bottom of the bituminous base layer, under the cen-
tre of the wheel, the maximum transverse strains are
about four times higher at 30◦C than at 9◦C. This
demonstrates the high sensitivity to temperature of the
response of bituminous pavements and underlines the
difficulty of comparing strain measurements recorded
under different axle load combinations at different
temperatures.

Because of the visco-elastic, thermo susceptible
behavior of bituminous materials, the recorded strain

levels are highly dependent on temperature and load-
ing speed. In this study, all the tests were performed at
a constant speed of 42 km/h. (i.e., 7 revolutions/minute
for loads running on the 19 m radius track). To elimi-
nate the effect of temperature variations when compar-
ing the effect of different axle systems, the maximum
strain or displacement values obtained under differ-
ent multiple axle loads were normalized by dividing
them by the values obtained under the reference single
wheel, at the same temperature (measurements carried
out simultaneously).

4.2 Comparison between the different axle load
combinations and the single reference wheel

As previously explained, two successive configura-
tions were necessary to complete the test and compare
the effects of the four multiple axle load combi-
nations with those of the single 42.5 kN reference
wheel. In both configurations, the reference wheel was
mounted on one arm of the carrousel. The relative
effect of the different axle combinations was assessed
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Figure 13. Example of determination of the maximum strain ratio R from measured strain signals (R = 1.14).

Table 5. Structure 1: Ratio R of the maximum strain recorded under multiple axle loads to that obtained under the reference
single wheel load.

Axle loads

42.5 kN 65 kN 2 × 42.5 kN 3 × 42.5 kN 2 × 52.5 kN
Measurement single dual tandem single tridem single tandem dual

Vertical displacement DP1 1 1.25 1.16 1.26 1.19
Vertical strain Z1g 1 1.29 1.13 1.23 –
Longitudinal strain L1 1 1.25 0.91 0.97 0.90
Transverse strain T1 1 0.95 1.13 1.25 0.90

Table 6. Structure 2: Ratio R of the maximum strain recorded under multiple axle loads to that obtained under the reference
single wheel load.

Axle loads

42.5 kN 65 kN 2 × 42.5 kN 3 × 42.5 kN 2 × 52.5 kN
Measurement single dual tandem single tridem single tandem dual

Vertical displacement DP2 1 1.25 1.08 1.13 1.2
Vertical strain Z2s 1 1.26 1.08 1.13 1.13
Vertical strain Z2g 1 1.12 1.06 1.14 1.18
Longitudinal strain L2 1 1.11 0.95 0.98 1.06
Transverse strain T2 1 0.93 1.08 1.1 0.98

by calculating the ratio of the maximum strain values
recorded by the sensors under multiple axle loads to
those obtained under the reference single wheel.

The strain or displacement ratios R are thus
defined by:

R = maximum strain under multiple axle load/
maximum strain under single wheel load.

The approach for the calculation of the ratios R is
illustrated in Figure 13. These ratios represent a sim-
plification, because they only take into account the
maximum strain level, and not the duration of the load
signal, which is higher for a tridem axle than for a
single axle.

The mean values of strain or displacement ratios R
obtained for the different axle load combinations are

summarized in Tables 5 and 6. These mean R values
result from measurements made at different temper-
atures, varying between 10◦C and 40◦C. They were
calculated for the two pavement structures, for the
following sensors (Figure 3):

– Vertical displacement sensors (noted DP1 and DP2)
– Vertical strain gages placed at the top of the UGM

layer (noted Z1g and Z2g)
– Vertical strain gages placed at the top of the

subgrade Z2s (only for structure 2).
– Longitudinal strain gages placed at the bottom of

the bituminous base layer (noted L1 and L2)
– Transverse strain gages placed at the bottom of the

bituminous base layer (noted T1 and T2)
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The results are similar for the two structures. In
terms of the relative effect (strains) of the different
axle combinations, compared with the reference single
wheel, it can be concluded that:

– For the vertical deflection, and the vertical strains
at the top of the subgrade, the tandem and tri-
dem axles with 42.5 kN wheels are more aggressive
than the single 42.5 kN wheel (the strains increase,
due to interaction between the wheels). The most
aggressive configuration is the single axle with dual
wheels, with 65 kN load.

– For the transverse strains at the bottom of the bitu-
minous layers, the tandem and tridem axles with
single wheels are again, more aggressive than the
single 42.5 kN wheel. The dual wheels, on the con-
trary, are less aggressive, in terms of transverse
strains, than the single wheel.

– For the longitudinal strains at the bottom of the
bituminous layers, the results are opposite to those
obtained for the transverse strains: the strains are
lower under tandem and tridem axles than under the
single 42.5 kN wheel. The most aggressive config-
uration is the single axle with dual wheels, loaded
at 65 kN

These results indicate that, depending on the strain
criterion (or design criterion) considered, the same axle
configuration is not always the most aggressive. In
terms of vertical strain, and longitudinal tensile strain,
the single axle with dual wheels was the most aggres-
sive. However, the tridem axle was the most aggressive
in terms of the transverse tensile strain (but the ratios
R do not indicate whether longitudinal or transverse
tensile strain was highest).

It should be added that these results were obtained
for a given wheelbase (1.38 m) and given tire type. For
tandem and tridem axles, a smaller wheelbase could
lead to a higher aggressiveness (for tridem axles, the
minimum wheelbase is about 1.12 m).

5 MODELLING OF MULTIPLE AXLE LOADS

The experimental results obtained on the test track
were compared with pavement calculations, per-
formed using two different models:

– A classical multi-layer linear elastic model, imple-
mented in the software ALIZE (IFSTTAR).

– The software VISCOROUTE c© 2.0 (Chabot et al.,
2010; Duhamel, 2005), based on a multi-layer
visco-elastic model.

ALIZE is a pavement design software tool developed
by IFSTTAR, based on the French pavement design
method, and using a classical multi-layer linear elastic
model developed by Burmister. VISCOROUTE c© 2.0
is a software tool developed for the modeling of pave-
ments with visco-elastic layers, under moving wheel
loads. It is based on the Huet-Sayegh visco-elastic
model, which effectively describes the behavior of
bituminous materials.

The two models were used for the two pavement
structures, but due to space limitations, only the results
obtained on Structure 1 are presented in this paper.
Similar assumptions were used for both models:

– The thickness of the layers was equal to the real
thickness measured on the pavement by leveling.

– The moduli of the unbound granular layer and
subgrade were defined by back-calculation, from
deflection tests, performed during and after
construction.

– The comparisons were made for a series of mea-
surements performed on the test track at an aver-
age temperature of 20◦C, and a loading speed of
42 km/h.

– The properties of the bituminous layers were deter-
mined from laboratory complex modulus tests.
With VISCOROUTE c©2.0, the calculations were
made with the Huet-Sayegh model parameters of
the materials (Table 2), and a loading speed of
42 km/h.

– With ALIZE, the calculations were made with val-
ues of elastic modulus determined using the Huet
Sayegh model, for the temperature and frequency
of the tests (20◦C, 6 Hz). This led to elastic mod-
uli of 8,808 MPa for the wearing course bituminous
concrete and 7,321 MPa for the road base asphalt.

– The loads were simulated by rectangular areas
loaded by a uniform vertical pressure (Figure 6).

Figures 14 to 17 present comparisons between the
longitudinal strains εl and transverse strains εt mea-
sured at the bottom of the asphalt layers, and the
modeling results, for four different load combinations.
The maximum strain values are presented in Table 7.

A difference can be observed between the dual
wheel load at maximum measured longitudinal strains,
and the loads with single wheels (1, 2 or 3 axles) at
maximum transverse strains.

The following conclusions can be made concerning
the prediction of the maximum tensile strains, for all
the load types:

– The linear elastic model (ALIZE) predicts the
longitudinal strains reasonably well (about 10%
difference), but the transverse strains are strongly
underestimated (about 50% difference).

– The visco-elastic calculations (VISCOROUTE c©
2.0) predict much higher transverse strains than
ALIZE, but better predict the experimental trans-
verse strains (about 10 to 15% difference with the
experimental values). The predictions are partic-
ularly accurate for the tandem and tridem axles
(Figures 15 and 17).

It appears, therefore, that visco-elasticity affects
transverse strains more than longitudinal strains,
which has already been observed on the experimen-
tal measurements. Viscous effects tend to increase
the transverse strains, compared with linear elastic
behavior, and is confirmed both by the experimental
measurements, and the VISCOROUTE c© 2.0 calcula-
tions. The increase of transverse strains is particularly
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Figure 14. Structure 1 – comparison of measured and calculated strains under single wheel load.

Figure 15. Structure 1 – comparison of measured and calculated strains under tridem axle.

Figure 16. Structure 1 – comparison of measured and calculated strains under single axle with dual wheels.

important for the tandem and tridem axle loads. This
result can have important implications on classical
pavement design calculations, carried out with linear
elastic models. It implies that these calculations can
significantly underestimate the real maximum tensile
strains (this is discussed in the next section).

The results show that theVISCOROUTE c© 2.0 soft-
ware, based on the Huet-Sayegh model, simulates the

response of the bituminous pavement reasonably well,
for the conditions of the tests (temperature 20◦C and
speed 42 km/h), and the effects of different single or
multiple axle loads. These satisfactory results were
obtained with model parameters obtained from labora-
tory complex modulus tests. More detailed evaluations
comparingVISCOROUTE c© 2.0 with results from this
APT experiment are planned, specifically different

513



Figure 17. Structure 1 – comparison of measured and calculated strains under tandem axle with single wheels.

Table 7. Comparison of maximum measured and calcu-
lated tensile strains at bottom of bituminous layers under the
different axle combinations.

42.5 kN 42.5 kN
42.5 kN 65 kN tandem tridem

Method Strain single dual single single

Measured (µstrain)
Gage L1 εl 89.7 116.2 83.8 91.0
Gage T1 εt 115.9 108.7 135.1 144.7

Predicted (µstrain)
ALIZE εl 83.6 104.2 73.3 69.4

εt 80.3 75 88.6 97.3
εl 75 100.2 69.1 60.5

VISCOROUTE εt 96.1 84.7 124.3 136.6

speed and temperature conditions (measurements are
available for temperatures between 10 and 40◦C, and
speeds from 3 to 70 km/h).

6 EVALUATION OF THE AGGRESSIVENESS
OF THE DIFFERENT AXLE COMBINATIONS

The French pavement design method (SETRA-LCPC,
1994; Corté and Goux, 1996) is a mechanistic-
empirical method, based on multi-layer linear elastic
calculations. For bituminous pavements, such as those
tested in this APT experiment, the main design cri-
terion is based on the maximum tensile strain at the
bottom of the bituminous layers. A second criterion,
based on the maximum vertical strain at the top of
the subgrade also exists. The tensile strain criterion
is based on a fatigue law, for bituminous materials,
determined experimentally from two point bending
fatigue tests on trapezoidal specimens (Standard EN
12697-24). The expression of the fatigue law is:

where:

– ε6 is the strain leading to fatigue failure for 106

load cycles;
– b is the exponent of the fatigue law; b = −0.2 for

bituminous materials;
– N is the number of load cycles.

Inverting the fatigue law (Equation 1) leads to the
following expression, for the number of load cycles
Nfailure leading to failure:

Using Equation 2, the relative aggressiveness A of
two different loads, according to the French pave-
ment design method, can be expressed, for bituminous
pavements, by:

A is defined as the ratio of the design lives (in
terms of number of cycles leading to failure) for each
load level, or as the ratio of the fatigue damage pro-
duced by one application of Load-2, in comparison
with one application of Load-1. In the case of multiple
axles groups, the coefficient A is calculated for each
individual axle of the group.

Values of the relative aggressiveness A were deter-
mined for the different multiple axle loads, compared
to the reference single wheel loaded at 42.5 kN. These
values were calculated first using the maximum ten-
sile strains εtmax obtained with the design software
ALIZE, and also using maximum tensile strains mea-
sured experimentally on the test track. The results are
presented in Table 8.

With the ALIZE calculations, the most aggressive
load is the single axle with dual wheels (A = 3.01),
followed by the tridem axle (A = 2.14).With the exper-
imental measurements, the rating is quite different,
with the most aggressive load being the tridem axle
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Table 8. Relative aggressiveness coefficients obtained for
the different multiple axle loads, in comparison with the
single wheel loaded at 42.5 kN.

42.5 kN 42.5 kN
42.5 kN tandem tridem 65 kN

Parameter single single single dual

Measured
εtmax (µ strain) 115.9 135.1 144.7 116.2
A value – 2.15 3.03 1.01

ALIZE calculations (µ strain)
εtmax (µ strain) 83.6 88.6 97.3 104.2
A value – 1.34 2.14 3.01

(A = 3.03), and the least aggressive the single axle with
dual wheels (A = 1.01). In conclusion, the standard
linear elastic calculations again do not correctly pre-
dict the maximum tensile strains under multiple load
configurations (due in particular to visco-elasticity),
and can give misleading conclusions, concerning the
aggressiveness of different axle configurations. In par-
ticular, it appears that the aggressiveness of tridem
axles is underestimated by linear elastic calculations.
The results obtained with VISCOROUTE c© 2.0 sug-
gest that aggressiveness can be better evaluated using
visco-elastic models.

For a given load type, there was also a large
difference between the experimental and calculated
maximum tensile strains (up to 50%). However, it
appears quite difficult to compare directly, for one load
type, the aggressiveness obtained with experimental
and calculated strains, because in the French design
method, calibration coefficients are introduced to cor-
rect the calculated fatigue life, in order to match the
field behavior.Therefore, it is probable that these “cali-
bration coefficients” already account for the difference
between experimental and calculated strains. Conse-
quently, only relative comparisons of damage caused
by different axle configurations can be made, and not
direct comparisons of damage due to the calculated
and experimental strains.

7 DISCUSSION OF THE IMPACT OF AXLE
WHEELBASE AND 10% INCREASE OF
THE GROSS HEAVY VEHICLE WEIGHT

In France, measures have recently been taken to relax
gross weight legislation for 210 kN tandem axles with
dual wheels and 255 kN tridem axles with single
wheels, and to authorize an increase of 10% of the
gross weight. On the IFSTTAR test track, both axle
systems were tested with a wheel base of 1.38 m. How-
ever, wheel base can vary depending on vehicle type.
Table 9 presents the usual wheelbases used on heavy
truck rear axle systems in France.

Table 9 shows that tridem rear axle systems in
particular can have smaller wheelbases than 1.38 m,
down to 1.12 m.These small wheelbases are often used

Table 9. Typical wheelbases used on heavy truck rear axle
systems.

Tandem,
Tridem, Tandem, Tandem, single,
single dual single very wide

Tires 385/65 1200 385/65 445/65
R22.5 R20 R22.5 R22.5

Wheel base 135 135 130 130
(cm) 130 130 – –

120 – – –
116 – – –
112 – – –

Figure 18. 44 ton heavy vehicle with tridem rear axle
system, wheelbase = 112 cm.

on vehicles carrying heavy materials, like cereals or
aggregates, which need to maneuver easily and dis-
charge their load at the rear of the vehicle (Figure 18).
Particular concerns are being raised about the possible
increase of the gross weight on these vehicles, because
they are usually loaded to the maximum authorized
load. It is therefore interesting to evaluate the aggres-
siveness of these tridem axles with small wheelbase.
For this purpose, calculations were performed using
both standard linear elastic and visco-elastic models
(to try to take into account the visco-elastic effects),
for pavement Structure 1 from the APT experiment.
Three cases were considered:

1. The tridem axle with 1.38 m wheelbase with
3 × 42.5 kN load.

2. The tridem axle with 1.12 m wheelbase with
3 × 42.5 kN load.

3. The tridem axle with 1.12 m wheelbase with
3 × 46.75 kN load (10% overload)

The results are presented in Table 10. The first
case was considered as the reference, and the rela-
tive aggressiveness of cases 2 and 3, compared with
this reference was calculated. For the linear elastic
calculations, the results indicate:

– Relative aggressiveness A of 1.56 for the tridem
axle with 1.12 m wheelbase

– Relative aggressiveness A of 2.51 for the tridem
with 1.12 m wheelbase and 10% overload.
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Table 10. Prediction of aggressiveness with reduced
wheelbase and 10% overload.

42.5 kN 42.5 kN 46.75 kN
tridem, tridem, tridem,
1.38 m 1.12 m 1.12 m

Parameter wheelbase wheelbase wheelbase

ALIZE
εtmax (µ strain) 97,3 106.4 117
A value 1 1.56 2.51

VISCOROUTE
εtmax (µ strain) 132.5 146.4 161.3
A value 1 1.65 2.67

With the visco-elastic calculations, the values of A
are slightly higher than for linear elasticity, but the dif-
ference is not significant (A = 2.67 for case 3 instead
of 2.51). There is, again, a large difference between
the maximum tensile strains given by the linear elastic
and visco-elastic calculations. However, a direct com-
parison between aggressiveness obtained with linear
elastic or visco-elastic behavior, for the same load, is
not possible, because the design life calculations are
calibrated only for the linear elastic model.

This last comparison is based only on model pre-
dictions, because these modified wheelbases and axle
loads have not been tested on the accelerated test
track. More APT tests clearly need to be carried out
to improve understanding of the aggressiveness of
different loads, including the effects of wheelbase,
type of tires, loads and pavement structure, and to take
into account the results in pavement design.

8 CONCLUSIONS

This paper presents the first pavement mechanics study
carried out using the IFSTTAR’s pavement circular
test track with different axle system combinations
mounted on each of its four arms.

The French road carriers’ federation is currently
exercising pressure on the government to increase
the gross vehicle weight from 400 kN to 440 kN and
more, without modifying the number of axles. Knowl-
edge of the impact that such an increase may have
on pavements is in great demand by society and the
legislature.

The key finding from this study, as regards pave-
ment mechanics, is that experimental strain measure-
ments in pavement layers appear to provide the best
information on the aggressiveness of an axle system.
The results of the study concern mainly the tensile
strains obtained at the bottom of bituminous layers,
which are presently used as design criterion in the
French and many other pavement design methods for
bituminous pavements. The study has led to several
interesting conclusions:

– Strain distributions under multiple axle loads are
complex, and for the different axle combinations

studied, the most critical tensile strains can be either
longitudinal (for the dual wheels) or transverse (for
the configurations with 1, 2 or 3 axles with single
wheels).

– Visco-elastic behavior seems to have a particularly
strong effect on the transverse strains, which tend
to cumulate under the passage of several succes-
sive axles, and return more slowly to zero than the
longitudinal strains.

– Due to this accumulation of transverse strains,
tandem and tridem axles produce, experimentally,
higher tensile strains than what would be expected
from linear elastic response.

– Comparisons with linear elastic calculations indi-
cate that linear elasticity predicts longitudinal
strains reasonably well, but under-predicts the
transverse strains, in particular under tandem or
tridem axles with single wheels. If linear elastic-
ity is used for pavement design calculations, the
aggressiveness of certain axle combinations may
be underestimated. In particular, linear elasticity
indicates the highest aggressiveness for single axles
with dual wheels loaded at 65 kN, whereas strain
measurements indicate that the tridem with single
wheels (42.5 kN per wheel) produces higher tensile
strains, and is therefore more aggressive.

– Better predictions of the measured strains (essen-
tially the transverse strains) were obtained with
the softwareVISCOROUTE c© 2.0, using the visco-
elastic Huet Sayegh Model. Visco-elastic calcula-
tions appear particularly interesting for predicting
the effects of multiple axle loads. They give the
same ratios between longitudinal and transverse
strains to those recorded in the experimental mea-
surements, whereas linear elastic calculations can
give the opposite.

Based on these results in this study, prediction of
response of bituminous pavements using visco-elastic
models clearly appears to be very promising, but fur-
ther studies are still needed to confirm and validate
these results for a larger range of experimental con-
ditions, including for instance higher temperatures.
Application of such calculations to design requires
caution, because in the French design method, the
failure criteria, material specifications, and the associ-
ated calibration coefficients are based on linear elastic
modeling, and changing the pavement model is not
possible without also adjusting the other elements.

The results obtained from this study are limited,
because they were obtained for a given set of axle
combinations, with identical tires. Other aspects such
as load, tire type, tire pressure, and wheelbase were
not studied. However, they show that APT tests have
a great potential for studying the effects of aggres-
siveness of different axle systems, which represent
a very important issue for the transportation sector,
because they can influence the evolution of heavy
vehicle configurations, and permitted vehicle weights.

It is also clear that experiments like the one pre-
sented here, centered on measurement of deformations
under different loads are not sufficient, and that to

516



improve our understanding of axle system aggres-
siveness, it is necessary to undertake fatigue tests,
until significant damage of the pavement structures
is achieved. However, this implies some experimental
constraints:

– Each load type must be tested on a separate pave-
ment section (on the IFSTTAR facility, it is possible
to carry simultaneous tests at two different radii, of
16 m and 19 m).

– Since the acceleration capacity of the circular test
track is limited (about 1 million loads per month),
such tests can be performed only on relatively
thin pavements (15 cm of bituminous materials is
approximately the maximum).

Another aspect which also needs to be investigated
with accelerated testing is the effect of different axle
configurations on the wear and deterioration of surface
pavement layers.
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ABSTRACT: Full-scale Accelerated Pavement Testing (APT) is conducted by a number of international facil-
ities with APT devices and who have funding to conduct this type of testing. There are a host of countries
who cannot afford such programs and miss the opportunity of obtaining potential APT benefits. Although the
objectives of each APT program differ, the results of different APT programs can often be complimentary when
viewed holistically and not on a program by program or client by client basis. A compilation of the outputs from
APT programs linked to the HeavyVehicle Simulator InternationalAlliance (HVSIA) has been used in this paper
to generate an empirical pavement design catalogue for preliminary pavement thickness design. Surface rut was
used as the failure condition for the catalogue. The paper focuses on the process followed and the outcomes of
the study.

1 INTRODUCTION

Many Accelerated Pavement Testing (APT) experi-
ments (using the Heavy Vehicle Simulator [HVS])
have been conducted by members of the Heavy
Vehicle Simulator International Alliance (HVSIA)
before and since its formation in 2003. These tests
were conducted on a range of pavement structures
considering a vast amount of material combinations.
All of these studies contributed to reports written
by the relevant testing agencies. Each report had a
different focus, be it individual material or entire
pavement structure performance, and relevant con-
clusions have been drawn on the different focus
areas. Second-level analyses have been done with the
objective of answering specific agency-based research
questions.

The work described in this paper was conducted
based on discussions in the HVSIA that focused on
opportunities to compile the data from these tests
into a more holistic research offering. The objective
of the paper is to investigate the potential of using
historic HVS data from a range of pavement struc-
tures to develop a new pavement design catalogue.The
paper is based on analyses of available data from the
HVSIA members regarding historic HVS test reports
to develop a generic pavement design catalogue that
can be used as a first-level indication of suitable pave-
ment structures for various conditions (Jansen van
Rensburg, 2009).

HVS test reports typically consist of relevant data
on permanent deformation, fatigue cracking, envi-
ronmental influences and construction details, all of
which are relevant to the field of pavement engineer-
ing. Although all the above factors are important, only
rut performance is considered in this paper, as this was

the common parameter evaluated in all the studies.
Expansion of the design catalogue will require incor-
poration of other failure conditions such as fatigue
and thermal cracking. Evaluation included HVS test
reports from the last 10 to 15 years with asphalt,
granular, bitumen emulsion (or emulsified asphalt)
stabilized granular, and asphalt treated base layers.
The information obtained was combined into a three-
dimensional matrix with traffic class, temperature, and
base material being the respective axes of the matrix.
The pavement material was evaluated and inferences
drawn around the potential failure modes, and environ-
mental influences that would accelerate or retard these
modes. Where a particular test was stopped early or if
water was added, conclusions had to be drawn on what
the behavior of the base materials was before and after
these influences to obtain the best possible behavioral
indication.

The evaluation focused on rut performance of each
test’s base and surfacing combination as measured on
the surface of the pavement. All the materials from
the HVS test reports were evaluated according to their
rut performance at 10 mm and 20 mm, defined as
the warning and terminal levels of pavement perfor-
mance, respectively. Where test data deviated from
normal behavior, a statistical approach was taken to
determine the final location of the base material in
the three-dimensional matrix. The pavements were
grouped according to their base course classifica-
tion. Simulated environmental factors (i.e., changes
in temperature and moisture content during the test)
played a major role in the pavement material rut per-
formance (as would be expected), and this was used
as another parameter with traffic class to set up the
three-dimensional matrix used as a pavement selection
catalogue.
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2 BACKGROUND

The HVSIA is a voluntary association of HVS users,
established to promote interaction between users and
to coordinate testing and the dissemination of test
results. The HVSIA website (www.hvsia.co.za) cap-
tures pertinent information and displays meta-data
with respect to the results of tests.The objectives of the
HVSIA are to promote and share knowledge related
to HVS technology; establish a structure for ongoing
interactions focusing on HVS technology; establish
mechanisms for funding, monitoring and completion
of studies on common issues through participation of
members; provide expertise to expeditiously define,
manage and review studies of interest; and optimize
resource use through coordination of HVS related
research. All HVS owners continue with their own
research programs while the HVSIA activities com-
plement and support the efforts of individual members
(Steyn, 2012). The current (October, 2011) members
of the HVSIA are South Africa (Council for Scientific
and Industrial Research [CSIR]/Gautrans), California
(University of California Pavement Research Cen-
ter [UCPRC]), Florida Department of Transportation
(FDOT), US Army Engineer Research and Develop-
ment Center – Cold Regions Research Engineering
Laboratory (EDRC-CRREL), EDRC Geotechnical
and Structures Laboratory (EDRC-GSL), Sweden
VAG-OCH Transportforskningsinstitut (Swedish
National Road and Transport Research Institute
[VTI]), Costa Rica, China (Chang’an University), and
India (Central Road Research Institute [CRRI]).

Collaboration between APT programs is often sug-
gested as a method to encourage cost efficiencies,
but is usually difficult to implement (Hugo and Epps
Martin, 2004; Harvey, 2008).The HVSIA has, with no
formal budget, been effective in encouraging interac-
tion between users of HVS equipment. It has produced
a number of useful products, including:

– The HVSIA activity matrix, which provides a quick
reference to all research performed by HVSIA
members by focus and competency area, with links
to access reports that are available on this research.
It also includes planned HVS research projects
which are likely to lead to collaboration on actual
research projects by HVSIA members, and, possi-
bly, others (this matrix formed the data source for
this paper),

– The HVSIA instrumentation matrix provides
information on instrumentation used by HVSIA
members, and

– Workshop and specialty sessions of interest to
the HVSIA members including: HVS tests ver-
sus long-term field performance, analytical and
performance issues, data collection issues, eval-
uation and quantification of HVS test bene-
fits, stiffness related to structural design, link-
ages between APT and long-term monitoring
(LTM) and mechanistic-empirical (ME) design and
calibration.

The somewhat intangible benefit of ongoing interest
and interaction between HVSIA members is viewed
as the HVSIA’s greatest success. This interaction is
actively fostered within the HVSIA as members share
a focused common interest.

APT is a process developed to bridge the gap
between empirical design models and real life. This
method evaluates a pavement structure under traffic
conditions at an accelerated rate. APT provides a great
deal of data ready for analysis that is very relevant to
material performance (Du Plessis et al., 2008).

A pavement consists of a combination of layers that
is placed on either a roadbed, or on the in situ sub-
grade material, to protect from the influences of traffic
loading. It is important to evaluate the behavior of a
pavement as a system, since the contribution of each
of the layers in that system affects the ultimate reac-
tion of the pavement structure to the applied loads and
environmental conditions. The purpose of pavement
design is to provide a pavement that is the most eco-
nomical and still fulfills its requirements of providing
a safe and desirable ride quality for at least its design
life. A pavement structure is considered as unfit for
use following one of two main failures, the first being
functional failure and the other structural failure. It is
considered a functional failure if it no longer fulfills its
purpose of providing an acceptable riding experience
to the road user with respect to riding quality, accident
risk, and comfort. Structural failures are defined as a
physical failure to one or more of the pavement layers
contributing to the pavement structure. These failures
include rutting, bleeding, cracking, etc.

A pavement catalogue design method is one that
uses a catalogue instead of empirical or deterministic
design procedures to give the final pavement struc-
ture. It typically consists of a selection of tables or
graphs, from which a designer can use to select and
appropriate road structure. The tables or graphs are
grouped according to their base type, design traffic,
and environmental conditions that can be expected
(dry or wet regions). In these tables the material can be
directly selected even if only the road category and the
design traffic are known. In South Africa, the Techni-
cal Recommendations for Highways #4 (TRH4, 1996)
document provides the basis for the structural design of
pavements and contains a proposed catalogue design
for typical South African traffic, environmental, and
materials conditions. Typically, a catalogue design
method will only define the applied loads in terms
of the equivalent standard axle loads (ESALs) appli-
cable for the specific pavement structure. An example
of a catalogue design from TRH4 is shown in Figure 1.
This catalogue design method option requires the user
to determine the environmental conditions and traf-
fic loading for the specific application, decide on the
type of pavement structure (i.e., granular or stabilized
base), and then select an appropriate design from the
various applicable catalogues.

It should be noted that the South African National
Roads Agency Limited (SANRAL) is in the process
of substantially updating the existing SA pavement
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Figure 1. Three-dimensional structure with base layer, test temperature and traffic as respective axes.

design method, with a current expected implementa-
tion date around 2014 (Theyse et al., 2011), and the
further use of the current TRH4 pavement catalogue
design method will thus be affected by the outcome of
this new design method.

The development of a pavement design catalogue
is based on either an empirical selection process of
pavement structures known to provide an acceptable
level of performance, or an extensive mechanistic eval-
uation of potential pavement structures to develop
potential structures to be used in the catalogue. The
approach taken in the development of this APT-based
catalogue design method is a hybrid method, where
known pavement structures from APT experiments
form the basis of the catalogue, while the various struc-
tures have been evaluated as part of the APT research
to ensure that they provide mechanistically balanced
structures.

3 METHODOLOGY

Permanent deformation data for the combined sur-
facing and base layers from selected HVS tests were
collected from the HVSIA database to form the source
material for the development of the catalogue. Data
were grouped together according to the different base
layer types (three options evaluated) and then eval-
uated to identify their appropriate locations in a
three-dimensional catalogue.

3.1 Three-dimensional matrix

Available reports were studied to select categories that
best described the fields relevant to pavement design.
These categories included base layer type, cumulative
traffic load, moisture conditions, and pavement test
temperature. The types of base layers considered dur-
ing the evaluation process included granular, bitumen
emulsion stabilized granular, and bitumen-treated lay-
ers. The type of surfacing on the base layer was used
as a secondary category under the type of base layer.

The actual test temperature and moisture contents at
which the specific HVS tests were conducted were
used as input data. The temperature was mainly used
to account for effects in the surfacings and bitumen
emulsion stabilized and bitumen treated base layers,
while the moisture conditions mainly affected the
granular base layers’ performance.

A method consisting of eight steps was developed
to evaluate the data from the various HVS tests:

– Step 1: Data acquisition: Collect test data and eval-
uate HVS test reports to see if these tests have base
layers consistent with that of the three-dimensional
matrix.

– Step 2: Group all tests together that have base layers
consistent with base layers in the matrix.

– Step 3: Identify tests that were not done at an
applied load of 40 kN and use equivalency factors to
transform the number of repetitions to compensate
for the deviation in applied load, using the method
developed by Kekwick (1985).

– Step 4: Identify in which manner each test’s rut
performance was reported. Inspect whether the test
was stopped before a warning (10 mm) or terminal
(20 mm) rut level was reached. If it was stopped
prematurely, determine the rut rate for each test.
Determine the number of repetitions each base
layer could withstand before reaching 10 mm and
20 mm of rut.

– Step 5: Use the cumulative repetitions and testing
temperature to place the test’s base layer in the most
appropriate cell in the three-dimensional matrix.
Identify whether a test section was resistant to water
that was added to the tests.

– Step 6: Evaluate the three-dimensional matrix and
identify where more than one test’s base layer occu-
pies a single location in the matrix. Evaluate these
data sets further to select the most appropriate
base layer for a given cumulative traffic load and
temperature.

– Step 7: Compare data in the three-dimensional
pavement catalogue with pavement structures in the
TRH4 catalogues.
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Table 1. Summary of granular-based test sections used in developing pavement design catalogue.

Test load Tire pressure
Test data origin Sections Test temp. (◦C) Surfacing details Base details (kN) (kPa)

Florida 15 Ambient to 65 AC (PG67-22 & Limerock; 225 mm 40 790
PG76-22)

Gauteng 7 20 to 71 AC (PG64); single seal Weathered granite; 40; 70 520; 620
150 mm (G4)

Finland/Sweden 2 10 AC (Pen 80) Lusi/Teisko; 60; 80 800
250 mm (Q1, Q2)

Caltrans 1 20 AC (gap graded) Granular; 350 mm (Class 2) 60 to 100 720

Table 2. Summary of bitumen emulsion stabilized base test sections used in developing pavement design catalogue.

Test load Tire pressure
Test data origin Sections Test temp. (◦C) Surfacing details Base details (kN) (kPa)

Gauteng HVS 7 Ambient AC; single seal Bitumen emulsion 40 to 100 520 to 850
stabilized granular

– Step 8: Identify gaps in the three-dimensional
catalogue and use a statistical approach together
with the TRH4 catalogues to complete the gaps.

Steps 1 to 6 were completed for each of the three
types of base layer.Where more than one data set occu-
pied a single cell in the three-dimensional matrix, with
temperature and ESAL being the respective axes, the
data were evaluated after Step 6 had been completed
for all tests, as the type of base layer was irrelevant in
the two-dimensional matrix for ESAL against temper-
ature. Step 7 and 8 were completed after completing
Step 6 for all types of base layer.

3.2 Determining rut rate

When a particular test’s rut performance was only
available in a graphic form (as in the case of the 15
granular base layer tests from the Florida facility), a rut
rate equation was determined by scaling the data from
the graph, or through generating a creep curve based
on the data. This process allowed for the calculation of
expected ESALS to the 10 mm and 20 mm rut levels
defined for the catalogue. The basic assumptions used
were that the rut rates were constant when this pro-
cess was followed, and that, without any extraneous
effects (i.e., changes in traffic load or environmental
condition) the rut rate would remain constant.

3.3 Positioning data in the three-dimensional
matrix

The data were placed in the three-dimensional matrix
by first considering only two axes at a time. The two
two-dimensional structures were essentially base layer
type versus traffic (ESALs) and temperature versus
traffic (ESALs). In the first structure temperature,
was not considered relevant and in the second struc-
ture base layer was not considered relevant in placing

the data. The type of base layer was also categorized
against the type of surfacing used as this can also
influence the performance of the pavement structure.
The two two-dimensional matrices are shown as one
three-dimensional image in Figure 1.

To add a data point into the two-dimensional struc-
ture the temperature and ESAL would need to fall into
the ranges described in the two-dimensional matrix.
The temperature fields have a 10◦C variance (based
on inspection of all available tests). The ESAL cate-
gories are the same as the categories described in TRH
4 (based on a logarithmic increase in traffic).

3.4 Details on specific layers

As mentioned, the design method focused on pavement
structures with granular, bitumen emulsion stabilized,
and bitumen treated base layers. Granular materials
include all natural and crushed aggregates used for
normal base layer construction. The bitumen emul-
sion stabilized materials consist of granular materials
stabilized with up to two percent residual bitumen to
improve the material properties (Collings et al., 2009).

Tables 1 through 3 summarize the specific pave-
ment structures used in the development of the
pavement design catalogue. Details on each of the
tests are available from the HVSIA activity matrix
(www.hvsia.co.za).

The HVS facilities from which the data originated
are as follows:

– Caltrans – California Department of Transporta-
tion HVS, located at the University of California,
Berkeley at the time of testing;

– Gautrans – Gauteng Department of Public Trans-
port, Roads, and Works, located in the Gauteng
province of South Africa;

– Florida – Florida Department of Transportation
HVS, located in Jacksonville, Florida, and
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Table 3. Summary of bitumen treated base test sections used in developing pavement design catalogue.

Test load Tire pressure
Test data origin Sections Test temp. (◦C) Surfacing details Base details (kN) (kPa)

Gauteng HVS 13 20 to 40 AC Bitumen treated granular 40 to 150 520

– Finland/Sweden – HVS initially jointly owned by
Finland and Sweden Departments of Transport.

4 THREE-DIMENSIONAL MATRIX
CATALOGUE

In general, pavements that are required to carry a high
number of ESALs consist of thicker and or stronger
layers of pavement materials. In the current TRH4
pavement design catalogue, the granular base layer
type catalogue covers a full range of traffic spectra
(low to high), while the bitumen stabilized and bitu-
men treated base layer type catalogues typically only
cover higher traffic demands.

4.1 Granular base layers

Many of the HVS tests on granular base layers that
were evaluated from Finland and Sweden, South
Africa, and California were not conducted with an
applied (half-axle) load of 40 kN. These tests’ results
had to be converted to equivalent 80 kN loads using
a standard load equivalence factor. The load equiva-
lence factors calculated and used for the 11 granular
pavements ranged between 1 and 26 (average of 8.9),
based on calculations using the respective rut rates
obtained for the tests conducted at different load lev-
els. The method developed by Kekwick (1985) was
used to calculate these equivalence factors. Thirty-six
of the granular base pavement tests had final rut values
less than 10 mm and required extrapolation.

If more than one data set was available in some of
the cells in the two-dimensional matrix, the best data-
set needed to be chosen for each coordinate. Where
more than one pavement structure was available for a
specific location in the matrix, the pavement structure
with the lowest final rut value, or with the highest num-
ber of repetitions before reaching a rut level of 10 mm
or 20 mm (if these values were not reached in the test)
was selected. This prevented using extrapolated data
as far as possible.

4.2 Bitumen emulsion stabilized base layers

Most of the HVS tests conducted by Gautrans on bitu-
men emulsion stabilized base layer pavements used an
applied (half-axle) load of 40 kN. For the remaining six
tests the load equivalence factors calculated and used
ranged between 1 and 39 (average of 11.9), based on
calculation using the respective rut rates obtained for
the tests conducted at different load levels.

Water was added to five test sections when the rut
rate had reached a steady gradient. The values used to
determine the rut rate for these tests were the values
just before water was added, as this gave a constant
creep rate in the secondary creep phase. The evaluated
data were placed into the two-dimensional matrix with
base layer type/ESAL axes. More than one data-set was
available in some of the cells and the best was to be
chosen for each coordinate in the matrix.

4.3 Asphalt base layers

Eight of the HVS tests conducted on asphalt base layers
required conversion to standard 80 kN loads using an
equivalency factor.The load equivalence factors calcu-
lated and used for these pavements ranged between 1
and 198 (average of 50, dual tire loads of 150 kN were
used on selected sections), based on calculations using
the respective rut rates obtained for the tests conducted
at different load levels.

Twenty-five percent of the tests had final rut values
less than 10 mm and required extrapolation. In tests
where water was added, only those where the rut rate
had reached a steady gradient before the water was
added were used.

Based on the available information, the new cata-
logue was developed (Jansen van Rensburg, 2009). A
section of the catalogue is shown in Figure 2 for the
different base layer materials, showing the cells (traf-
fic/base layer type) that were populated with pavement
structures. Figure 3 shows the same information for the
temperature axis of the three-dimensional catalogue
(it should be noted that the details of the catalogues
are not visible in these two figures due to size lim-
itations). The typical format of the catalogue design
guide is evident, with increasing pavement thicknesses
corresponding to traffic volume increases.The ES des-
ignation denotes the traffic categories and is equivalent
to the number of ESALs indicated for each of the cat-
egories (i.e., ES1 relates to a 0.3 to 1 million ESAL
load category).

5 COMPARISON BETWEEN TRH4
CATALOGUE AND APT-BASED CATALOGUE

5.1 Data acceptance evaluation

In this part of the evaluation the data that were accepted
for use in the three-dimensional matrix were evaluated
against the existing TRH4 pavement design catalogue
(developed based on the South African mechanistic
design methods and the AASHTO design catalogue)
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Figure 2. Example of two-dimensional catalogue with base layer and traffic as respective axes.

Figure 3. Example of two-dimensional structure with test temperature and traffic as respective axes.
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Table 4. Pavement structures for asphalt base layers – comparison between TRH4 and APT-based catalogues.

ES30 ES10 ES3
Design category
Pavement structure origin TRH4 3-D matrix TRH4 3-D matrix TRH4 3-D matrix

Surfacing description (Thickness mm) AC (40) AC (40) AC (40) AC (40) AC (40) AC (40)
Base description (Thickness mm) BC (120) BC (150) BC (90) BC (100) BC (80) BC (90)
Subbase description (Thickness mm) C3 (400) C3 (150) C3 (300) EG4 (150) C3 (250) C3 (150)
Upper selected description (Thickness mm) C3 (150) C3 (150) C4 (150)

to determine whether they could be used in a generic
pavement catalogue.This comparison would allow rea-
sonable conclusions to be drawn about whether the
data from these test reports were sufficiently adequate
for preparing the design catalogue. Only the bitumen
emulsion treated base layer example is considered in
this paper as an example. Similar results were obtained
in the comparison of the two remaining base layer
types.

5.2 Bitumen emulsion treated base layer

Table 4 shows the pavement structures in the TRH4
pavement design catalogue and those in the three-
dimensional matrix for asphalt base layer. The sur-
facing depths are the same and, as prescribed in the
TRH4 pavement design catalogue, an asphalt con-
crete type surfacing can be used as a surfacing layer.
The base thicknesses in the three-dimensional matrix
are slightly higher than those in the TRH4 pavement
design catalogue. This was attributed to the subbase
and upper selected layers in theTRH4 pavement struc-
ture being of either better quality or slightly thicker
than the sections tested in the HVS studies.

The pavement structures tested provided good
results and are comparable to those in the TRH4 pave-
ment design catalogue with asphalt base layers. The
only outlier was in the ES0.1 category, where the pave-
ment structure was the same as that of the pavement
structure in the ES30 category; however, this was due
to a higher test temperature. This shows that the pave-
ment structure in the ES30 category can be used in
regions with expected temperatures of 20◦C to 30◦C at
design loads of ES30, or in regions with expected tem-
peratures of between 20◦C and 40◦C at design loads
of ES0.1. However, this is not recommended as the
pavement structure would be very susceptible to high
temperatures.

6 CONCLUSIONS AND RECOMMENDATIONS

Based on the information and discussion in this paper,
the following conclusions are drawn:

– The basic concept of using APT data from a range
of test programs to generate a rut-based preliminary
thickness pavement design catalogue appears to be
valid;

– Clear rules are required to ensure that the new cat-
alogue is populated with data that are comparable

in terms of the failure conditions of the different
tests;

– Expansion of the catalogue to include other pave-
ment failure conditions such as fatigue cracking is
required, and

– The process of cooperation on further analyses,
applications, and implementation of APT-based
data can expand the benefit of limited APT test
budgets and scope beyond the scope of the original
APT test owner.
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ABSTRACT: This paper describes and discusses methods, measures, and indicators—drawn from within and
outside transportation research and from international sources—that may be suitable for evaluating benefits from
Accelerated PavementTesting (APT).The authors’ intent is to aid in translating technical pavement benefits well-
known to APT experts into quantitative measures and qualitative indicators so the public, decision-makers, and
others who lack pavement expertise (but who may have interests such as funding and staffing APT activities)
can understand and appreciate the benefits from their investments in APT research. APT researchers and own-
ers/operators both individually as well as the broader APT research community comprise the intended audience
for this paper. The paper (1) reviews and compares qualitative and quantitative techniques including direct eco-
nomic benefits assessments, (2) describes challenges to the evaluation process, (3) highlights trends that make
evaluating benefits of APT an emerging priority, and (4) outlines new directions and potential actions for indi-
vidual APT owners/operators and for the broader APT community. This paper aims to stimulate dialogue and
investigations to advance the use and development of approaches that better identify, evaluate, and communicate
the benefits of APT.

1 INTRODUCTION

Accelerated Pavement Testing (APT) programs con-
tinue to expand worldwide. APT has produced
significant technical outputs of interest to pave-
ment engineers including validating performance
of advancements such as long-life pavements,
mechanistic-empirical design methods, and modified
asphalt mixes. Implementing APT results like these
lead to positive technical outcomes such as longer
pavement service life, more robust design methods,
and lower environmental emissions. These techni-
cal outcomes are of interest to capital improvement
and maintenance/preservation engineers and man-
agers (usually theAPT “customers”) who often under-
stand theAPT results and their implications on design,
construction, operations, and road users.

This level of technical understanding is unusual for
non-technical decision-makers, administrators, and
elected officials who control or influence APT fund-
ing, program planning, and project approvals. It is
also rare for most of the public, who fund most
APT programs. How the technical improvements from
implemented APT results translate into non-technical
benefits that can be characterized and communicated

to (and ultimately understood by) non-technical audi-
ences is problematic and is an emerging priority for
the APT community.

Evaluating non-technical (mainly economic) ben-
efits has been a topic of discussion at two previous
APT international conferences. At the Second Inter-
national Conference in 2004, results were presented
from a cost-benefit analysis ofAccelerated Load Facil-
ity (ALF) testing by the Louisiana Department of
Transportation and Development (King and Rasou-
lian, 2004). From a three-year analysis period, life
cycle cost savings were calculated at approximately
US$8.17M and costs for construction, operations, and
of research were about US$1.55M, resulting in a
benefit-cost ratio (BCR) of 5.3.

TheThird International Conference in 2008 focused
on the impacts and benefits of APT. The funding chal-
lenges and continuing need for high benefit-to-cost
ratios of pavement research in Europe were empha-
sized in a keynote paper (Hildebrand and Dawson,
2008). To better inform participants and encourage
dialogue, one workshop was dedicated solely to cost-
benefit analysis basics and case studies (Du Plessis
and Prozzi, 2008). An introductory workshop on APT
described the value of pavement testing and analysis
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Figure 1. Benefits vs. costs of pavement test and research
tools. (Based on Coetzee and Mateos [2008]; Horak et al.,
[1992]).

methods in terms of benefits vs. costs as shown in
Figure 1, with a range of benefits shown on the verti-
cal axis and costs on the horizontal axis (Coetzee and
Mateos, 2008). Figure 1 provides an insightful repre-
sentation of the relationship of benefits vs. costs, in
contrast to the traditional portrayal of data/quantity
of results vs. time/effort expended as presented origi-
nally in (Horak et al., 1992). Two dashed lines (shown
as Lines A at left and A’ at right) in Figure 1 have
been added to illustrate the conceptual potential for
quantification and comparison of benefits vs. costs
of various research methods—which could be com-
pared if sufficient benefits and cost data actually were
available.

In this illustrative example, the steeper positive
slope of LineA indicates a higher benefit vs. cost rela-
tionship than for Line A’. However, the magnitude of
benefits and costs of LineA are lower than for LineA’.
Review of Figure 1 clarifies the need for discerning the
economic efficiency (e.g., benefit-cost ratio [BCR])
as well as effectiveness (e.g., magnitude of cost sav-
ings) when evaluating economic benefits of research.
It also conveys a sense of the potential difficulties in
evaluating benefits of research.

Technical papers at the 2008 conference were pre-
sented for case studies in a technical session devoted
to “Benefits and Economic Evaluation of APT Pro-
grams”. Minnesota’s MnROAD program reported total
economic benefits estimated at US$396M and a BCR
of 8.9 (Worel et al., 2008). Case studies of HVS test-
ing in South Africa reported BCR values ranging from
approximately 2.0 to 10 (Samson et al., 2008). Project
reports for the South African case studies on which
the technical papers are based give details and “best
practices” for assessing research benefits (Jooste and
Samson, 2004; Jooste and Samson, 2005; Jooste et al.,
2004). Preliminary draft findings were presented from
California’sAPT program reporting BCR values rang-
ing from approximately 3.0 to 10 (Du Plessis et al.,
2008).

This paper presents findings since 2008 of a pilot
study by the California Department of Transportation
(Caltrans) and its research partners, the University
of California Pavement Research Center (UCPRC),
Dynatest Consulting, Inc., and the CSIR (Council for

Scientific and Industrial Research) in South Africa.
The approaches described here were identified in the
study, which focuses on direct economic benefits in
a retrospective evaluation of California’s APT pro-
gram (Du Plessis et al., 2011; Nokes et al., 2011).
The paper focuses on practical applications instead of
discussions from the academic literature and is indica-
tive rather than exhaustive. Indicators of qualitative
benefits are described but quantitative methods and
measures are emphasized. The paper does not discuss
macroeconomic impacts.

The purpose of this paper is to giveAPT researchers
and owners/operators expanded and updated informa-
tion on evaluating the benefits of APT research made
available since the Third International conference in
2008.

This paper has three objectives. First, it aims to
stimulate dialogue within the APT “community” to
advance understanding and improvements in evalu-
ating and describing the benefits of APT. This is
aided by presenting (1) a brief overview and dis-
cussion of evaluation techniques and (2) challenges
to assessing benefits of research. Second, the paper
examines APT benefits evaluation as an emerging pri-
ority. The expanded discussions of this topic at the
previous two APT international conferences and the
ongoing impacts from the global recession suggest
the evolution of a “new normal” context, to which
APT research programs must adapt. Third, the paper
outlines new directions and potential actions for indi-
vidual APT owners/operators as well as the broader
APT community to move forward.

2 PAST AND CURRENT DEVELOPMENTS

TechnicalAPT research outputs culminate in technical
and non-technical benefits to transportation agencies
and road users as well as industry and other stake-
holders. The term “benefits” as used in this paper are
the positive and/or negative impacts or outcomes from
implemented APT research results, i.e., outputs.

Methods for evaluating benefits are generally cat-
egorized as quantitative and qualitative. Quantitative
measures have a numerical value, e.g., savings in
dollars and lives, which can be viewed as objective.
Qualitative indicators are descriptive and typically
lack implicit numerical value and hierarchy (though
numbers are sometimes assigned for analytical pur-
poses) but reflect more subjective assessment such as
satisfaction and quality.

Evaluation techniques have advantages and disad-
vantages that present trade-offs depending on project-
specific circumstances. For example, research outputs
are clearly linked to benefits in a case study but dif-
ficult to determine using econometrics, which applies
mathematics and statistics to determine economic rela-
tionships and is better suited to larger scale economic
studies (RAND, 2006). Choosing a method is context-
sensitive, reflecting specific needs such as determin-
ing whether a line of research should be terminated, if
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results are within accepted quality standards, or if there
are direct economic benefits. Techniques to evaluate
indirect benefits and larger-scale economic impacts of
a project on the economy such as jobs and construction
are described in the literature but are not in this paper,
which focuses on direct benefits of APT.

2.1 Qualitative and quantitative techniques

Evaluation of research outcomes and their effects has a
long history in the past half century (Roessner, 2002).
Steadily increasing scrutiny and demands for justifi-
cation of public expenditures have caused continuing
efforts at evaluating research benefits. Highlights of
previous studies are presented here.

2.1.1 Office of Technology Assessment (1986)
Findings from the US Congress Office of Tech-
nology Assessment (OTA) study identified various
approaches for evaluating research outputs used in
government and industry (OTA, 1986). The study,
which remains a landmark of the past quarter century,
found qualitative assessment was dominated by peer
review. The study examined non-economic measures
including bibliometrics (which quantitatively analyze
publications in terms such as citation and content anal-
ysis) and “indicators” (such as educational degrees,
personnel, and awards). Quantitative evaluation con-
sisted of a wider set of methods including economic
evaluation (in terms of macroeconomic and investment
analysis) and output measurement (in terms of pub-
lished information). The study examined retrospective
as well as prospective evaluations and found economic
analysis in both.

The study found one of the basic challenges to eval-
uating research benefits in terms of return on invest-
ment (ROI) is that the reason for most government
research is not economic benefits but, instead, non-
economic aspects of public interests such as safety,
security, and health. The study found that most (two-
thirds) of federal expenditures on applied research
were related to production of public goods “whose
primary value is not measured in economic terms”.

Especially relevant to APT research, OTA con-
cluded that quantitative economic assessment was
potentially useful for evaluating applied research and
development and research facilities within a single,
focused discipline (OTA, 1986).

2.1.2 Federal Highway Administration (1996)
A review of benefits of research and technology
applications by the Federal Highway Administration
(FHWA) Office ofTechnologyApplications described
many of the challenges and obstacles reported gener-
ally in the literature in and outside of the transportation
field (Harder, 1995). The FHWA study focused on
research results in 12 technology areas from 1984 to
1993. A major objective of the review was to identify
techniques to document the payoffs of research and
technology transfer, with an emphasis on quantifying

benefits in terms of dollars. The study elicited infor-
mation including cost data, savings, and other benefits
from a survey of state Departments of Transporta-
tion (DOTs). Survey responses “expressed repeatedly
that the tools simply did not exist to quantify cost
and savings data” (Harder, 1995). Respondents found
quantitative benefits for high visibility concerns such
as improving air quality and avoiding catastrophic
events (e.g., a bridge collapse) extremely difficult
to quantity. Respondents’ reluctance to assign val-
ues to benefits was attributed to lack of detailed cost
analyses.

2.1.3 National academies (1999)
Several of the same approaches identified in (OTA,
1986) are prominent in a 1999 report by the National
Academy of Sciences Committee on Science, Engi-
neering, and Public Policy (COSEPUP) (National
Academies, 1999). COSEPUP conducted studies and
workshops with Federal agencies, the research com-
munity, industry, states, and agencies in other nations.
The goal was to identify and analyze the most effective
ways to assess research results. The study identi-
fied advantages and disadvantages for each method.
Like more recent studies, the COSEPUP findings sug-
gest that a multi-faceted approach, which combines
measures and indicators in a complementary manner,
should enable analysis of outcomes and impacts from
many types of research.

2.1.4 Transportation Research Board (2001)
Soon after the COSEPUP report, the Transportation
Research Board (TRB) National Cooperative Highway
Research Program (NCHRP) Synthesis 300 reported
on a review of approaches to measure the performance
and effectiveness of transportation research and devel-
opment (Sabol, 2001). Results from a survey of US
state DOTs found 25 percent used performance mea-
sures for projects after implementation. All measures
relied on qualitative information, though respondents
described them as quantitative.

The report describes survey responses from
state DOTs, private sector research programs, and
academia. The study found peer review to be the stan-
dard for qualitative assessment. Results showed sub-
stantial differences in the approaches to and concerns
about assessing benefits of research in public, private,
and academic sectors. Most state DOTs were not satis-
fied with their cost-benefit techniques and said many
issues would need to be resolved to provide useful and
reliable benefits information over a long-term assess-
ment period. Quantifying benefits by cost-benefit
analysis in the private sector also was problematic but
aided by higher quality and more extensive cost data
as well as a more customer-driven business environ-
ment. Less quantification of benefits of research in
the academic sector was attributed to greater concern
about productivity and quality. The study reported that
neither college faculty nor administrators frequently
discuss cost-benefits of academic research activities.
High priorities for development included measuring
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payoffs from implemented research results and pro-
viding guidance on the use of cost-benefit analysis
(Sabol, 2001). Most if not all of the gaps that were
reported in 2001 still exist.

2.1.5 Review of non-transportation (2002)
A review of the state-of-the-art in measuring outcomes
of non-transportation research in the US describes
peer review as the standard against which other meth-
ods are judged for both retrospective and prospective
evaluation (Roessner, 2002). The review recommends
developing methods that better capture non-economic
benefits of research. In discussing the usefulness of
conducting surveys it cautions against potential bias
from surveying individuals who benefit from research.
The review recommends more emphasis on long-term
qualitative benefits and suggests evaluating research
“nuggets” (referred to as “big winners” in Lay [2006]),
which are high payback projects that produce direct
economic benefits that may far exceed the cost of an
entire research program.

2.1.6 Comparisons from reviews (2003–2008)
Several reviews of evaluation approaches have been
published in the past decade. A sampling of reviews
from two European reports (RAND, 2006; Marjanovic
et al., 2009) and two US reports (Krugler et al., 2006;
FHWA, 2003) shows a wide variety of methods used
within and outside of transportation research. The
US reports focus on transportation research whereas
the European publications reflect health and medi-
cal research assessment methods, which have been
described as more advanced than in other fields
(including transportation research). These reviews
indicate the following.

– Use of qualitative and quantitative measures is
widespread.

– Cost-benefit/savings analysis, peer review, and sur-
veys are the most common methods.

– These common methods are used in transportation
as well as non-transportation research.

The choice of approach is driven by the purpose and
conditions of the study as well as time, resources, and
other constraints. Each technique offers advantages
and disadvantages. Analysts face challenging trade-
offs in choosing an approach best suited for a specific
study. Findings suggest that evaluations of research
may be more representative if they combine qualitative
and quantitative information. Some analysts suggest
that relying on one indicator can mislead analysts and
decision-makers (Georghiou and Roessner, 2000).

2.1.7 “Toolkit” methods
Approaches that enable characterization of benefits
using more than one measure have been evolving in
recent years with the development of “toolbox” or
“toolkit” frameworks, which consist of many quan-
titative measures and qualitative indicators. Toolkits
have been developed in the US and are in different
stages of implementation for transportation research

(Krugler et al., 2006) and non-transportation areas,
such as federal energy research at the Department
of Energy (Ruegg and Jordan, 2007) and technology
development at the National Institute of Standards and
Technology (NIST) (Powell, 2006; Ruegg and Feller,
2006). A European review highlights the NIST toolkit
and refers to it as “one of the most influential reference
works, practical aids and planning guides for prac-
titioners of research evaluation” (Marjanovic et al.,
2009). The NIST toolkit was developed from exten-
sive evaluations of 45 NIST research projects between
1990 and 2000.

2.1.8 Non-APT transportation research
Federal research case study
In assessing the federal investment in infrastructure
research and development from 2006 through 2009,
TRB Special Report 295 observed that evaluations
of past FHWA research in materials and structures
found substantial savings and extension of service
life far in excess of the cost of the research (TRB
2008). The observation is based largely on a US report
of retrospective evaluations of benefits from FHWA-
sponsored research in three separate research areas
(FHWA, 2003).

– Highway Safety Information System (informa-
tion system/database) – evaluated by bibliometrics,
survey, and expert peer review.

– Quickzone (software) – evaluated by survey.
– Infrastructure research and development – evalu-

ated by quantitative and qualitative methods.

The FHWA’s report observed that estimating cost
savings was “…the most demanding part of the assess-
ment…”. However, those projects with cost data avail-
able had very high agency, road user, and safety
cost savings. The report estimated costs savings at a
national level that was more than 10 times the total
annual research funding (FHWA, 2003). This is an
example of research “nuggets” and “big winners”
mentioned above (Roessner, 2002; Lay, 2006).

NCHRP project 20-63 toolbox
A relatively recent addition to the toolkit approach
is the NCHRP Project 20–63 toolbox (Krugler et al.,
2006). The main objectives of the initial project were
to define performance measures for transportation
research projects and to assemble a useful and practi-
cal toolbox of performance measures (with examples)
for use by state DOTs.

Analysts conducted a survey of state DOTs as well
as federal and private sector research managers. The
survey showed return on investment or benefit-cost
ratio tied for third rank (tied with agency cost sav-
ings), just following behind lives saved and reduction
in crashes. The study identified 30 performance mea-
sures to include in the toolbox. The report does not
analyze or provide guidance on cost-benefit analysis.

Performance measures were programmed in soft-
ware made available for state DOTs. It allows users to
import other performance measures and to customize
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the toolbox for specific needs. The performance mea-
sures (mostly quantitative) are categorized under five
major headings as follows:

– Outputs – products, reports, graduate students.
– Outcomes – cost savings, lives saved.
– Stakeholders – customer satisfaction and input.
– Efficiency – BCR, projects on time and in budget.
– Resources – funding and contractor issues.

Several state DOTs are interested in the NCHRP
Project 20-63 toolbox, which has attracted interna-
tional interest as well (Elston et al., 2009). NCHRP
20-63 was completed in 2010 and followed by Phase II
(designated NCHRP 20-63B), which began in July
2010. Phase II focuses on enhancements and refine-
ments in functionality. The ultimate goal is to expand
access for routine use. Phase II is scheduled to be
completed in 2014 (NCHRP, 2011a).

2.2 Evaluating direct economic benefits

There are many publications on quantifying the ben-
efits of transportation improvement projects (capital
as well as maintenance/rehabilitation). In contrast,
information on quantifying benefits of transporta-
tion research projects (especially economic benefits)
remains much rarer. Approaches proposed for mea-
suring economic returns on research investments have
been categorized into three groups: macroeconomic,
microeconomic, and direct outputs (Georghiou and
Roessner, 2000). Direct economic benefits (on which
this paper focuses) are immediate, first order impacts
often expressed in terms of savings in agency costs
(e.g., lower capital and maintenance costs) and users
costs (e.g., less travel delay and lower vehicle operating
costs).

2.2.1 Transportation research
SHRP case study evaluations
Direct economic benefits (in terms of agency and
user cost savings) were calculated for various prod-
ucts developed in the Strategic Highway Research
Program, SHRP (Little et al., 1997; Epps and Ardila-
Coulson, 1997). The evaluation was a prospective
assessment focused on specific research products in
case studies. Expected future benefits were calculated
as an assumed percentage of future expected costs.

The SHRP research assessment was conducted
and completed by 1997, just as SHRP results were
being communicated and product implementation was
getting underway. Because of the timing of the assess-
ment, the evaluation relied on the best available
information plus assumptions for projecting expected
benefits. The SHRP evaluations applied a determinis-
tic approach for benefits projected to occur over a time
horizon of up to 20 years.

TRB Special Report 260 (TRB, 2001) reviewed the
results of the SHRP evaluation case studies, which
it identified as providing estimates of potential ben-
efits from SHRP based on various implementation

scenarios as detailed in (Little et al., 1997).When com-
pared to the costs of SHRP research, development, and
implementation, projected BCRs of SHRP research
products ranged from 1.0 to 43 for transportation
agencies and from 6.0 to 173 for users.

Florida DOT synthesis
A 2002 study sponsored by the Florida DOT (FDOT)
investigated techniques to assess direct economic ben-
efits of transportation research (Concas et al., 2002).
The overall goal was to recommend a method for
retrospective assessment of benefits and prospective
valuation of research for project selection. Investiga-
tors reviewed past FDOT-sponsored projects, searched
the literature (including non-transportation sources),
and evaluated which techniques appeared well suited
to transportation research. The literature review iden-
tified techniques within transportation (DOTs and
private sector) and outside transportation including
medical, chemical, agricultural, and telecommunica-
tions. University transportation research did not rely
on quantitative economic assessments, but instead
preferred qualitative measures or bibliometrics.

For transportation research, the study found cost-
benefit analysis, net present value (NPV), and ROI
dominated. Techniques and measures outside of trans-
portation varied widely and included utility analysis
and financial indicators such as ROI, internal rate
of return, and payback period. The FDOT study also
described a financial approach, called Real Option,
used mainly to evaluate non-transportation research
in highly competitive fields (e.g., telecommunications
and pharmaceuticals) that views research investment
opportunities as financial options and applies invest-
ment theory to evaluate potential returns. None of the
approaches were suitable for all categories of research.
To address diverse needs and conditions, the study
developed and recommended a matrix of techniques
including economic analysis using benefit-cost ratio,
NPV, and ROI for most categories (Concas et al.,
2002).

2.2.2 APT research
In addition to technical assessments presented at previ-
ous APT International Conferences, other evaluations
of implemented APT results have been reported.

CAL/APT program evaluation
Research outputs from the Caltrans Accelerated Pave-
ment Testing Program (CAL/APT) were evaluated in
an economic assessment of three pavement recom-
mendations for hot-mix asphalt (HMA) (Gillen et al.,
2001). Recommendations based on HVS testing were
to increase compaction, require tack coats between
all HMA lifts, and use a rich asphalt bottom layer if
multiple lifts of HMA were to be placed. Based on
HVS-derived expected increases in pavement service
life of 10 to 50 percent, a full-cost model (direct agency
costs plus user and safety costs) was applied to typical
Caltrans construction and rehabilitation projects.

Extrapolation showed total cost savings on the order
of several hundred millions of dollars for a sample
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of projects, with even higher cost savings if improve-
ments were adopted statewide. The study highlighted
the need to go beyond characterizing benefits of APT
research only in technical terms such as “increased
axle repetitions” or “years between required rehabili-
tation” and concluded the following:

“These pavement measures must be rationally con-
verted to monetary measures so that the public and
managers without pavement training can evaluate the
return on their investment in pavement research”
(Gillen et al., 2001).

APT-focused NCHRP projects
APT activities and outputs are the focus of several
NCHRP projects. In 2004 NCHRP Synthesis 325
reported results from a review of APT programs
around the world.The report included direct economic
benefits in terms of benefit-cost ratio and net sav-
ings (Hugo and Epps-Martin, 2004). Survey responses
fromAPT owners/operators to a questionnaire showed
monetary benefits (cost savings) exceeded US$2M
for six of the seven agencies that responded. BCRs
reported by respondents varied from 1.0 to higher
than 20 (no upper limit was set in the questionnaire).
Savings and BCRs were presented in the report as
respondents provided them with no additional analysis
and few details about procedures and assumptions.

The Synthesis 325 report gives anecdotal highlights
of economic assessments prepared for various APT
programs. The anecdotal highlights were meant to
supplement findings presented in the 1996 NCHRP
Synthesis 235 report, which described the diverse
APT technologies in use and reviewed the state-of-
the-practice (Metcalf, 1996). The study found “few
formal evaluations” of cost-benefit had been pub-
lished and that “evaluation of APT…cost-benefit is
historically limited and only rarely been rigorously
quantified”. However, it concluded that “shrinking
budgets and privatization of facilities may result in
more frequent, formal, and quantitative assessments in
the future”.Assessments of benefits fromAPT actually
did not become more frequent since 1996, but studies
described in this paper show some efforts at formal
and quantitative evaluation.

Syntheses 235 and 325 are foundational for the
more recent NCHRP Synthesis 20-05/Topic 42-08
project, which focuses on providing an update on
APT activities, outputs, and impacts (NCHRP, 2011b).
This latest project builds on the framework established
in Synthesis 325, updates APT developments since
2000, and examines new/expanded categories of work
including cost-benefit analysis of APT outputs. The
project report is expected to be published in 2012.

3 CHALLENGES TO EVALUATING BENEFITS

3.1 Widespread and recurring challenges

Reviews of methods from a wide variety of fields are
reported in the literature. Challenges begin with three

Figure 2. Example of publicly-funded research project
timeline and cash-flow. (Adapted from [Krugler et al., 2006]).

wide-spread expectations by those unfamiliar with the
benefits of the evaluation process.

1. The process will lead to a “right” answer.
2. The process will produce an “objective” analysis.
3. The process will remove discomfort in determining

benefits.

The literature suggests current and future tech-
niques will not meet these expectations. However,
information is presented in this paper to help APT
owners/operators move forward in evaluating benefits
from their research outputs.

Those who attempt to evaluate benefits of imple-
mented APT results face several potential challenges
including:

– Lack of familiarity with this topic.
– Long time domain for benefits to accrue.
– Scale of evaluation.
– Complexity and context-sensitivity.
– Recurring procedural challenges.

Lack of familiarity with this subject is not surprising
due to widespread lack of knowledge about evaluation
methods and lack of opportunity or motivation to use
them. Evaluation efforts have less influence in the lit-
erature than they deserve and reports on the best work
are not easy to obtain (Georghiou and Roessner, 2000).

The long timeline for performing research and
implementing results is a significant barrier to evalu-
ating benefits. Examining a typical research project’s
life cycle helps illustrate this barrier. Figure 2 out-
lines the typical activities and cash-flow (both costs
and benefits) for a research project. Not shown are the
time, costs, and processes in identifying and scoping
a project, incorporating it into the research program,
and obtaining funding and other resources (all occur-
ring before “Active Research”). Pre-research activities
typically are led by staff who do not perform research
or implement the results. This research management
staff usually is tasked to process the research program
and projects, not to evaluate benefits from research
outputs.

In the “Active Research” phase the researchers
naturally take lead responsibility. In the “Implementa-
tion” phase the researchers and research management
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staff may participate, but often the implementers take
lead responsibility, typically working in operational
functions such as design, maintenance, and construc-
tion. Implementing research results produces benefits
(shown in Figure 2 as “Annual Agency Cost Savings”)
that accrue many years after completing the research.
This example shows (1) the research project life cycle
is long, (2) monetary benefits accumulate long after
research is completed, and (3) lead responsibilities
change, but no one is assigned to evaluate benefits.

The scale of evaluation (i.e., test-specific, project-
specific, or program-level) must be decided at the
outset. The purpose of the evaluation determines its
scale. Program-level assessments are reported in the
literature in terms of determining whether a research
program has achieved some pre-set targets or goals.
APT research evaluations have been reported for all
three levels. Challenges are inherent for each level of
evaluation.

Complexity is another challenge. Like the research
process itself, evaluating benefits is a complex and dif-
ficult effort with uncertain outputs. Benefits may be
very difficult to characterize. Evaluators of research
benefits must decide what is significant that should
be measured, how and when to measure, and how
to interpret results. The evaluation process can be
costly because it is time- and labor-intensive. Decid-
ing whether to evaluate benefits and how to proceed
is also context-sensitive, reflecting the attributes and
constraints of the research outputs as well as those
of the evaluators, the organization, and users. This
partly explains why no universal technique has been
recommended.

Regardless of the approaches used, several recur-
ring procedural challenges to evaluation have been
observed including (Marjanovic et al., 2009):

– Attributing impacts, which requires linking out-
comes to a specific research project and discerning
previous research that influenced it as well as other
projects that were influenced by it.

– Setting boundaries, which requires identifying the
starting point of all contributing research (in retro-
spective studies) and identifying the timeframe for
analysis (in prospective studies).

– Bias in selecting projects for case studies.
– Unclear descriptions of techniques in data collec-

tion and analysis.
– Non-uniform definition of terms and concepts.

Attributing impacts and benefits to a specific
research project is one of the biggest procedural
challenges. A clear cause-and-effect linkage between
research outputs from one specific project (versus
other projects or non-research sources) and subsequent
benefits is exceptional. One review of international
practice in assessing research impacts characterized
the attribution of impacts as a main reason why such
assessments usually are considered “too hard” to per-
form (Grant et al., 2009). Case studies that focus on
evaluating a few benefits where the path from research
outputs to benefits is distinct have been successful

in mitigating this challenge (Marjanovic et al., 2009;
Grant et al., 2009). Case studies such as described in
(Du Plessis et al., 2011) also might provide a way to
meet a challenge that several APT owners/operators
may be familiar with: determining the value of learn-
ing “what not to do” in technical or operational terms
as well as the economic value of cost-avoidance. Eval-
uation methods that overcome this challenge warrant
further investigation and development.

3.2 An emerging priority

If there is substantial literature presenting methods for
benefits assessment and this topic has been a focus
of previous APT papers and conferences, then why
are such evaluations of APT research results not done
more routinely? One explanation is the cost, time,
and labor commitments required to evaluate benefits.
Another possibility is that opportunities for evalua-
tion occur infrequently if at all. This may be related
to assignments and changes in lead roles—which do
not include benefits evaluation—described above in
regard to Figure 2. A related explanation is lack of
motivation; there may be no need (real or perceived)
to evaluate benefits of APT research. APT own-
ers/operators naturally focus on performing research
and may dissociate themselves from assessing the
value of that research. In regard to such dissociation
in road research, Lay (2006) observed that “part of
the valuation problem lies with researchers who do
not pay sufficient attention to the end value of their
research”. However, the opportunities as well as moti-
vation for evaluating benefits may grow in the rapidly
changing conditions affecting most publicly-funded
expenditures, including funding of APT research.

Evaluating benefits of research is an emerging
priority due to the worldwide recession, mandates
for measuring effectiveness and performance, and
increasing global competition and collaboration.

The recession has affected all areas of publicly-
funded activities and budgets. Accountability for
public expenditures has steadily grown, leading to
demands for greater transparency, more scrutiny of
public agency processes, and greater need for use of
state-of-the-practice methods. Clear (non-technical)
justifications that emphasize costs and benefits such as
a cost-benefit analysis may even increase public con-
fidence in decision-makers (Baron and Gurmankin,
2009). European road researchers in the COST-347
study suggested that applying methods to evaluate
costs and benefits of accelerated load testing may
increase funding because of better marketing of trans-
portation research activities and results (COST-347,
2005).

Mandates to measure effectiveness of governments’
expenditures of public funds are on the rise. At the
US federal level, passage of the Government Per-
formance and Results Act (GPRA) of 1993 required
federal agencies to develop performance plans and
report performance periodically (Roessner, 2002).
Federal transportation funds that contribute to federal
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and state DOT APT programs are subject to GPRA
requirements. After more than 15 years of experience
the GPRA Modernization Act (GPRAMA) of 2010
improved on the GPRA requirements (GAO, 2011a)
and may again affect many US APT programs. The
trend for performance evaluation of state government
expenditures is expanding as well.

The “changing dynamics of global interdepen-
dence” (including competition and collaboration) is
one of eight major trends described recently by the
Comptroller General of the US General Accountabil-
ity Office (GAO, 2011b). One anticipated impact is
greater emphasis on performance evaluation. Simi-
larly, a 2009 TRB report focusing on efforts at coor-
dination between transportation research agencies in
Europe and the US observed that the lack of credi-
ble evaluation methods could have adverse impacts on
international collaboration (TRB-ECTRI, 2009).

Responsive to the trends highlighted above, the
US Department of Transportation (USDOT) Research
and Innovative Technology Administration (RITA)
provides a potentially helpful example for benefits
evaluation of APT. RITA hosts a knowledge resource
“portal” to help measure and document benefits in spe-
cific goal areas, e.g., safety, energy, and environmental
impacts (RITA, 2011).Their activities are linked to the
International Benefits, Evaluation and Costs (IBEC)
Working Group, which coordinates and expands eval-
uation of benefits and costs, international evaluation
efforts, and information exchange (IBEC, 2011).

The context for APT research will continue to
evolve in a rapidly changing environment. Require-
ments to evaluate benefits of publicly-funded pro-
grams such as APT research are likely to grow as part
of that evolution. Efforts such as those by RITA and
IBEC provide theAPT community with potential mod-
els to help APT programs adapt, survive, and possibly
grow.

4 POTENTIAL ACTIONS GOING FORWARD

This paper has described previous use of existing
benefits evaluation techniques by individualAPT own-
ers/operators. This section looks to the future, out-
lining new directions and next steps building on past
efforts. Potential actions are presented for individual
APT owners/operators and for the broader APT com-
munity. These actions are intended to help provide a
structured approach for applying and improving on
existing techniques in showing the benefits of APT
research.

4.1 Potential actions for APT owners/operators

APT researchers and owners/operators may want to
consider the following in conducting an evaluation of
benefits from their tests, projects, or overall program.

– Consult the literature to understand approaches
suitable for the specific evaluation.

– Consider starting small through a pilot study
focused on an APT project that has well-defined
and narrow benefits that are clearly linked to spe-
cific APT project outputs (an example of this is
presented in Du Plessis et al., [2011]). This may
help in attributing benefits to specificAPT outputs,
which is a key challenge.

– Document and acknowledge other sources that
contributed to outputs and benefits.

– Identify benefits in detail, e.g., specific improve-
ments and innovations in practices, technology,
specifications, and/or policies. Researchers respon-
sible for performing the work as well as their techni-
cal collaborators and research project contacts may
be good sources of this information.

– While researchers can help identify best performing
projects and their outcomes and benefits, prac-
titioners who use the APT research results are
well suited to provide estimates of actual benefits.
Surveys or interviews with knowledgeable prac-
titioners in the subject area can help elicit their
assessment of benefits.

– Document the reasons for choosing projects evalu-
ated in case studies.

– Consider selecting the best performing projects to
quantify benefits. Benefits from a few projects (i.e.,
“nuggets” or “big winners”) may exceed the cost of
the entire APT program.

– Determine what techniques are best for your orga-
nizational context and for specific outputs and
subsequent benefits. Evaluation may require the
use of different methods if there are changes in
context, outputs, or benefits.

– Consider more than one measure or indicator of
benefits such as presented in the NCHRP 20-63
toolbox (Krugler et al., 2006) or the FDOT matrix
(Concas et al., 2002).

– Identify and document assumptions and subjective
aspects in the evaluation process.

– Document the process in determining inputs and
assumptions such as setting useful life of research
products, the analysis period (for economic and
qualitative evaluation), and selection of base year
(for costs).

– Document techniques used in data collection and
analysis.

– Clearly define terms and concepts used in the
evaluation.

– For process improvement, during evaluations note
deficiencies, unnecessary steps, and problems that
need resolution.Also note what worked well. Com-
pile these records to provide feedback and “lessons
learned” for future reference and sharing.

– When evaluating economic benefits of APT, use
standard economic principles including discount-
ing of costs and benefits. Present the magnitude of
benefits in terms of NPV and economic efficiency
in terms such as BCR.

– Apply sensitivity analysis, e.g., a range of discount
rates, to examine impacts on results from variations
of inputs and assumptions.
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– In economic assessments consider reporting ranges
of results instead of a single value of economic
benefits.

4.2 Future steps for the APT community

In the larger context of APT organizations at various
levels (e.g., state, regional, national, and international),
research organizations (e.g., TRB) or consortia, and
professional societies, the following may help guide
future use and advancements in benefits assessment
for the APT field as a whole. Noteworthy efforts that
provide potential models for future APT evaluation
developments include the RITA knowledge resource
portal and international activities by the IBECWorking
Group.

– Recognize potential gains from benefits assessment
and advocate for coordinated evaluation of quanti-
tative and qualitative assessments of APT research.
Consider efforts to promote wider recognition in
the APT field such as a working group similar to
the IBEC Working Group (IBEC, 2011). A similar
“working group” for APT could coordinate efforts
to identify methods, measures, and indicators best
suited for various types of APT research contexts,
results, and benefits.

– Evaluate previous and existing efforts at establish-
ing frameworks to assess research benefits.

– Scan fields of study outside of APT, pavement, and
transportation research for advances in evaluation
techniques.

– Organize and perform coordinated studies of spe-
cific evaluation methods (perhaps beginning with
cost-benefit analysis) for APT research.

– Investigate methods suitable for retrospective as
well as prospective assessments.

– Identify or pursue development of approaches that
help determine the value of learning what not to do
and the associated economic cost-avoidance value.

– Compile information about the state-of-the-
practice in evaluating benefits of APT including
techniques for various outputs and benefits. Iden-
tify the following: (1) Tools and evaluations by
APT programs that have performed benefits eval-
uations who can share tools, information, and
lessons learned; (2) Evaluation approaches that rep-
resent agreement or consensus between APT own-
ers/operators and their sponsors, decision-makers,
and clients; (3) Tools for accurate and consistent
data collection that are suitable for various types
of APT research products; and (4) Ways to bun-
dle tools for benefits assessment along with APT
research products during implementation.

– Investigate ways to balance the advantages and
disadvantages of quantitative and qualitative eval-
uation. For example, focusing only on ROI might
lead to emphasis on projects with high payback
when low (or even zero) payback innovations may
be better for environmental, safety, or other reasons.

– Identify conditions and criteria for assessing APT
at various levels of evaluation (test, project, and
program).

– Develop a website (similar to the RITA portal
(RITA, 2011)) focused on APT benefits assess-
ments that coordinates and aids in compiling and
sharing information as well as hosting a database
of costs, benefits, and “lessons learned”.

– Identify required data to collect on costs and ben-
efits. Investigate the availability of data as well as
procedures for identifying or calculating necessary
data.

– Pursue and promote systematic and consistent prac-
tices for evaluating APT research results, which
could start with developing guidance on the use
of cost-benefit analysis of APT.

– Develop standardized and commonly accepted
approaches (betweenAPT programs) for evaluating
costs and benefits of APT research.

– Evaluate new approaches such as the NCHRP
Project 20-63 toolbox to determine suitability
for assessing benefits of APT. Investigate poten-
tial development of a multi-faceted, complemen-
tary approach that uses quantitative measures
and qualitative indicators. Evaluation of alternate
approaches such as Real Option analysis could be
included in these investigations.

– Consider development of guidance in a resource
document including concepts, terms, and tech-
niques for APT owners/operators to consult in
performing benefits evaluations.

– Plan for ultimate development of guidelines of
practice for evaluating benefits of research that
APT owners/operators may consult. Techniques
developed and applied outside (as well as inside)
the transportation field that may be suitable for
APT benefits evaluation should be identified and
considered for including in the guidelines.

– Identify the need and potential for training APT
specialists on benefits, e.g., through webinars and
documents at web portal/websites.

– Identify and promote use of evaluation techniques
that are acceptable as “best practice” across state
and national boundaries and suitable for collabora-
tion in international evaluations of APT research.

5 CONCLUSIONS

This paper shows the substantial variability in
approaches used worldwide to evaluate benefits of
research in and outside of transportation research. No
universal approach is recommended because there is
no “one size fits all” technique, but developments
during the past decade appear promising.

The most prominent qualitative indicators continue
to be peer review and surveys. For quantitative
assessment, cost-benefit analysis and bibliomet-
rics continue to dominate. Evaluations of benefits
from APT results have focused on direct economic
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assessments, although qualitative indicators have been
reported.

Efforts to evaluate benefits of research face many
challenges. However, dynamic conditions and trends
highlighted in this paper suggest evaluation of benefits
from implementing APT results is an emerging prior-
ity. The future appears likely to bring increased focus
on evaluating benefits of implemented APT research
results. This paper provides information that should
help APT owners/operators interested in evaluating
benefits of their research.

The authors’ overall intent in this paper is to raise
awareness and increase familiarity with evaluating
benefits of APT research results. The authors hope
this paper will encourage dialogue on how to use and
enhance existing evaluation approaches, stimulate fur-
ther efforts on developing new ones, and adapt suitable
methods to assessing benefits of implemented APT
results. The ultimate goal is to help better evaluate,
understand, and communicate the benefits of APT.
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ABSTRACT: This paper highlights findings of a case study using cost-benefit analysis to determine economic
benefits resulting from Accelerated Pavement Testing (APT) with a Heavy Vehicle Simulator (HVS) in Califor-
nia. The University of California Pavement Research Center (at UC Davis and UC Berkeley) and its research
partners started APT in 1994 on behalf of the California Department of Transportation and is now in its 17th
year of existence. The results presented in this paper follow a pilot study intended to define a method suitable for
measuring the direct economic benefits from APT. The method used was initially developed and applied in Aus-
tralia and later enhanced in SouthAfrica for the respectiveAPT programs. Enhancements to theAustralian/South
African methods and application to California APT program are discussed. The case study evaluated benefits (in
terms of agency and road user cost savings) from HVS tests performed to validate innovative pavement mixes
and designs. The method was successfully applied and showed benefit-cost ratios ranging from about 2:1 to 17:1
(depending on discount rate), which is in the range of previous studies in Australia and South Africa. Due to the
uncertainties and subjective nature of this technique, sensitivity analysis is recommended to determine a range
of savings instead of a single benefit-cost ratio.

1 INTRODUCTION

The California Department of Transportation (Cal-
trans) established an accelerated pavement testing
(APT) program and in 1994 with the purchase of
two Heavy Vehicle Simulators (HVS). The original
program, abbreviated as CAL/APT, evolved into the
University of California Pavement Research Center
(UCPRC), a partnership between Caltrans, UC Davis,
UC Berkeley, SouthAfrica’s CSIR, and, Dynatest Con-
sulting.TheAPT program has been very productive for
the past 17 years and has significantly helped with the
advancement of pavement technologies in California.

The need for assessing benefits from APT in Cal-
ifornia comes from many sources including Caltrans’
commitment to its strategic goal of effective steward-
ship of California’s resources and assets. In managing
HVS tests and pavement research overall, the Cal-
trans Division of Research and Innovation, supports
the Department’s vision, mission, and strategic goals
through processes that include:

– Feedback – to ensure that sound investments are
made in the pavement research program.

– Continuous improvement – to identify and over-
come barriers in the research process.

– Accountability and performance measurement – to
identify and communicate benefits of research.

The first step in assessing benefits from APT in
California was to conduct a pilot project that included
a case study, which is described in this paper. The
primary goal of this case study was to assess a cost-
benefit analysis (CBA) method, developed inAustralia
to assess their APT program and later enhanced in
South Africa for evaluating the economic benefits
from their HVS testing. The ultimate purpose of
the pilot project was to determine the potential for
adapting the method to California conditions.

The work described in this paper accompanies
research efforts on methods and measures for the eval-
uating benefits of transportation research (Nokes et al.,
2011). The objectives of this paper are to:

– Briefly outline the cost-benefit methodology used
in this study;

– Detail the project which was selected to test the
method;

– Describe all the analysis actions and methods to
calculate the direct quantifiable economic benefits
stemming from the successful implementation of
APT research; and

541



– Present the results together with suggestions on
possible improvements and enhancements.

The project is continuing and the results are being
updated as more reliable data becomes available. The
results presented in this publication stem from the
latest analysis completed in early 2011.

2 BACKGROUND

Use of economic analysis such as CBA provides many
benefits. In addition to showing research managers and
decision-makers the return on investment and cost-
effectiveness, CBA can help inform stake-holders and
the public. The process of quantifying and assigning
value to benefits and costs also provides documenta-
tion about the decision-making process. When applied
retrospectively, CBA can clarify the forces and barri-
ers that led to a project decision reveal opportunities
and lessons learned, and possibly lead to process
improvements for future projects.

Horak et al. (1992) presented an investigation of
the benefits from HVS testing in South Africa. Horak
details a comprehensive list of specific technical
impacts from the HVS program at the time. These
included the improved use of new and innovative con-
struction materials and methods, improved design and
analysis procedures, and specific rehabilitation inves-
tigations. The analysis found an overall benefit-cost
ratio (BCR) of 12.8 and reported that “It should be
appreciated that such economic quantification, in this
instance attempting to realistically compare the “with
HVS” and “without HVS” scenarios, is invariably both
imprecise and conservative (the latter to minimize
potential contention).”

The subjectivity in determining benefits (though
conservative) and the lack of benchmarking with other
expert opinions make the 1992 study difficult to
update. Building on the work of Horak, Jooste and
Sampson (2004, 2005) presented a methodology in
2004 where the direct economic benefits of HVS
work done in South Africa to develop a high-quality
crushed aggregate base pavement design (termed G1
base) were evaluated. Their methodology was largely
based on initial development work done by Rose and
Bennett (1994) and BTA Consulting (1992) who cal-
culated BCR values for the evaluation of theAustralian
APT program. Enhancements to the methodology are
described in Jooste and Sampson (2004, 2005).

This pilot project investigates BCR as one of the
many ways to evaluate the economic efficiency of a
project.The Federal HighwayAdministration (FHWA)
also recommends BCR (or net present value) for most
economic evaluations of projects (California Depart-
ment of Transportation, 2007). The method used in
this pilot project is consistent with Caltrans practices
in evaluating economic benefits and life-cycle analy-
sis of transportation projects and procedures presented
in the FHWA Economic Analysis Primer (FHWA,
1998).

2.1 Terms in economic assessment

BCR is the quotient of total discounted benefits
divided by total discounted costs. Projects with a BCR
higher than one have greater benefits than costs, i.e.
positive net benefits. The higher the ratio, the greater
the benefits relative to the costs. BCR is insensitive
to the magnitude of net benefits and therefore may
favor projects with small costs and benefits over those
with higher net benefits. This can be overcome by also
presenting the net present value (NPV), which results
when the total discounted costs are subtracted from the
total discounted benefits. Both measures are used in
this case study.

Because of time-related separation between a
project’s development, completion, and its ultimate
impacts and benefits realization, it is important to
account for the time value of money and to compare
discounted costs and benefits. Agencies across the
world rely on a basic set of key cost–benefit indicators,
including:

– NPV (net present value);
– PVB (present value of benefits);
– PVC (present value of costs);
– BCR (benefit-cost ratio) = PVB/PVC), and
– Discount rate.

The discount rate is the interest rate used in dis-
counted cash flow analysis to determine the present
value of future cash flows. The discount rate takes into
account the time value of money (the idea that money
available now is worth more than the same amount of
money available in the future because it could be earn-
ing interest). In this study the NPV of the benefits is
presented in relation to the costs as the BCR, using a
discount rate of four percent (as prescribed by Caltrans
for all their transportation life-cycle cost analyses).

3 APPROACH FOR BENEFIT ASSESSMENT OF
UCPRC PROJECT

Evaluation of the economic returns of research and
development is difficult. An economic benefit can
only be calculated if the outcome of a technology
development effort can be compared with a scenario
that would have existed had the development not been
undertaken. Such an assessment includes a significant
amount of uncertainty and subjective judgment. The
methodology adopted for this study takes this uncer-
tainty into account as suggested by the framework in
the Australian and South African studies, with some
modifications.

3.1 Approach background

The approach applied in this case study was developed
by the Australian Road Research Board (ARRB) and
applied to retrospective evaluation of research results
from APT in their Accelerated Load Facility (ALF)
program (Rose and Bennett, 1994, BTA Consulting,
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Figure 1. Decision tree for Benalla ALF trial benefits assessment. (Rose and Bennett, 1994).

1992). The goal of ARRB’s original study was to pro-
vide an evaluation of dollar value benefits and costs of
the first seven ALF trials. The ARRB approach calcu-
lated road agency costs under two scenarios: (1) costs
resulting from outputs of the ALF trials and (2) costs
expected in the absence of ALF trials. Comparison
of the two costs would be straightforward except for
the uncertainty about the likelihood of events (such as
selecting alternative materials and/or designs) in the
“ALF trial” vs. “no ALF trial” scenarios. The ARRB
approach takes uncertainty into consideration by using
the concept of expected value, which is a tool for
decision-making under uncertainty. The uncertainties
were represented by using probabilities for all alter-
natives. These subjective probabilities (based on input
from pavement experts) were then multiplied by the
cost of each alternative to yield an expected cost. The
ARRB analyses focused on specific outcomes of each
ALF trial that were linked directly to agency costs.

Decision tree diagrams were used to represent the
decision-making process including alternatives, prob-
abilities, and costs. The diagram for the Benalla ALF
trials of heavy duty unbound pavement with a double
seal (shown in Figure 1) illustrates the method (Rose
and Bennett, 1994). The bottom branch in the diagram
indicates positive results from theALF trial, which led
to construction of the heavy duty unbound pavement.
Figure 1 also shows (on the top branch) four design
alternatives that would likely be used in the absence
of the ALF trial. Probability values were derived from
interviews with individuals who were working in the
pavements area of the Victoria state road agency at the
time. For each alternative, the interviewees gave their
estimate of the probability that the agency would have
chosen that alternative. The probabilities sum to 1.00

for each of the two separate branches. ARRB reported
that interviewees assigned probabilities that were col-
lectively consistent for each alternative and presented
results from sensitivity analyses that helped evaluate
the effects from using various probabilities and dis-
count rates. The expected cost of each alternative was
calculated as the product shown at far right in Figure 1.

The total expected cost of the “no ALF trial” sce-
nario is calculated as the sum of the expected costs
of the four alternatives on the upper branch. The total
expected cost of the “ALF trial” scenario equals the
cost of the design shown (CFG) on the lower branch.
Benefits (in terms of savings of agency costs) are cal-
culated by subtracting these two total expected costs.
In the ARRB case studies these savings represent the
direct economic benefits attributed to the ALF trial.
The quotient of benefits divided by costs of testing
produced a range of BCR values depending on inputs
and assumptions. Results were reported as showing a
“healthy return” on research investments in the ALF
programs (BTA Consulting, 1992)

3.2 Enhancement and use in South Africa

The ARRB methodology was used in South Africa
to assess direct economic benefits from HVS APT
(Jooste and Sampson, 2004, Jooste and Sampson
2005). In 2003, road budget constraints at the Gaut-
eng Provincial Government’s Department of Public
Transport, Roads and Works (Gautrans), in the South
African province of Gauteng, led to an evaluation of
benefits from HVS tests. In searching for approaches
to evaluate the program, the ARRB’s ALF program
evaluation was identified and determined to be an
approach that provided “a well-documented record”
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and used “many of the best practice aspects” for assess-
ing research benefits. It also was conceivable that
the approach could help establish a framework for
evaluating future tests (Jooste and Sampson, 2004).

Just as in the ARRB’s retrospective analysis, case
studies were performed to assess benefits in terms of
Gautrans’ agency costs. One study evaluated bene-
fits from the use of a high quality crushed stone base
(called “G1”), which had been implemented and in use
for many years after extensive research including HVS
testing (Jooste and Sampson, 2005). Like the ARRB’s
case studies, the G1 study relied on input from pave-
ment experts to set probabilities. The probabilities for
each alternative were collectively consistent. Benefits
(agency cost savings) were calculated by subtracting
total expected costs of the “HVS test” from the “no
HVS test” total expected costs. Sensitivity analyses
were performed to determine the effects of discount
rate on benefits.

The Gautrans studies introduced an enhancement
to the ARRB approach that resulted from questions in
South Africa about how much of the benefits were
attributable to the HVS tests. The Gautrans study
acknowledged that most pavement advancements have
more than one contributing source, and consequently
benefits from advancement should be attributed pro-
portionally to the sources. To enable attribution, they
augmented the ARRB approach by introducing the
use of a “contribution ratio”, which ranges from 0 to
100 percent and is derived from input from interviews
with pavement experts. A 100 percent contribution
ratio would mean that the HVS research was solely
responsible for the technology development and all
the credit for this development belongs to the HVS
research program. In the Gautrans study the contribu-
tion ratio values were collectively consistent. The total
expected cost savings were multiplied by the contri-
bution ratio to calculate total savings attributed to the
HVS tests. These adjusted benefits were divided by
the cost of HVS testing to calculate the benefit-cost
ratio for the HVS tests. The Gautrans study report rec-
ommended sensitivity analysis to evaluate the effects
of contribution ratio on the calculated benefits.

3.3 Further enhancement and use in California

Caltrans learned of the Gautrans study through the
UCPRC – CSIR, South Africa research partnership.
Having conducted HVS testing in California since
1994, there was interest in determining the direct eco-
nomic benefits from the HVS program.The successful
use of the evaluation method in South Africa, plus its
subsequent enhancement suggested potential suitabil-
ity for use in California.A previous study in California
(Du Plessis, 2008) had estimated projected, larger-
scale benefits from early HVS tests in California,
but subsequent interest changed to a more narrowly
focused assessment that examined impacts long after
APT results were implemented such as was done in the
Gautrans study.

Caltrans initiated a pilot effort that, like the previ-
ous work by the ARRB and Gautrans, included a case
study. This paper presents further enhancement of the
method and results from its use to evaluate benefits
from a specific HVS project.

3.4 Best practices and key steps in the methodology

Like the pilot project in California, the South African
HVS evaluation needed a suitable method for deter-
mining benefits from HVS testing. In an initial effort
to meet Gautrans’ needs, South African investigators
developed a “best practice approach”. Elements of best
practice include the following (Jooste and Sampson,
2004, 2005):

– Select the best performing project to quantify
benefits.

– Collect information and validate estimates of ben-
efits from road authorities and practitioners who
will implement the research results (not from the
researchers).

– Explicitly address uncertainty through methods
such as calculating a range of values and using
probability measures, and

– Acknowledge other sources that contribute to tech-
nology advances and ask practitioners how much
they believe the research results (i.e., from HVS
tests) contributed to the advances.

The adopted method is based on decision analysis,
value of information concepts, and the use of expected
values, which are the product of probabilities of out-
comes multiplied by the cost of each outcome (De
Neufville, 1990; Samson, 1988). The method is based
on “Bayesian” statistics. This approach consists of
procedures and measures for events in non-repeatable
random experiments or when the process of sampling
is mooted by circumstances (oil-well drilling is a typi-
cal example in the literature). Unlike the frequentist
approach, which emphasizes underlying population
and sample distributions and confidence intervals for
hypothesis testing, the Bayesian approach relies on
states of knowledge and beliefs (including probabil-
ities) given by knowledgeable individuals. In this case
study, pavement experts who had first-hand knowl-
edge and experience of the rehabilitation project and
associated HVS testing provided input.The use of sen-
sitivity analysis is strongly recommended to examine
and understand the range of potential impacts from
reliance on subjectivity.This paper follows the method
for Bayesian analysis as described in the literature and
as applied in Australian and South African studies.

A payoff table or decision tree is a framework for
calculating expected costs for a decision. Each deci-
sion, such as conducting a test, or not conducting
a test, results in its associated expected cost. Con-
ducting a test may provide more information which
might produce a lower expected cost than not test-
ing. Depending on the cost of testing, the difference in
expected costs may show a cost savings (i.e., benefit).
If savings exceed the cost of testing then the benefits
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are worth the cost of the test. The BCR of conduct-
ing a test can then be calculated (Jooste and Sampson,
2004). Details of the method and its application in the
case study are given below.

The steps in applying the adapted methodology are
summarized below:

1. Situations with and without the benefit of HVS
testing are identified.This includes clearly describ-
ing the benefit(s) attributable to specific research
output(s).

2. Uncertainty in assumptions and outcomes is
accommodated by assigning a probability (based on
input from interviews) to each alternative outcome.

3. Cost (life-cycle) of each alternative outcome is
calculated.

4. Expected value (cost) of each alternative outcome
is calculated by multiplying its probability by its
cost.

5. Total expected value for each decision (with HVS
test and without HVS test) is calculated as the sum
of expected costs of alternatives.

6. Benefit (expressed as NPV of cost savings) of the
information from the HVS test is determined by
subtracting the total expected cost without the HVS
test from the total expected cost with the HVS test.

7. BCR is derived by dividing the benefit by the total
cost of the HVS test.

A key part of the assessment and validation effort
is estimating the likelihood of technical advances that
would have occurred if HVS testing had not been per-
formed. To explicitly address alternative scenarios of
technology development, Jooste and Sampson adopted
decision tree analysis, which takes uncertainty into
account and has been successfully used in previous
analyses (Rose and Bennett, 1994, BTA Consulting,
1992).The decision tree format for HVS tests in South
Africa is shown in Figure 2.

The expected cost of each design alternative is
determined by multiplying the life-cycle cost for each
alternative by its assigned probability. Note that the
sum of all probabilities must equal one in each decision
branch.

The total expected cost for each decision (with and
without HVS testing) is calculated as the sum of the
expected cost of the alternatives. The difference of
these two total expected costs represents the benefit
(cost savings) due to the HVS investigation. The cal-
culated benefit along with the cost of HVS testing can
then be used to determine an economic indicator such
as the benefit-cost ratio.

For benchmark objectivity and credibility, each of
the impacts identified were validated through formal
interviews with pavement engineers within and outside
of Caltrans. These engineers had firsthand knowledge
of the HVS test and rehabilitation project that are the
subject of this case study. During these interviews
the various rehabilitation alternatives, probabilities
for implementation, costs, and perceived impacts and
benefits were discussed (Jooste and Sampson, 2005).
Interviews provided a wide range of opinions as well

Figure 2. Approach for assessing HVS testing benefits
assessment in South Africa.

as the inputs needed for analysis such as the proba-
bility for each alternative and the extent to which the
HVS test contributed to benefits. To accommodate the
variability in the perceptions of the interviewees, sen-
sitivity analysis was conducted to examine how the
range of their inputs affects the CBA results.

It is also important to take consideration of the fact
that benefits (e.g., from a less expensive design) can-
not be realized over the whole road network where an
innovation is applicable and certainly not immediately
after validation.The potential benefit would be phased
in based on needs of the road network, budgets, and
other priorities.

Savings in road user cost and other user benefits can
make a significant contribution to total economic ben-
efits. This paper reports on both the direct agency and
user benefits (reduced road user delay), determined
using the methodology described above.

4 CASE STUDY

To evaluate the cost-benefit analysis methodology, a
case study was conducted on an HVS test on hot-mix
asphalt concrete (AC) pavement associated with the
Long-Life Pavement Rehabilitation Strategy (LLPRS)
program started by Caltrans in 1998. Criteria for the
LLPRS program were fast construction (within a lim-
ited number of 55-hour weekend closures), at least a
30-year service life, and minimal maintenance. The
project selected was a rehabilitated section of heavily-
trafficked Interstate 710 (I-710) in Long Beach,
California (Monismith and Long, 1999a; Monismith
and Long, 1999b).

HVS testing was conducted to validate the innova-
tive mix designs for rutting and fatigue cracking (Wu
et al., 2006). This pilot study focuses only on eval-
uating the economic benefits of that series of HVS
testing to validate the mix designs used during the
reconstruction of the first phase of the I-710 project.
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The HVS tests are highlighted here as needed for
this pilot study. Further details are provided in project
reports (Wu et al., 2006; Monismith et al., 2009).
After extensive and ongoing discussions, by June 2000
the UCPRC had prepared an HVS test plan for the
validation of the I-710 long life innovative mixes,
HVS test sections were built, and the first HVS test
started. The HVS would test these experimental sec-
tions to provide data for validation of the AC mix
overlay design and comparison of rutting performance
of theAC mixes. Of longer term interest was pavement
performance data for development and validation of
refinements in mechanistic-empirical procedures for
predicting rutting of AC mixes.

HVS tests were performed by the UCPRC at UC
Berkeley’s Richmond Field Station. Results provided
validation performance data that Caltrans used in
deciding to move forward with implementing the inno-
vative mixes and pavement designs for the I-710
rehabilitation project.

4.1 I-710 Long Beach rehabilitation project

The I-710 LLPRS rehabilitation project was com-
pleted in 2003. The 30-year design loading of the
rehabilitated pavement is 200 million equivalent 80 kN
standard axle loads (ESALs). At that time, with
approximate average daily traffic of 155,000 during
weekdays with 13 percent trucks, asphalt concrete
pavements based on the (then) standard Caltrans
design method could not meet the LLPRS criteria.This
provided an opportunity to develop and implement
innovations validated through HVS testing. Details
about the development and specifications for the inno-
vative mixes and designs were reported by Monismith
and Long (2009).

The project consisted of three full-depth asphalt
concrete (FDAC) replacement sections (approxi-
mately 8.7 lane-miles total) under freeway overpasses
with minimum lower vertical clearances required
by federal standards. Two sections (approximately
15.8 lane-miles) between overpasses were rehabili-
tated with crack, seat, and asphalt concrete overlay
(CSOL) of existing 50-year old portland cement con-
crete (PCC) slabs. The three overcrossings are shown
in Figure 3 at the southern, northern, and interme-
diate locations on the project. The FDAC under the
overcrossings and the CSOL between them produced
distinct benefits that are described and evaluated in
this paper.

4.1.1 Rehabilitation alternatives
Through various interviews a list of possible rehabil-
itation strategies for LLPRS projects with similar cli-
matic and traffic demands as the I-710 were identified.
These alternative strategies were:

1. Standard Caltrans CSOL;
2. Innovative CSOL;
3. Standard Caltrans FDAC replacement;
4. Innovative FDAC replacement; and
5. Long-life PCC lane and slab replacement.

Figure 3. Plan view of I-710 Phase 1 rehabilitation project.

Innovative mixes and designs for CSOL and FDAC
(shown as alternatives 2 and 4 in the list above) were
developed based on mechanistic-empirical design
(Monismith and Long, 1999a; Monismith and Long,
1999b), laboratory testing, and professional engineer-
ing judgment. HVS testing was performed subse-
quently to validate the performance of the mixes and
designs (Wu et al., 2006).

Two different designs were required. Substandard
vertical clearances under the overcrossings required
lowering the existing grade. The innovative mixes
placed in the FDAC designs were expected to meet this
need. Between the overcrossings, where there were no
clearance concerns, a different design could be used.
The innovative mixes placed in the CSOL designs were
planned for this purpose. Though two different pave-
ments structures were developed, both designs used
innovative mixes and both had to meet the LLPRS
criteria mentioned above. The two benefits identified
for this case study reflect the two different design
approaches:

– Benefit #1: Innovative mixes enabled the improve-
ment of vertical clearance under overcrossings
while meeting LLPRS criteria.

– Benefit #2: Innovative mixes enabled meeting the
LLPRS criteria where no vertical clearance con-
straints existed.

4.2 Benefit-cost analysis

The steps detailed below were followed to determine
the savings and BCR. The base year for all cost com-
parisons was 2000 and the Caltrans’ standard four
percent discount rate was used. The decision tree dia-
gram for the I-710 case study is shown in Figure 4 (Du
Plessis, 2011).

1. Validation interviews were conducted with pave-
ment engineers within and outside of Caltrans who
had first-hand knowledge of the HVS test and I-
710 rehabilitation project. They identified likely
alternative designs (with and without HVS tests),
probabilities of construction of each alternative,
maintenance and rehabilitation schedules for the
design life, and the percentage contribution of HVS
tests to innovative designs.
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Figure 4. Decision tree used in the I-710 case study.

2. The costs (NPV) for each alternative were calcu-
lated using the Caltrans Life-cycle Cost Analysis
(LCCA) Procedures Manual (2007) and Real-
Cost 2.2 software (California Department of
Transportation, 2007; FHWA, 1998). The CA4PRS
software developed at UCPRC was used to calcu-
late construction schedules, work zone user costs,
and agency costs for initial and future mainte-
nance and rehabilitation (Harvey et al., 2005; Lee,
2011). Costs were discounted to determine the
present value of agency and road user costs for each
alternative.

3. Applying the costs and probabilities from above, the
total expected cost (discounted NPV) was deter-
mined for the two decisions, with and without
HVS testing. Sensitivity analyses were conducted
to assess the range of probabilities from the inter-
viewees’ perceptions. (Note that

∑
(p1.p5) = 1.0

and similarly for p1′ to p5′).
4. The maximum expected payoff (i.e., cost savings in

this case) is the greater total expected cost of the
two decisions.

5. The benefit (cost saving) is the difference in the
total expected cost of the two decisions and is deter-
mined by subtracting the total expected costs of
the “with HVS” decision from the “without HVS”
decision. A positive value indicates a positive net
benefit.

6. Scaling-up the benefit is based on the projected
number of lane-miles where the innovation may be
implemented. Projecting the likely number of lane-
miles requires input from interviews, programmed
roadway improvements, and judgment. The total
benefit is then calculated by scaling-up the ben-
efit to the correct expected lane-miles suitable for
these rehabilitation strategies.

7. Determining the development costs requires identi-
fying historical records along with judgment about
the costs of operations, testing, and analysis in
developing the I-710 innovative mixes and designs.

8. The BCR is determined by dividing the total scaled-
up benefits by total development costs.

4.2.1 Assumptions
Life-cycle cost analysis using RealCost software
requires several inputs (California Department of
Transportation, 2007; FHWA, 1998). Values for sev-
eral input parameters are listed below. Because the
I-710 rehabilitation is a LLPRS option an analysis
period of 60 years was selected in accordance with the
guidelines in the Caltrans LCCA Procedures Manual.
Zero salvage value is assumed at year 60 and the cost
of any maintenance treatments at year 60 is excluded
from the LCCA. The assumptions and inputs includ-
ing all costs (agency and road user) are detailed in Lee
(2011).

Traffic data
Caltrans annual average daily traffic (AADT) data for
the period from September 2001 to March 2002 was
used for the analysis:

– AADT: 137,500 weekday and 97,300 weekend.
– Trucks: 15%/5% weekday/weekend of AADT.
– Annual growth rate of traffic: 0.5%.
– Capacity of free flow: 2,000 vehicles per hour per

lane (vphpl).
– Capacity of queue dissipation: 1,800 vphpl.

Road User Cost calculations
The values of time for user costs were $11.51/hour for
passenger cars and $27.83/hour for trucks.

Maintenance/preservation and rehabilitation costs
Apart from the initial construction required for the
rehabilitation of the I-710, various capital maintenance
and rehabilitation strategies are planned to keep the
facility in a serviceable condition for the duration of
the 60-year design life-span. These maintenance inter-
ventions are shown inTable 1 for all five rehabilitation
options including the standard and innovative designs
between and under the over-crossings. Timelines of
the various alternative maintenance and rehabilitation
strategies are also shown inTable 1.These were derived
from the suggested Maintenance and Rehabilitation
Strategies in the LCCA Procedures Manual, input
from interviewees, and judgment. Due to space lim-
itations abbreviated actions are listed in Table 1. More
complete descriptions can be found in the Manual.

Table 1 shows milling and replacing the open-
graded friction course (OGFC) as well as the dense-
graded asphalt concrete (DGAC) for the standard
and innovative asphalt concrete alternatives. These
are part of the various capital maintenance (CAPM),
routine maintenance, and preservation activities. Also
shown are the levels of concrete pavement rehabilita-
tion (CPR), which includes surface grinding, spall and
joint seal repair, and slab replacement, and which range
from minor (indicated as “a”), and moderate (“b”),
to significant (“c”) depending on the extent of slab
cracking.

The costs for the various designs were based on the
project scope of the I-710 (24.5 lane-miles) using 2000
as the base year. The initial construction costs and the
recurring maintenance costs per annum are shown in
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Table 1. Maintenance and rehabilitation strategies for standard and innovative alternatives.

Table 2. Agency and road user costs (RUC) for main-
tenance and rehabilitation strategies are both shown
in the table (Lee, 2011) for the five rehabilitation
alternatives.

The LCCA results specific to the initial phase of the
I-710 project are based on costs for various pavement
rehabilitation types as of 1999 to 2003 and a discount
rate of four percent as used by Caltrans for LCCA
cost-benefit analysis.

The results would be expected to change depending
on factors including different materials cost changes
(such as differences in inflation rate between asphalt
and portland cement concrete costs), changes in
project configuration (such as the ratio of truck lanes
needing replacement relative to passenger car lanes
not needing rehabilitation), different discount rates,
and other project-specific factors.

The total life-cycle costs represent the NPV of each
of these alternatives and is shown for agency, road user,
and total costs in Table 3. The table shows the NPV in
terms of $/lane-mile or $/lane–km of all alternatives
including the total of all rehabilitation interventions,
annual maintenance costs, and user costs.

Ranking the NPV of the five alternatives reveals
the most cost-effective rehabilitation option at the
time was alternative 4 (Innovative FDAC) with a total
life-cycle cost of $17.27M followed by alternative
2 (innovative CSOL) with a total life-cycle cost of
$21.75M.

The most expensive rehabilitation option at the time
was the PCC alternative with a total life-cycle cost of
$59.81M. It should, however, be noted that alternatives
4 and 2 are not directly comparable with one another as
these alternatives are for different designs for between
and under the overcrossings. A more logical com-
parison would be to compare alternative 1 (standard
CSOL) with alternative 2, and alternative 3 (standard
FDAC) with alternative 4. In terms of both benefits #1
and #2, the NPV of the innovative I-710 rehabilitation
strategies were lower than the (then) standard Caltrans
rehabilitation alternatives for LLPRS.

4.3 Analysis of benefits

The net benefit of implementing the HVS-validated
innovative mixes and designs for both benefits are
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Table 2. Maintenance and rehabilitation costs (in millions) for standard and innovative alternatives (agency and road
user cost).

Table 3. Final cost comparison: NPV (per lane-mile, 4% discount rate, 2000 base year).

Standard AC Innovative AC Long-life PCC
Alternative 1 Alternative 3 Alternative 2 Alternative 4 Alternative 5

Item cost CSOL FDAC CSOL FDAC PCC (Overlay)

Agency Cost $20,094,652 $18,870,000 $16,700,000 $13,420,000 $48,873,142
Annual Cost $980,000 $1,120,000 $1,970,000 $1,120,000 $1,290,000
User Cost $7,840,000 $4,260,000 $3,080,000 $2,730,000 $9,644,522
Total Cost $28,914,652 $24,250,000 $21,750,000 $17,270,000 $59,807,664

Lane-km 25.90 14.80 25.90 14.80 40.70
Total Unit-cost ($/lane-km) $1,116,396 $1,638,514 $839,768 $1,166,892 $1,469,476
Total Unit-cost ($/lane-mile) $1,786,233 $2,621,622 $1,343,629 $1,867,027 $2,351,161

shown in Table 4. Values in the table include agency
and road user costs as well as the range and mean
values of probabilities.

As expected, the probabilities of implementing an
untested pavement design are low, as reflected by the
low probabilities assigned to the innovative CSOL
and FDAC designs without HVS testing. For exam-
ple, for Benefit #1, without HVS testing PCC lane
replacement was assigned a high probability (70%) of
implementation and the innovative FDAC was given
only a 5% probability.These mean values contrast with

those associated with validation through HVS testing
in that the innovative FDAC was assigned a 70% prob-
ability of implementation and PCC lane replacement
only 25%. This reversal pattern is consistent for both
benefits.

Given the various probabilities of implementation,
the value of benefits from HVS testing can be calcu-
lated by subtracting the total expected cost of the “with
HVS” situation from the “without HVS situation”.The
following cost savings for both benefits (agency and
road user costs) were realized:
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Table 4. Expected costs (based on probabilities and life-cycle costs) for benefits 1 and 2.

Benefit 1:
Innovative mixes enabled the improvement of vertical clearance under overcrossings while meeting LLPRS-AC criteria
Discount Rate of 4%

Probability of
implementation Expected cost ($)

Decision Rehabilitation alternatives Mean Low High Total LCC ($) Mean Low High

Without HVS test Alt 1: CA std CSOL 0 0 0 1,116,396 1,496,606 1,479,702 1,513,510
Alt 2: Innovative CSOL 0 0 0 839,768
Alt 3: CA std Full Depth AC 0.25 0.15 0.35 1,638,514
Alt 4: Innovative Full Depth AC 0.05 0.05 0.05 1,166,892
Alt 5: PCC Lane replacement 0.7 0.8 0.6 1,469,476

With HVS test Alt 1: CA std CSOL 0 0 0 1,116,396 1,266,119 1,296,377 1,235,861
Alt 2: Innovative CSOL 0 0 0 839,768
Alt 3: CA std Full Depth AC 0.05 0.05 0.05 1,638,514
Alt 4: Innovative Full Depth AC 0.7 0.6 0.8 1,166,892
Alt 5: PCC Lane replacement 0.25 0.35 0.15 1,469,476

Unit costs Savings (Saving per lane-km) 230,487 183,325 277,649
Unit costs Savings (Saving per lane-mile) 368,779 293,320 444,239

Benefit 2:
Innovative mixes enabled meeting the LLPRS-AC criteria where no vertical limits existed

Without HVS test Alt 1: CA std CSOL 0.45 0.35 0.55 1,116,396 1,272,427 1,307,735 1,237,119
Alt 2: Innovative CSOL 0.05 0.05 0.05 839,768
Alt 3: CA std Full Depth AC 0.05 0.05 0.05 1,638,514
Alt 4: Innovative Full Depth AC 0.05 0.05 0.05 1,166,892
Alt 5: PCC Lane replacement 0.4 0.5 0.3 1,469,476

With HVS test Alt 1: CA std CSOL 0.05 0.05 0.05 1,116,396 1,098,805 1,161,776 1,035,835
Alt 2: Innovative CSOL 0.55 0.45 0.65 839,768
Alt 3: CA std Full Depth AC 0.05 0.05 0.05 1,638,514
Alt 4: Innovative Full Depth AC 0.05 0.05 0.05 1,166,892
Alt 5: PCC Lane replacement 0.3 0.4 0.2 1,469,476

Unit costs Savings (Saving per lane-km) 173,622 145,959 201,284
Unit costs Savings (Saving per lane-mile) 277,795 233,534 322,055

– Benefit 1: a cost saving of $368,779 (range
$293,320–$444,239) per lane-mile.

– Benefit 2: a cost saving of $277,795 (range
$233,534–$322,055) per lane-mile.

Although not shown here, the above calculations
were repeated isolating the agency costs from the road
user costs. The agency cost savings alone were:

– Benefit 1: agency cost saving of $297,893 (range
$238,975–$356,812) per lane-mile.

– Benefit 2: agency cost saving of $141,286 (range
$126,431–$156,141) per lane-mile.

In the context of the various pavement rehabilitation
alternatives available for LLPRS strategies, the HVS
tests resulted in more cost-effective pavement designs
with substantial savings depending on the degree of
implementation.

4.3.1 Scaling-up
The determination of the total potential benefit
depends on the degree of market penetration. Infor-
mation available as of early 2011 suggests a minimum
of 115 lane-miles will be rehabilitated using the inno-
vative mixes and designs. This includes subsequent
rehabilitation phases on the I-710 corridor rehabili-
tation. Assuming future projects have a proportion of
lane-miles that require a similar distribution of dig-out
sections (36.4% in the I-710 project) with remaining
sections (63.6%) not requiring dig-out, then the total
mean cost savings above can be scaled-up as follows:

Total cost savings (mean) = 115 lane-miles ×
[(36.4% × $368,779) + (63.6% × $277,795 )]

This results in total cost savings (sum for Bene-
fits 1 and 2) of $35,755,012 (mean) with extremes of
$29,359,074 and $42,150,951 depending on the range
of probabilities as shown in Table 4.
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Table 5. Net present values and benefit-cost ratios.

Summary of benefits for Caltrans Investment in HVS technology development & implementation (at 4% discount rate)

Range of Probabilities Range of Probabilities
Contribution Contribution

Benefit Ratio Mean Low High Ratio Mean Low High

Benefit 1: Innovative mixes
enabled the improvement of
vertical clearance under over-
crossings while meeting the
LLPRS-AC criteria

20% 3,087,420 2,455,674 3,719,167 85% 13,121,537 10,436,614 15,806,460

Benefit 2: Innovative mixes
enabled meeting the LLPRS-
AC criteria where no vertical
constraints existed

20% 4,063,582 3,416,141 4,711,023 85% 17,270,224 14,518,599 20,021,848

Total Benefit (2000 base year): 7,151,002 5,871,815 8,430,190 30,391,760 24,955,213 35,828,308
Total HVS Testing Cost (2000 base year) 2,113,200 2,113,200 2,113,200 2,113,200 2,113,200 2,113,200

Benefit Cost Ratio 3.4 2.8 4.0 14.4 11.8 17.0

Summary of benefits excluding RUC for Caltrans Investment in HVS technology development & implementation (at 4% discount rate)

Benefit 1: Innovative mixes
enabled the improvement of
vertical clearance under over-
crossings while meeting the
LLPRS-AC criteria

20% 2,493,964 2,000,695 2,987,233 85% 10,599,346 8,502,952 12,695,740

Benefit 2: Innovative mixes
enabled meeting the LLPRS-
AC criteria where no vertical
constraints existed

20% 2,066,726 1,849,427 2,284,025 85% 8,783,585 7,860,065 9,707,105

Total Benefit (2000 base year): 4,560,690 3,850,122 5,271,258 19,382,931 16,363,017 22,402,845
Total HVS Testing Cost (2000 base year) 2,113,200 2,113,200 2,113,200 2,113,200 2,113,200 2,113,200

Benefit Cost Ratio 2.2 1.8 2.5 9.2 7.7 10.6

4.4 Analysis of HVS test costs

In order to calculate the BCR, the total costs of
HVS testing and related activities must be calculated
and compared with the benefits. Separating the inno-
vations developed for the I-710 rehabilitation from
the UCPRC’s other research is complex. Reasonable
assumptions are, therefore, required before an estimate
can be made of the total development cost.

The bulk of the implementable research used for
the I-710 rehabilitation project took place during the
four years from 1997 to 2000. The total costs of the
HVS tests, associated laboratory tests, and analysis for
the I-710 project are estimated at $2,113,200, which
consists of:

– $1,011 million for the HVS testing to validate
the innovative mixes and designs (this includes
operational costs, instrumentation, data collection,
analysis and reporting);

– $250,000 for the mechanistic-empirical design of
the two pavement rehabilitation designs;

– $300,000 for development of CA4PRS and subse-
quent modeling of the I-710 project;

– $250,000 for the laboratory studies which went
towards the characterization of the materials used
in the I-710; and

– 20% of all the above added for managerial, analysis,
reporting, and administrative costs.

4.5 Calculation of benefit-cost ratio

The final step in the determination of the quantifi-
able benefits from HVS testing is comparison of the
total costs of the research to benefits derived after
implementation. Table 5 shows results of the final
calculations for both benefits.

It should also be borne in mind that the HVS
was not solely responsible for the development of
the cost-saving innovative mixes and designs in the
I-710 project. However, the interviews revealed that
full-scale validation provided by HVS tests was a key
contributor to the decision to use the innovative mixes
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and designs in the I-710 rehabilitation. The extent of
cost savings that may be attributed to the HVS tests
is accounted for by assigning a contribution ratio,
which is multiplied by total cost savings presented
above. The contribution ratio is an indicator of how
much of the savings from implementing the inno-
vative mixes and designs are due to the HVS tests.
The contribution is estimated to be between 20% and
85%, as determined in accordance with inputs from
the interviews. Interviewees who assigned low contri-
bution ratios acknowledged that the innovative mixes
and designs would not have been implemented without
HVS tests.

Table 5 shows that the NPV of the final potential
cost saving realized is between $5,872 and $35,828
million depending on the range of probabilities and
the contribution ratios. The BCR calculation var-
ied between 2.8 and 17.0 depending on the same
probability ranges and contribution ratios.

If road user costs are excluded then BCR values
are still positive and varied between 1.8 and 10.6
depending on the probability ranges and contribution
ratios.

4.6 Discussion of results

Results from the case study are examined from several
perspectives including comparisons with economic
benefits of APT reported in the National Cooperative
Highway Research Program (NCHRP) Synthesis 325
report (NCHRP, 2004). The report is a summary of
significant findings from full-scale accelerated pave-
ment testing of APT programs worldwide. Included in
the report are direct economic benefits in terms of net
savings and BCR benefit-cost ratio and net savings.

In comparing this case study results with that
published in NCHRP 325 it should be noted that
the NCHRP investigated APT program-wide benefits
whereas this case study investigated the quantifiable
benefits stemming from project specific HVS test-
ing. It is realized that the results from program-wide
investigations will be different from project specific
investigations but it is nevertheless important to gauge
the results of this study with what has been reported
on a world wide scale.

A questionnaire survey of the programs indicated
cost saving benefits higher than US$2M for eight of
the nine agencies that responded (Figures 5 and 6).
BCRs reported by respondents varied from one to
higher than 20. Savings and BCRs were reported as
provided by respondents and compared in the report
without additional analysis. Few details of methods
and assumptions for these values are available.

NCHRP Synthesis 325 reported “overall estimated
savings/benefits in monetary terms” from survey
respondents at two levels. No maximum value for sav-
ings/benefits was set. Information about discounting
of costs and savings/benefits is not available.

– Savings/benefits ranging from $500k to $1M for
one APT program (ISETH, in Switzerland).

Figure 5. Overall estimated savings/benefits in monetary
terms.

Figure 6. BCR of APT programs (NCHRP, 2004).

– Savings/benefits higher than $2M for eight pro-
grams including WesTrack, HVS-Corps of Engi-
neers (Vicksburg, MS), NCAT, MnROAD, FAA,
CAPTIF, CAL/APT, and ARRB.

BCR values were reported at three different levels
by sevenAPT programs. No maximum BCR value was
defined in the questionnaire.

– BCR of 10 for three APT programs including
ISETH, HVS-South Africa, and CAL/APT.

– BCR of 20 for one program (Indiana APT).
– BCR higher than 20 for three programs including

NCAT, FAA, and CAPTIF.

Cost savings from this case study are consistent
with the highest level of savings (higher than $2M)
reported from the NCHRP 325 survey. BCR values
from the case study span the range of values reported
in NCHRP 325. BCRs for an assumed low contribu-
tion ratio from the case study are in the lower end of
values (approximately from 2:1 to 5:1) reported in the
Synthesis. For assumed high contribution ratios, BCRs
from this case study are in the upper range (from 15:1
to 20:1) of values reported in the Synthesis.

5 COMPARISONS WITH PREVIOUS STUDIES
AT 4% DISCOUNT RATE

Comparing BCR values for a discount rate of 4% that
was used in the I-710 case study and also reported in
the Australian and South African cost-benefit analysis
studies reveals the following:

– TheAustralianALF program reported a BCR of 4.9
for the overall APT program and BCRs of between
1.4 and 11.6 for individual ALF tests (Rose and
Bennett, 1994; BTA Consulting, 1992).

– The SouthAfrican HVS study involved BCR calcu-
lations on provincial and national levels (managed
by the South African National Roads agency). On
the provincial level the use of the G1 base course
technology was measured by Gautrans. BCR values
of between 2.2 to 5.6 (low contribution ratio) and
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Table 6. NPV and BCR from the South African study (Jooste and Sampson, 2005).

Benefit Summary for Gautrans Investment in HVS Investigations on G1 Base Pavements
Lower Contribution Ratio Higher Contribution Ratio

Discount Rate of Discount Rate of
Contribution Contribution

Benefit Ratio 4% 8% 12% Ratio 4% 8% 12%

Increased use of G1 base
pavements

50% 535,117 410,881 318,534 80% 856,187 657,409 509,654

Increased use of 150 mm thick
G1 Layers

20% 55,267 42,436 32,898 30% 82,900 63,653 49,347

Improved Maintenance and
construction practices

30% 183,504 140,900 109,233 60% 367,007 281,801 218,465

Total Benefit (in 1978 SA Rand) 773,887 594,217 460,665 1,306,094 1,002,863 777,467
Total Costs (in 1978 SA Rand) 358,261 340,669 324,813 358,261 340,669 324,813

Benefit Cost Ratio 2.2 1.7 1.4 3.6 2.9 2.4

Total Benefit (in 2004 SA Rand) 2,145,579 4,395,036 8,771,091 N/A 3,621,107 7,417,530 14,803,024

Benefit Summary for SANRAL Investment in HVS Investigations on G1 Base Pavements

Increased use of G1 Base
Pavements

50% 488,451 375,049 290,756 80% 781,522 600,079 465,209

Increased use of 150 mm thick
G1 Layers

20% 85,307 65,501 50,780 30% 127,960 98,252 76,169

Improved Maintenance and
Construction Practices

30% 656,590 504,152 390,842 60% 1,313,179 1,008,303 781,684

Total Benefit (in 1978 SA Rand) 1,230,347 944,702 732,378 2,222,661 1,706,634 1,323,063
Total Costs (in 1978 SA Rand) 218,277 194,911 174,765 218,277 194,911 174,765

Benefit Cost Ratio 5.6 4.8 4.2 10.2 8.8 7.6

Total Benefit (in 2004 SA Rand) 3,411,101 6,987,351 13,944,522 6,162,261 12,622,867 25,191,213

Benefit Summary for Combined Gautrans and SANRAL Investment in HVS Investigations on G1 Base Pavements

Increased use of G1 Base
Pavements

50% 1,023,568 785,930 609,290 80% 1,637,709 1,257,488 974,864

Increased use of 150 mm thick
G1 Layers

20% 140,573 107,937 83,678 30% 210,860 161,905 125,517

Improved Maintenance and
Construction Practices

30% 840,093 645,052 500,075 60% 1,680,187 1,290,104 1,000,149

Total Benefit (in 1978 SA Rand) 2,004,235 1,538,919 1,193,042 3,528,755 2,709,497 2,100,530
Total Costs (in 1978 SA Rand) 576,538 535,580 499,578 576,538 535,580 499,578

Benefit Cost Ratio 3.5 2.9 2.4 6.1 5.1 4.2

Total Benefit (in 2004 SA Rand) 5,556,680 11,382,386 22,715,611 9,783,368 20,040,396 39,994,235

3.6 to 10.2 (high contribution ratio) were reported
(Jooste and Sampson, 2005).

– The California I-710 HVS tests calculated BCR val-
ues from 2.8 to 4.0 (low contribution ratio) and 11.8
to 17.0 (high contribution ratio) which include RUC
benefits.

Although the California study has a higher variabil-
ity of BCR values, these results are similar to the other
twoAPT programs.As mentioned the benchmark cred-
ibility of this type of analysis lies in the acceptance

of the results by road authorities and practitioners.
Their input and the variability of their responses are
the main reasons behind the range of BCR values
calculated. One of the criticisms of BCR (and CBA
itself) is the effect of inputs, assumptions, and subjec-
tivity (e.g., probabilities) on results as shown in the
sensitivity analysis. However, sensitivity analysis is
recommended because it enables examination of these
effects for interpretation and use of CBA results.

Another possible reason for differences in the BCR
values in the California study is the inclusion of road
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Table 7. NPV and BCR from ARRB trails and program (BTA Consulting, 1992).

Banalla Beerburrum Prospect Callington Mulgrave Brewarrina Total

Cost ($M, $1992) 0.9 2.2 1.8 2.4 1.8 0.7 9.8

Benefits ($M, $1992) at discount rate of
4% 5.4 13.9 2.5 8.3 10.1 8.1 48.3
6% 4.8 11.4 2.3 6.9 9.3 7.7 42.4
8% 4.6 9 2.1 5.8 8.7 7.3 37.5

Benefit-Cost Ratio at discount rate of
4% 6 6.2 1.4 3.5 5.7 11.6 4.9
6% 5.4 5.1 1.3 2.9 5.2 11 4.3
8% 5.1 4 1.2 2.5 4.9 10.4 3.8

user costs. Neither the Australian nor South African
study evaluated user costs and instead included only
agency costs in their investigations. Excluding the road
user costs from the case study, the California I-710
HVS tests calculated BCR values from 1.8 to 2.5 (low
contribution ratio) and 7.7 to 10.6 (high contribution
ratio) which are more in line with both the Australian
and South African studies (see bottom of Table 5).

5.1 South Africa – variability of BCR based on
contribution ratio and discount rate

Results from the South African study are shown in
Table 6 for low and high contribution ratios as well
as various discount rates. Costs and benefits were
adjusted in that study using discount rates of 4, 8,
and 12 percent. The BCR data for the Gautrans invest-
ment in G1 base technology differs from the results of
the SANRAL BCR data due to the differences in the
degree of implementation and other differences such
as construction costs, etc. For low contribution ratios,
BCR values varied from 1.4 (at 12 percent) to 5.6 (at
4 percent). For high contribution ratios, BCRs ranged
from 2.4 (at 12 percent) to 10.2 (at 4 percent).

5.2 Australia – economic benefits of ALF trials and
ALF program

Results from the ARRB evaluation are shown in
Table 7 for the overall ALF program and for individ-
ual trials. Costs and benefits (reported in Australian
dollars) were adjusted using discount rates of 4, 6,
and 8 percent. Benefits for the overall ALF program
ranged from $48.3M (at 4 percent) to $37.5M (at 8 per-
cent). Benefits for individual trials ranged from $2.1M
to $13.9M. BCR values for the overall ALF program
were 3.8 to 4.9 and for individual trials ranged from
1.2 to 11.6. ARRB concluded that these results pro-
vided evidence of a “healthy return” on investments
in the ALF program (Rose and Bennett, 1994; BTA
Consulting, 1992).

The results illustrate the variability of benefits pro-
duced from different APT projects as well as the
contrast with benefits when calculated for an entire
APT program. BCR values for individual ALF trials
vary from 1.2 to 11.6 depending on discount rate. In

contrast, the BCR for the ALF program ranged from
3.8 to 4.9.

5.3 UCPRC – comparing project benefits to
program costs

Published studies have suggested evaluating research
benefits by comparing the costs of an entire research
program with the economic benefits of a few outstand-
ing projects referred to as “big winners” or “nuggets”
(Nokes et al., 2011). Such projects are evident when
economic benefits from research outputs far exceed
not only the cost of the project but total costs of the
research program as well.

The HVS tests were pivotal to validation and use
of the innovative mixes on the I-710 rehabilitation
project, which was expected to produce substantial
technical benefits—and has met or exceeded per-
formance expectations in the years since opening
to traffic. But economic benefits of HVS testing of
those mixes have not been compared previously to the
total cost of the CAL/APT program during the period
(1997–2001) evaluated in this case study.

Positive results would suggest that the I-710 HVS
testing project was a “nugget” as described in the lit-
erature. Total costs for the CAL/APT program from
1997 to 2000 were determined to be $9.836M. NPV
of benefits from Table 5 were used to calculate BCRs.
Assuming a low contribution and a low probability, the
NPV of the benefits of the I-710 HVS test is between
$5.87M and $8.43M, amounting to at least half of the
costs for the entire APT program during this four-year
period (1997–2000). Looking at higher contribution
ratios and higher probabilities, the benefits stemming
from the HVS project are over $35M (Table 5). The
project’s direct economic benefits are high (using any
of these assumptions) in contrast to the cost of the
whole program, suggesting that the HVS testing for
the I-710 project mixes was indeed a “nugget” and
“big winner” for the California APT program.

6 CONCLUSIONS

This paper summarizes a study to determine the direct
economic benefits stemming from the validation tests
of innovative materials and pavement designs using the
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HVS in California. Developed and tested in Australia,
applied and enhanced in South Africa, and subse-
quently adapted to California conditions for evaluat-
ing benefits from APT, the method shows promising
results.

The net present value of cost savings is between
$5,872 and $35,828 million with associated benefit-
cost ratios of between 2.8 and 17.0 depending on the
range of probabilities and contribution ratios as deter-
mined through an extensive interview process. The
study highlights the importance of sensitivity analy-
sis to determine ranges of savings instead of a single
benefit-cost ratio value.
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Internationally, full-scale accelerated pavement testing, either on test roads or linear/
circular test tracks, has proven to be a valuable tool that fills the gap between models 
and laboratory tests and long-term experiments on in-service pavements. Accelerated 
pavement testing is used to improve understanding of pavement behavior, and 
evaluation of innovative materials and additives, alternative materials processing, new 
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models with quality data, with minimal risk at relatively low cost.
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