THE NATIONAL ACADEMIES PRESS

This PDF is available at http://nap.edu/22769 SHARE o @

Using Infrared and High-Speed Ground-Penetrating Radar for
Uniformity Measurements on New HMA Layers

Using Infrared
and -
Groun ating

Radar for Uniformity
Measurements on

New HI\f:A La_vers_
DETAILS

80 pages | 8.5 x 11 | PAPERBACK

— ISBN 978-0-309-12934-3 | DOI 10.17226/22769

PRAMSPCRTANCH FESEARH BOMAT

AUTHORS

Sebesta, Stephen; Saarenketo, Timo; and Scullion, Tom

FIND RELATED TITLES

Visit the National Academies Press at NAP.edu and login or register to get:

Access to free PDF downloads of thousands of scientific reports

10% off the price of print titles .

Email or social media notifications of new titles related to your interests

Special offers and discounts

Distribution, posting, or copying of this PDF is strictly prohibited without written permission of the National Academies Press.
(Request Permission) Unless otherwise indicated, all materials in this PDF are copyrighted by the National Academy of Sciences.

Copyright © National Academy of Sciences. All rights reserved.


http://cart.nap.edu/cart/cart.cgi?list=fs&action=buy%20it&record_id=22769&isbn=978-0-309-12934-3&quantity=1
http://www.nap.edu/related.php?record_id=22769
http://www.nap.edu/reprint_permission.html
http://nap.edu
http://api.addthis.com/oexchange/0.8/forward/facebook/offer?pco=tbxnj-1.0&url=http://www.nap.edu/22769&pubid=napdigops
http://www.nap.edu/share.php?type=twitter&record_id=22769&title=Using+Infrared+and+High-Speed+Ground-Penetrating+Radar+for+Uniformity+Measurements+on+New+HMA+Layers
http://api.addthis.com/oexchange/0.8/forward/linkedin/offer?pco=tbxnj-1.0&url=http://www.nap.edu/22769&pubid=napdigops
mailto:?subject=null&body=http://nap.edu/22769

Using Infrared and High-Speed Ground-Penetrating Radar for Uniformity Measurements on New HMA Layers

The Second
STRATEGIC HIGHWAY RESEARCH PROGRAM

__———=A4ASHRP 2 REPORT S2-R06C-RR-1

Using Infrared and High-Speed Ground-Penetrating
Radar for Uniformity Measurements on
New HMA Layers

STEPHEN SEBESTA AND TOM SCULLION
Texas A&M Transportation Institute
College Station, Texas

TIMO SAARENKETO
Roadscanners Oy
Rovaniemi, Finland

TRANSPORTATION RESEARCH BOARD

WASHINGTON, D.C.
2013
www.TRB.org

Copyright National Academy of Sciences. All rights reserved.


http://www.TRB.org
http://www.nap.edu/22769

Using Infrared and High-Speed Ground-Penetrating Radar for Uniformity Measurements on New HMA Layers

Subscriber Categories

Construction
Highways
Materials
Pavements

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22769

The Second Strategic Highway
Research Program

America’s highway system is critical to meeting the mobility and
economic needs of local communities, regions, and the nation.
Developments in research and technology—such as advanced
materials, communications technology, new data collection tech-
nologies, and human factors science—offer a new opportunity
to improve the safety and reliability of this important national
resource. Breakthrough resolution of significant transporta-
tion problems, however, requires concentrated resources over
a short time frame. Reflecting this need, the second Strategic
Highway Research Program (SHRP 2) has an intense, large-scale
focus, integrates multiple fields of research and technology, and
is fundamentally different from the broad, mission-oriented,
discipline-based research programs that have been the mainstay
of the highway research industry for half a century.

The need for SHRP 2 was identified in TRB Special Report
260: Strategic Highway Research: Saving Lives, Reducing Conges-
tion, Improving Quality of Life, published in 2001 and based on
a study sponsored by Congress through the Transportation
Equity Act for the 21st Century (TEA-21). SHRP 2, modeled
after the first Strategic Highway Research Program, is a focused,
time-constrained, management-driven program designed
to complement existing highway research programs. SHRP 2
focuses on applied research in four areas: Safety, to prevent or
reduce the severity of highway crashes by understanding driver
behavior; Renewal, to address the aging infrastructure through
rapid design and construction methods that cause minimal dis-
ruptions and produce lasting facilities; Reliability, to reduce con-
gestion through incident reduction, management, response, and
mitigation; and Capacity, to integrate mobility, economic, envi-
ronmental, and community needs in the planning and designing
of new transportation capacity.

SHRP 2 was authorized in August 2005 as part of the Safe,
Accountable, Flexible, Efficient Transportation Equity Act: A
Legacy for Users (SAFETEA-LU). The program is managed
by the Transportation Research Board (TRB) on behalf of the
National Research Council (NRC). SHRP 2 is conducted under a
memorandum of understanding among the American Associa-
tion of State Highway and Transportation Officials (AASHTO),
the Federal Highway Administration (FHWA), and the National
Academy of Sciences, parent organization of TRB and NRC.
The program provides for competitive, merit-based selection of
research contractors; independent research project oversight; and
dissemination of research results.

Using Infrared and High-Speed Ground-Penetrating Radar for Uniformity Measurements on New HMA Layers

SHRP 2 Report S2-R06C-RR-1

ISBN: 978-0-309-12934-3
Library of Congress Control Number: 2013930390

© 2013 National Academy of Sciences. All rights reserved.

Copyright Information

Authors herein are responsible for the authenticity of their materials and for
obtaining written permissions from publishers or persons who own the copy-
right to any previously published or copyrighted material used herein.

The second Strategic Highway Research Program grants permission to repro-
duce material in this publication for classroom and not-for-profit purposes. Per-
mission is given with the understanding that none of the material will be used to
imply TRB, AASHTO, or FHWA endorsement of a particular product, method,
or practice. It is expected that those reproducing material in this document for
educational and not-for-profit purposes will give appropriate acknowledgment
of the source of any reprinted or reproduced material. For other uses of the
material, request permission from SHRP 2.

Note: SHRP 2 report numbers convey the program, focus area, project number,
and publication format. Report numbers ending in “w” are published as web
documents only.

Notice

The project that is the subject of this report was a part of the second Strategic
Highway Research Program, conducted by the Transportation Research Board
with the approval of the Governing Board of the National Research Council.

The members of the technical committee selected to monitor this project and
review this report were chosen for their special competencies and with regard
for appropriate balance. The report was reviewed by the technical committee
and accepted for publication according to procedures established and overseen
by the Transportation Research Board and approved by the Governing Board of
the National Research Council.

The opinions and conclusions expressed or implied in this report are those of
the researchers who performed the research and are not necessarily those of the
Transportation Research Board, the National Research Council, or the program
sponsors.

The Transportation Research Board of the National Academies, the National
Research Council, and the sponsors of the second Strategic Highway Research
Program do not endorse products or manufacturers. Trade or manufacturers’
names appear herein solely because they are considered essential to the object
of the report.

OOSH

SHRP 2 Reports

Available by subscription and through the TRB online bookstore:
www.TRB.org/bookstore

Contact the TRB Business Office:
202-334-3213

More information about SHRP 2:
www.TRB.org/SHRP2

Copyright National Academy of Sciences. All rights reserved.


http://www.TRB.org/bookstore
http://www.TRB.org/SHRP2
http://www.nap.edu/22769

Using Infrared and High-Speed Ground-Penetrating Radar for Uniformity Measurements on New HMA Layers

THE NATIONAL ACADEMIES

Advisers to the Nation on Science, Engineering, and Medicine

The National Academy of Sciences is a private, nonprofit, self-perpetuating society of distinguished scholars
engaged in scientific and engineering research, dedicated to the furtherance of science and technology and
to their use for the general welfare. On the authority of the charter granted to it by Congress in 1863, the
Academy has a mandate that requires it to advise the federal government on scientific and technical matters.
Dr. Ralph J. Cicerone is president of the National Academy of Sciences.

The National Academy of Engineering was established in 1964, under the charter of the National Academy
of Sciences, as a parallel organization of outstanding engineers. It is autonomous in its administration and
in the selection of its members, sharing with the National Academy of Sciences the responsibility for
advising the federal government. The National Academy of Engineering also sponsors engineering programs
aimed at meeting national needs, encourages education and research, and recognizes the superior achieve-
ments of engineers. Dr. Charles M. Vest is president of the National Academy of Engineering.

The Institute of Medicine was established in 1970 by the National Academy of Sciences to secure the
services of eminent members of appropriate professions in the examination of policy matters pertaining
to the health of the public. The Institute acts under the responsibility given to the National Academy of
Sciences by its congressional charter to be an adviser to the federal government and, on its own initiative,
to identify issues of medical care, research, and education. Dr. Harvey V. Fineberg is president of the
Institute of Medicine.

The National Research Council was organized by the National Academy of Sciences in 1916 to associate
the broad community of science and technology with the Academy’s purposes of furthering knowledge and
advising the federal government. Functioning in accordance with general policies determined by the
Academy, the Council has become the principal operating agency of both the National Academy of
Sciences and the National Academy of Engineering in providing services to the government, the public, and
the scientific and engineering communities. The Council is administered jointly by both Academies and
the Institute of Medicine. Dr. Ralph J. Cicerone and Dr. Charles M. Vest are chair and vice chair,
respectively, of the National Research Council.

The Transportation Research Board is one of six major divisions of the National Research Council. The
mission of the Transportation Research Board is to provide leadership in transportation innovation and
progress through research and information exchange, conducted within a setting that is objective, interdisci-
plinary, and multimodal. The Board’s varied activities annually engage about 7,000 engineers, scientists, and
other transportation researchers and practitioners from the public and private sectors and academia, all of
whom contribute their expertise in the public interest. The program is supported by state transportation
departments, federal agencies including the component administrations of the U.S. Department of Transporta-
tion, and other organizations and individuals interested in the development of transportation. www.TRB.org

www.national-academies.org

Copyright National Academy of Sciences. All rights reserved.


http://www.TRB.org
http://www.national-academies.org
http://www.nap.edu/22769

Using Infrared and High-Speed Ground-Penetrating Radar for Uniformity Measurements on New HMA Layers

SHRP 2 STAFF

Ann M. Brach, Director

Stephen J. Andrle, Deputy Director

Neil J. Pedersen, Deputy Director, Implementation and Communications
James Bryant, Senior Program Officer, Renewal

Kenneth Campbell, Chief Program Officer, Safety

JoAnn Coleman, Senior Program Assistant, Capacity and Reliability
Eduardo Cusicanqui, Financial Officer

Walter Diewald, Senior Program Officer, Safety

Jerry DiMaggio, Iimplementation Coordinator

Shantia Douglas, Senior Financial Assistant

Charles Fay, Senior Program Officer, Safety

Carol Ford, Senior Program Assistant, Renewal and Safety
Elizabeth Forney, Assistant Editor

Jo Allen Gause, Senior Program Officer, Capacity

Rosalind Gomes, Accounting/Financial Assistant

Abdelmename Hedhli, Visiting Professional

James Hedlund, Special Consultant, Safety Coordination

Alyssa Hernandez, Reports Coordinator

Ralph Hessian, Special Consultant, Capacity and Reliability
Andy Horosko, Special Consultant, Safety Field Data Collection
William Hyman, Senior Program Officer, Reliability

Michael Marazzi, Senior Editorial Assistant

Linda Mason, Communications Officer

Reena Mathews, Senior Program Officer, Capacity and Reliability
Matthew Miller, Program Officer, Capacity and Reliability
Michael Miller, Senior Program Assistant, Capacity and Reliability
David Plazak, Senior Program Officer, Capacity

Monica Starnes, Senior Program Officer, Renewal

Onno Tool, Visiting Professional

Dean Trackman, Managing Editor

Connie Woldu, Administrative Coordinator

Patrick Zelinski, Communications/Media Associate

ACKNOWLEDGMENTS

This work was sponsored by the Federal Highway Administration in cooperation with the American Asso-
ciation of State Highway and Transportation Officials. It was conducted in the second Strategic Highway
Research Program (SHRP 2), which is administered by the Transportation Research Board of the National
Academies. The project was managed by Monica Starnes, Senior Program Officer for SHRP 2 Renewal.

The research reported herein was performed by the Texas A&M Transportation Institute (TTI). TTI
was the contractor for the project, and the Research Foundation of Texas A&M University served as the
fiscal administrator.

Dr. Timo Saarenketo, the Managing Director of Roadscanners Oy, served as a consultant to the contrac-
tor and was instrumental in summarizing the status of hot-mix asphalt quality-assurance procedures in
Europe. Special thanks are extended to the agencies participating in construction project demonstrations:
the Texas, Florida, Minnesota, and Maine Departments of Transportation.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22769

Using Infrared and High-Speed Ground-Penetrating Radar for Uniformity Measurements on New HMA Layers

Monica A. Starnes, PhD, SHRP 2 Senior Program Officer, Renewal

Obtaining adequate in-place density is vital for achieving pavement durability for hot-mix
asphalt (HMA) pavement. While nondestructive testing (NDT) can be used to determine
the in-place density and thus help determine the expected pavement durability, rapid NDT
techniques can also provide real-time information to paving crews so that corrective action
can be taken as the HMA is placed and compacted.

Infrared (IR) imaging and ground-penetrating radar (GPR) are two technologies that can
be used to identify in-place density during construction operations. During construction
of an HMA pavement, IR techniques are able to evaluate its temperature uniformity, which
is critical for avoiding areas of asphalt segregation and thus achieving the needed density.
GPR can be used to measure the density of HMA layers, both during and after compaction.
The advantages of using these NDT techniques are evident: (1) both techniques provide the
needed information regarding expected density and thus durability, (2) both techniques are
rapid and provide information in real time, and (3) both techniques provide continuous or
near-continuous coverage of constructed HMA pavement in contrast to other existing tech-
nologies that take discrete measurements. In all, when used together these two technologies
complement each other to deliver the needed information to undertake corrective action
during paving operations.

This report presents the findings of the first two phases of SHRP 2 Renewal Project R06C,
Using Infrared and High-Speed Ground-Penetrating Radar for Uniformity Measurements
on New HMA Layers. The project piloted and evaluated existing IR and GPR technologies
for their suitability to assess mat density and their readiness for field use. The report provides
a thorough review of the technologies and the four pilots conducted in the United States.

The project also developed a 30-minute training video that gives an overview of the
equipment installation, data gathering, and data interpretation for both NDT technologies.
The video is available at www.trb.org/Main/Blurbs/167280.aspx.

An additional phase was recently added to this project to develop specifications and pilot
them in collaboration with two state departments of transportation. Once completed, the
results from this additional scope of work will be published as an addendum to this report.

Copyright National Academy of Sciences. All rights reserved.


http://www.trb.org/Main/Blurbs/167280.aspx
http://www.nap.edu/22769

Using Infrared and High-Speed Ground-Penetrating Radar for Uniformity Measurements on New HMA Layers

y
1
2
3
4
6
6
6
7
7
8
8

24
25
27
33
37
45
50

52
52
53
54

55

57
59

63
70
75
7
78
80

Executive Summary

Introduction
Findings
Conclusions
Recommendations
Background
Problem Statement and Research Objective
Scope of Study
Research Approach
Project Tasks

Findings and Applications
Literature Search Findings
Recommended NDT Equipment and Test Protocols
Detailed Test Plan
Demonstration Project in AASHTO Region 4
Demonstration Project in AASHTO Region 2
Demonstration Project in AASHTO Region 3
Demonstration Project in AASHTO Region 1
References

Conclusions and Suggested Research
Conclusions
Recommendations on Specifications
Suggested Research

Appendix A. Swedish National Road Administration Method for Defining

Temperature Variation During Paving of Hot-Mix Asphalt

Appendix B. GPR Hardware Specifications for Systems Used in TxDOT
Appendix C. Finnish PANK Method for Air Void Content of Asphalt Pavement

with GPR

Appendix D. TxDOT Method TEX-244-F for Thermal Profile of Hot-Mix Asphalt
Appendix E. Method for Detecting Segregation with GPR

Appendix F.  Correlations of NDT and Core Data from Region 4 Demonstration
Appendix G. Correlations of NDT and Core Data from Region 2 Demonstration
Appendix H. Correlations of NDT and Core Data from Region 3 Demonstration

Appendix I.  Correlations of NDT and Core Data from Region 1 Demonstration

Online version of this report: www.trb.org/Main/Blurbs/167280.aspx.

Copyright National Academy of Sciences. All rights reserved.


http://www.trb.org/Main/Blurbs/167280.aspx
http://www.nap.edu/22769

Using Infrared and High-Speed Ground-Penetrating Radar for Uniformity Measurements on New HMA Layers

Executive Summary

Introduction

In-place density is a critical factor in determining pavement durability in hot-mix asphalt
(HMA). Localized nonuniform zones of mix, termed segregation, often become low-density
areas in the mat. Segregation continues to be a major construction-related problem around the
nation with a significant adverse impact on pavement service life. Real-time nondestructive test-
ing (NDT) procedures are ideal tools to provide feedback to paving crews, and recent studies
have shown that infrared (IR) imaging and ground-penetrating radar (GPR) can be used to
assess in-place density during construction while providing nearly 100% testing coverage of the
constructed area.

The most common form of HMA segregation, truck-end segregation, occurs where the HMA
at the ends of the truckload is colder and sometimes coarser in gradation. These locations show
up in the mat as regularly spaced defects at approximately 150-ft intervals along the roadway.
Oftentimes, drivers can feel a dip at the segregated locations; over time these locations, with the
ingress of water and the influence of traffic loads, fail prematurely. These segregated locations
deteriorate early, typically because of their lower density and higher susceptibility to raveling and
fatigue cracking. This early distress not only results in poorer ride quality for the traveling pub-
lic but also requires agencies to use resources earlier than planned to maintain the pavement
condition.

Realizing the importance of mitigating segregation in HMA construction, many agencies have
implemented segregation check procedures. However, the segregation problem persists and,
some would say, is getting worse. Contributing to the problem of detecting and controlling seg-
regation is the increased use of night paving, which makes it difficult to visually see problems.
Although many departments of transportation (DOTs) have implemented segregation check
procedures, these existing methods typically test only a small portion of the mat. Since HMA
segregation is typically localized, spot inspection methods that are currently employed risk over-
looking problem areas. It is in the best interest of the DOT, the contractor, and the public to
eliminate segregation, so an ideal toolset for combating HMA segregation would include a place-
ment monitoring system that detects segregation quantitatively and in real time, followed by a
full-coverage technique after construction for quality assurance. Infrared imaging and ground-
penetrating radar technologies are two NDT candidates that previous experience has shown may
be able to provide this placement monitoring and postconstruction quality assurance.

Historically, HMA segregation was thought of as a mechanical phenomenon consisting of
localized concentrations of coarse gradation. Although this type of segregation certainly exists,
the discovery of how thermal signatures from the HMA relate to segregation altered the defini-
tion of segregation to include both physical and thermal components. Building on the concept
of temperature segregation, several independent agencies have completed research demonstrating
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that infrared thermography has promise for detecting and quantifying the severity of segregated
locations. During evaluation for segregation with infrared thermography, potentially segregated
locations show up as cold spots, and the severity of segregation is quantified by the magnitude
of the temperature differential at the anomalous location. Although visual inspection certainly
remains a part of the solution for combating segregation, in many instances thermography
detects anomalies where the human eye cannot discern anything unusual in the HMA mat.
Essentially, the cold spots typically result in a low-density location in the finished HMA mat;
these cold spots may also exhibit a coarser gradation and lower asphalt cement content.

Another tool that shows promise for evaluating HMA for segregation is GPR. Whereas ther-
mal surveys take place during placement of the HMA, GPR surveys take place after compaction
is complete. Historically used for tasks such as estimating pavement layer thickness, GPR mea-
sures an electrical property of the HMA that has been shown to correlate well with mat density.
By calibrating the GPR to the HMA density, the radar NDT technique may be able to serve as a
final quality assurance check on the completed mat. GPR possesses a unique advantage over
traditional density-based testing because data collection with GPR is typically performed by a
vehicle-mounted system. Nearly 100% of the newly constructed surface area can be tested in a
matter of minutes.

Given the current knowledge and promising previous efforts with using infrared and GPR
NDT techniques, the objectives of this project were to (a) demonstrate infrared imaging and
GPR technologies as NDT techniques to assess HMA density and degree of segregation and
(b) make recommendations for how these technologies can be incorporated into existing DOT
specifications for verifying construction quality.

A critical requirement for the NDT techniques is that they provide nearly 100% coverage of
the constructed surface area. To accomplish the project objectives, a literature search was used to
first identify the most promising infrared and GPR technologies for this application. Next, the
project team developed test protocols to use in the field. Finally, to demonstrate the technologies,
one project in each of the four American Association of State Highway and Transportation Offi-
cials (AASHTO) regions was surveyed for uniformity with the recommended infrared and radar
systems.

Findings

Numerous techniques exist for collecting thermal profiles of HMA construction. The most
promising thermal techniques for full-coverage testing of HMA construction include process
control infrared cameras, infrared line scanners, and infrared sensor bars. While all three of these
systems could be developed to perform the desired full-coverage testing of HMA construction,
only the infrared sensor bar system is currently commercially available. Infrared cameras and line
scanners are commercially available, but no commercially available software solution exists to
create a distance-based profile view of the thermal data.

GPR systems are commercially available for collecting full-coverage uniformity data. In this
study the steps needed to convert the GPR signals into the surface air voids were developed and
demonstrated by the research team. This required the development of a regression equation that
relates the computed surface dielectric to the air void content measured on field cores. The use
of GPR in the United States is complicated because of restrictions placed on the technology by
the Federal Communications Commission (FCC). An FCC-compliant GPR system suitable for
this application was demonstrated in this study, but additional data-processing capabilities need
to be developed to facilitate full implementation for this application. Other grandfathered GPR
systems (before the FCC 2002 ruling) are available through service providers.

Based on these findings, researchers conducted field demonstrations in each of the four
AASHTO regions on projects representing a variety of placement operations and included two
projects using warm-mix asphalt (WMA) technology. The research team used an infrared sensor
bar system from MOBA Corporation and the Texas A&M Transportation Institute’s 1-GHz radar
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system for the thermal and radar surveys. On three projects, a 2.2-GHz air-coupled GPR system
from Geophysical Survey Systems, Inc. (GSSI) also provided radar survey data.

The infrared system worked well, installing easily and providing real-time output for review by
the superintendent, inspector, and researchers. In terms of level of testing coverage and amount
of operator attendance and effort required, the field demonstrations indicated this infrared bar
system is clearly superior to the localized thermal profiling methods currently in some DOT test
procedures. The thermal data correlated well with in-place mat density, where thermally segre-
gated locations typically became zones of reduced pavement density and in some cases coarser
gradation. The final air voids in the mat were found to be a function of both placement tempera-
ture and mix properties. For example, the final mat density on one WMA project was strongly
influenced by thermal segregation with final air voids at thermally segregated locations of almost
14%, well in excess of allowable limits (typically 9%). On the other demonstration project using
WMA, the final mat density was not as strongly influenced by thermal segregation; the cold spots
at a similar placement temperature had air void contents of less than 8%.

The GPR systems used performed well for data collection and, with the field calibrations and
postprocessing steps described in this report, generated full-coverage density maps of the con-
structed surface area. The two GPR systems used in this study correlated well with each other
and, after calibration to field cores, provided nearly identical results. With calibration, the GPR
systems provided a technique to evaluate the density uniformity of nearly 100% of the con-
structed mat area. The commercially available and FCC-compliant 2.2-GHz system from GSSI
should provide the hardware platform for a viable method for uniformity assessment of new
overlays.

Conclusions

The work conducted indicates both IR imaging and GPR can be used to collect data over the
entire constructed surface area with minimal effort. Infrared measurement systems for profiling
hot-mix asphalt construction exist commercially. These systems appear field ready and simple
to operate. The results from the demonstrations conducted during this project indicate that
states wishing to implement full-coverage thermal profiling may need to perform additional
investigations to determine what level of thermal segregation indicates a concern with their
mixes. However, as clearly shown in this report, the low-temperature locations were also the
locations of highest air voids. The level of air voids is also a function of the compactibility of
the mix being placed. Therefore, IR imaging has the capabilities to permit DOTs to identify
the critical potential defect locations; field coring (or GPR testing) will then be required to deter-
mine if the mix is out of the allowable specification tolerances. This focused coring option will
eliminate all of the problems with random coring, which typically does not detect these localized
defect areas. Potential users should also be aware of the limitations of the technology. Certain
rolling patterns with workable HMA mixes possibly minimize the impacts of thermal segrega-
tion; at the other extreme, a thermally uniform mat that does not get compacted properly by a
good rolling operation could still exhibit uniformity and density problems. It was certainly inter-
esting to note that warm-mix asphalt technologies (at least the foaming process) had variable
success at producing a uniformly compacted mat. On one WMA project, the low temperatures
measured with Pave-IR only occurred at locations of paver stops. The actual placement tem-
perature was higher, but a cold zone was detected once the paving train resumed since that mix
was sitting on the ground for the duration of the paver stop. This cold zone did not become high
air voids after compaction. On the other WMA project, low temperatures occurred due both to
severe thermal segregation (i.e., actual placement temperatures) and due to paver stops, and all
of these locations of low temperature became regions of high air voids after compaction.

GPR is less developed for full implementation into specifications. Even though commercial
systems and service providers do exist, with GPR the major limitations are the level of expertise
required and the lack of data-processing automation. Generally, several steps of processing are
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required before the user can generate the full-coverage data output. Additional work is needed
to streamline the process of transforming GPR data into a meaningful uniformity assessment for
overlays. For typical lift thicknesses of surface mixes (2 in. or less), the 1- and 2.2-GHz GPR
systems should be acceptable solutions for GPR data collection. In practice, until further hard-
ware is developed, because of FCC restrictions, new users will need to rely on the 2.2-GHz
GPR system.

The goal of investing in either of these NDT technologies is to foster higher quality, more uni-
formly constructed, and longer-lasting new surfacings. With state agency manpower continuing
to be strained because of budget conditions, the use of an automated thermal profiling system
offers a system for passive inspection. From the contractor’s standpoint, the ability to obtain
information on the uniformity of the mat during placement allows for real-time action to improve
overall product uniformity. Assuming adequate compaction takes place, a more uniform mat
increases the probability of the quality control/quality assurance cores resulting in a bonus.

Successful implementation of the GPR technology would allow agencies to have a complete
picture of the overall quality of the completed HMA product. Such a picture provides much
more information about the quality of the final product than the current random coring meth-
ods typically employed. As highway administrators are becoming increasingly concerned with
both ensuring and documenting the homogeneity of HMA construction, infrared and GPR
techniques offer potential solutions for accomplishing that goal. All the NDT data could be
stored in a database for use if and when pavement defects appear.

Recommendations

Based on the findings in this project, thermal segregation detection using an infrared bar should
be considered for implementation into agency specifications for uniformity assessment. The
system demonstrated in this report provides the agency with color profile maps of placement
temperatures and the number and duration of paver stops. The additional use of Global Posi-
tioning System (GPS) technology ensures that these potential problem areas can be accurately
located for additional follow-up testing. The following activities should be considered to aid in
expediting implementation of the IR imaging systems:

¢ Conduct additional demonstration projects including the full-scale validation coring
described in this report. At least six additional DOTs (including one Canadian province) con-
tacted the research team during this study asking to be included in the demonstration testing;
however, this project restricted demonstration to four states. This level of interest clearly
shows that thermal segregation is a recognized major concern for many (if not all) DOTs.

¢ Conduct webinars and other presentations at national conferences to inform potential users.

e Arrange visits to specific states to meet with key decision makers. These decision makers are
typically state material engineers, paving contractor association representatives, IR equipment
suppliers, and selected contractors. The purpose of these visits should be to explain this tech-
nology in detail and to provide information on implementation options. The specific goals of
these visits will be to identify reporting requirements that will meet the DOT’s objectives of
constructing more uniform, longer-lasting overlays; developing draft specifications; establish-
ing pilot implementation projects where the new technology can be used in parallel with
existing processes; and identifying how the existing system can be customized to meet each
agency’s reporting needs.

Chapter 4 and the appendices discuss specification approaches that agencies could use to
implement this technology. These approaches include using the thermal profile

e For passive inspection, in which the thermal profile largely serves as information to the con-
tractor and agency to promote uniformity;
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e To trigger other action when thermal segregation exists, in which locations with thermal seg-
regation receive spot testing with a density profile to determine if substantial density differen-
tials exist;

¢ To measure compliance with placement temperature tolerances, in which the thermal profile
simply measures if the placement temperatures stay within the range required by the agencies’
specifications; and

e For focused coring, in which, instead of random coring, the engineer selects a core location
for placement pay factors based on the thermal profile.

From the findings in this research project, GPR has an advantage over IR imaging because it
is used on the final mat after compaction. If problems are found in the GPR analysis, then these
will be low-density areas where future failures can be anticipated. However, additional develop-
ment is needed to streamline the steps from data collection to project uniformity evaluation
before successful implementation can occur. This process will require partnering with industries
and working with their radar systems to integrate the data collection and processing functions
into a full-featured system tailored toward uniformity assessment of new asphalt pavement lay-
ers. Chapter 4 presents additional details on how this integration may be accomplished.
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Background

Problem Statement and
Research Objective

For hot-mix asphalt (HMA) pavement, in-place density is a
critical determining factor for pavement durability. Real-time
nondestructive testing (NDT) procedures are ideal tools to
provide immediate feedback to paving crews so that corrective
action can be taken. Promising recent studies have shown that
infrared (IR) imaging and ground-penetrating radar (GPR)
technologies can be used to identify in-place density during
construction operations. Both technologies can be used to pro-
vide nearly 100% coverage of constructed layers in contrast to
other existing technologies such as nuclear density gauges and
electrical impedance devices that take discrete measurements.

Temperature uniformity is critical for achieving the needed
density. Temperature segregation continues to be a frequently
reported defect in new HMA overlays, and such segregation is
difficult to detect with traditional techniques during mat place-
ment. Thermally segregated areas result in periodic low-density
areas in new mats that let water enter lower layers, significantly
shortening the performance life of new overlays. IR imaging
techniques are already being implemented by some transpor-
tation agencies for quality assurance (QA) purposes.

GPR can also be used to measure in real time the density of
HMA layers, both during and after compaction. Although
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this technology is not new, very little progress has been made
in implementing GPR in construction specifications. The
Finland Road Authority, for example, has used GPR and
implemented a test procedure in 2002 as an accepted method
of measuring HMA layer density. No department of trans-
portation (DOT) in the United States, however, has imple-
mented GPR for QA of HMA layers.

The objective of this project was to demonstrate IR and
GPR technologies as NDT techniques to assess HMA density
and segregation and to make recommendations for how these
technologies can be incorporated into existing DOT specifi-
cations for construction QA. The IR and GPR technologies
under investigation should provide nearly 100% coverage of
the constructed surface area.

Scope of Study

This project focused on seeking off-the-shelf IR and GPR
technologies that are best suited for collecting nearly 100%
coverage data on HMA construction. Researchers reviewed
equipment specifications and test procedures prior to recom-
mending which IR and GPR equipment to consider for
demonstration. Working with DOTs and equipment manu-
facturers, the research team showcased the NDT equipment
on one project in each of the four AASHTO regions.
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Research Approach

This project employed IR imaging and GPR technologies best
suited for developing a profile view of the quality and unifor-
mity of HMA construction. With the IR technology, this pro-
file view consists of HMA placement temperatures presented
spatially over the new HMA mat area. With GPR, after data
processing, this profile view consists of HMA surface densi-
ties for the entire mat.

Both IR and GPR techniques have been used by numerous
agencies with success to identify surface and subsurface
defects in flexible pavements. In this project, a series of nine
tasks, highlighted below, enabled the research team to dem-
onstrate IR and GPR techniques for performing nearly 100%
coverage evaluation of the uniformity of HMA construction
projects.

Project Tasks

The following is a description of the project tasks:

e Task 1. Conduct an international literature search to identify
applicable IR and GPRNDT technologies for assessing HMA
density and segregation during construction activities.

e Task 2. Based on the findings from Task 1, evaluate and
recommend the most promising NDT equipment and test-
ing protocols for assessing HMA density and segregation
during pavement construction. The recommendations
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need to include detailed evaluations of the practical per-
formance values, such as speed, accuracy, precision, ease of
use, and so forth, of these technologies and techniques for
their successful implementation.

Task 3. Develop and submit to SHRP 2 detailed plans for
field demonstration and validation of the recommended
NDT techniques.

Task 4. Conduct a field demonstration of these techniques
in one transportation agency and conduct validation of the
results using core testing to determine actual densities.
Task 5. Prepare and submit to SHRP 2 an interim report
documenting Tasks 1 through 4. The interim report should
include recommendations to demonstrate the techniques
in the three remaining AASHTO regions. Additionally, the
report should include any recommendations regarding
modifications to testing procedures that could improve the
performance of these technologies.

Task 6. Conduct field demonstrations in the remaining
three AASHTO regions recommended in Task 5.

Task 7. Document testing protocols and prepare training
materials for these technologies based on the lessons
learned during the field demonstrations.

Task 8. Prepare a draft final report documenting the entire
project and submit it to SHRP 2 for review.

Task 9. Prepare and submit a revised final report that
responds to reviewer comments.
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Findings and Applications

Several IR technologies may be able to provide nearly 100%
coverage of HMA construction; these include infrared cam-
eras, infrared line scanners, and infrared sensor bars. With
GPR, commercial availability in the United States is largely
limited to one system because of Federal Communications
Commission (FCC) regulations. Some agencies already have
thermal profiling procedures adopted and implemented, and
one agency in Europe (Finland) has adopted a procedure for
uniformity assessment of HMA construction with GPR. The
research team determined that the most promising commer-
cially available NDT equipment is an infrared system from
MOBA Corporation and a 2.2-GHz GPR system from Geo-
physical Survey Systems, Inc. (GSSI).

The research team performed field demonstrations with
infrared and radar NDT in each of the four AASHTO regions
and collected a minimum of 10 field cores for laboratory vali-
dation testing at each demonstration project.

After shakedown testing in Texas, full-scale testing was per-
formed in the states of Florida, Minnesota, and Maine. Full
details of the results obtained and the conclusions drawn are
presented in this chapter. In summary, both the IR imaging
system and the GPR system performed well at measuring the
uniformity of the overlays being placed. Recommendations for
full-scale implementation are provided in the next chapter.

Literature Search Findings
Summary

Departments of transportation typically adjust pay for field
placement of HMA based on how core densities compare
with a set target value. However, these coring programs are
spot specific and likely miss localized areas of low quality. In
the 1990s, researchers began experimenting with IR imaging
and GPR technologies for collecting full-coverage quality
evaluations on new HMA construction. Both IR and GPR
technologies have matured and can now effectively screen
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HMA construction for quality. IR technologies have been
implemented for this purpose in some U.S. state DOTs and in
Sweden, and GPR has been implemented in areas of Europe.
This literature search details problems occurring from local-
ized segregation, outlines current IR and GPR devices avail-
able for evaluating hot-mix construction uniformity, and
summarizes current implementation approaches in use for
both IR and GPR technologies.

The Problem

For HMA placement quality assurance, most transportation
departments sample by coring only a small fraction of the
mat area placed. The core air void contents are used to deter-
mine placement acceptance and pay-adjustment factors.
This practice is in place largely because of time requirements
for testing and not necessarily a lack of desire for more
extensive testing coverage. In fact, most agencies would like
to obtain more extensive testing coverage to reduce agency
risk, evaluate uniformity, and reduce the public’s exposure to
the risk of sizeable portions of the work not complying with
specifications.

In HMA paving, operational variances and problems with
segregation can significantly alter the uniformity of the in-
place product, resulting in isolated areas at risk of early distress.
For example, Figure 3.1 shows cyclic segregation in HMA.
These segregated locations typically result in reduced density,
increased holding of water after rain events, and high risks of
early pavement distress such as raveling and cracking.

Historically, anomalous, or segregated, locations have been
identified primarily through visual assessment. This subjec-
tive approach leaves ample room for error and disputes, so
agencies seeking to push the state of the art have turned to IR
and GPR techniques to obtain quantitative, full-coverage
evaluations of new HMA layers. IR techniques exist that
can provide full-coverage data collection of mat placement
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Figure 3.1. Segregated location after rain event.

temperatures behind the screed, and GPR techniques exist
that can provide full-coverage quality assurance evaluations
of the final compacted HMA product. For example, Figure 3.2
shows an IR image and a corresponding visual image of an
HMA mat with cyclic segregation. GPR captures the reflected
energy of waves transited by the GPR antenna. The reflected

Photos courtesy of the Washington State Department of Transportation.
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energy from the surface can easily be processed to compute
the surface dielectric of the top layer. For a very uniform
(nonsegregated) mat, this reflected energy should also be
very uniform; Figure 3.3 contrasts dielectric plots collected
with GPR of both uniform and segregated HMA mats. Sud-
den localized drops in surface dielectric are clear indicators of
classical truck-end segregation.

Current IR Technologies
Background

IR technology has made numerous inroads in the past 20 years.
IR imaging has been used to attempt to find subsurface defects
in highways, bridges, and tunnels. Much interest in new meth-
ods of detecting segregation resulted when, in 1996, Stephen
Read suggested temperature differentials in HMA were
related to segregation (3). Since that time, several research
efforts have validated the relationship between temperature
differentials in the pavement mat and HMA properties such
as density, asphalt content, and gradation. Among these efforts
was work at the National Center for Asphalt Technology
(NCAT), additional work in Washington State, and work in
Texas (4-6). Owing to the continued development of thermal
measurement instruments, it is possible to obtain continuous
accurate measurements of the mix once it leaves the paver and
thereby provide a means to ensure that the whole production
line is under control (7).

IR sensors operate by detecting the amount of electromag-
netic energy emitted from the target. As the temperature of
the target increases, the amount of emitted energy increases.

Figure 3.2. Thermal profile and visual image showing pavement condition of cold spots (1).
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Figure 3.3. Comparison of surface dielectrics measured with GPR of uniform (top) and cyclically segregated

(bottom) HMA (2).

The basic relationship between the target temperature and
the output of a radiation thermometer is

V(T)=eKTN

where
V(T) = thermometer output with temperature,
€ = target emissivity,
K = constant,
T = target temperature,
N = N factor [= 14388/(AT)], and
A = equivalent wavelength.

For the operating conditions and temperatures encountered
during HMA paving, a sensor with a spectral response of 8 to
14 pm provides an optimal balance of accuracy, measurement
range, and resistance to effects of atmospheric transmittance.

Available IR Systems

Spot radiometers, infrared cameras, infrared line scanners,
and infrared sensor bars are four techniques available for

collecting thermal data. Figures 3.4 and 3.5 show technolo-
gies known to have been used on HMA projects.

Spot radiometers are handheld temperature “guns” and are
useful for testing small areas, but they are not practical for
collecting full-coverage data of an entire project. IR cameras,
line scanners, and sensor bars all have the capability of col-
lecting true full-coverage data behind the screed with mini-
mal operator attendance. In the simplest form of use, IR
cameras take snapshots and, through postprocessing, provide
temperature distribution statistics of individual images. Tem-
perature contour plots can be developed by merging multiple
images. Noted drawbacks of using IR cameras include the
necessity for constant operator attendance, poor precision in
identifying the location on the mat that the picture captures,
and the need to merge numerous snapshots to analyze an
entire project (6).

Although discussions with industry manufacturers during
the course of this project indicate an IR camera could be used
to provide full-coverage, automated temperature profiling,
such application would require a third-party software solu-
tion. Currently, no such solution is known to be commercially
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Figure 3.4. Spot radiometer, IR camera, and IR bar measurement systems.

available. However, software packages that integrate GPR and
thermal camera data are under development in Finland.

An IR line scanner could image the entire lane width and, as
long as a software solution exists to collect and process the data
as required, could provide adequate data-collection and data-
processing features for uniformity measurements. Figure 3.5
shows a paver with a line scanner installed to collect thermal
profile data. The IR line scanners have been used in Sweden for
years in certain road regions. The Swedish National Road
Administration has published a method description. Appendix
A presents an English translation.

IR bar systems specifically for HMA uniformity measure-
ment are currently available commercially. These systems can
image the entire production run without operator attendance
while providing real-time feedback to the paver operator,
project superintendent, and inspector. The IR bar system
provides a two-dimensional contour plot as the output in
both real time and postprocessing without the need to merge

numerous files. However, areas of the mat may exist where
data points are interpolated rather than directly measured,
depending on the number of sensors selected, the sensor spac-
ing, and the sensor distance-to-spot (d:s) ratio.

Table 3.1 summarizes potential IR data collection devices
and the strengths and limitations of each. Table 3.2 lists some
manufacturers of these devices.

Example IR Case Studies

Numerous agencies have examined thermal uniformity criteria
for HMA paving. While NCAT defined severities of segregation
based on thermal temperature differentials, the Washington
State DOT (WSDOT) and Texas DOT (TxDOT) selected 25°F
as the upper limit before the section is deemed at risk of not
meeting uniformity specifications.

Figure 3.6 illustrates how TxDOT developed this threshold
temperature differential value. Based on existing specifications

Photo courtesy of Mats Wendel, Swedish National Road Administration (SNRA).

Figure 3.5. IR line scanner performing thermal profiling.
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Table 3.1. IR Devices for Data Collection

Using Infrared and High-Speed Ground-Penetrating Radar for Uniformity Measurements on New HMA Layers

monitoring system
such as FLIR A320)

17,000 with required
options?

ing of temperature-rich video
Does not require constant operator
attendance

IR Device Approximate Cost (US$) Strengths Potential Drawbacks
Handheld spot 150-500 Inexpensive, compact Requires constant attendance
radiometer Already suitable for some DOT test Only logs high, low, and average
procedures
IR camera (such as 4,000 Inexpensive, compact Requires constant attendance
FLIR InfraCAM) Already suitable for some DOT test Only records snapshots; not practical for
procedures full-coverage testing
IR line scanner (such as | 19,0002 Directly measures entire mat width with up Unknown if turnkey software is commer-
Raytek MP150) to 1,024 measurement points per line cially available
Does not require constant operator Must be mounted onto paver
attendance
System developed and in use in Sweden
IR camera (a process 13,0002 Capabile of full-coverage testing and stream- | No turnkey software solution currently

available for full-coverage HMA
uniformity testing
Must be mounted onto paver

IR sensor bar (such as
MOBA Pave-IR)

18,000

System developed and in use in Texas

Does not require constant operator
attendance

Incorporates GPS

Turnkey system available for HMA testing

Sensor geometry and d:s ratio may
result in portions of mat not being
directly measured

Must be mounted onto paver

2The cost is the base price of the equipment. Availability of a software solution for HMA profiling may affect the price.

for density uniformity, numerous projects were tested with
thermal imaging equipment, and then cores at locations of
varying temperature were collected. On average, a tempera-
ture differential exceeding 25°F produced density variations
exceeding the specification maximum (6, 8). WSDOT selected
25°F because it discovered approximately 90% of field nuclear
density profiles failed to pass their density uniformity specifi-
cation when the temperature differential exceeded 25°F (I, 5).

Table 3.2. Thermal Imaging Manufacturers

Through research and implementation efforts, researchers
in Texas have conducted thermal investigations on more than
a dozen paving projects. Many of these results have been doc-
umented elsewhere through either research reports or techni-
cal memoranda. As an example case study, Figure 3.7 shows
an excerpt of thermal profile results from a Type D mix placed
in January 2005. This project used end-dump trucks into a
material transfer device (MTD), and the thermal survey using

Manufacturer Device Most Suited to IR Profiling of HMA Contact
DIAS Infrared GmbH IR cameras?® www.dias-infrared.de/index.php/content/view/4/37/lang,en/
FLIR IR cameras? www.flircom/US/
Infrared Cameras, Inc. IR cameras? www.infraredcamerasinc.com/
Infratec GmbH IR cameras? www.infratec.com
IRCAM GmbH IR cameras? www.ircam.de/startseite/startseite_d.php
IRCameras IR cameras?® www.ircameras.com/
IRCON Line scanner? http://ircon.com/
MOBA IR bar www.moba.de/en.html
Raytek Line scanner? www.raytek.com/Raytek/en-r0/
ShedWorks, Inc. IR bara www.shedworks.com/
Sierra Pacific Innovations | IR cameras? www.x20.org/thermal/index.htm
Xenics Line scanner, IR cameras? www.Xxenics.com/

2Commercial availability of a software solution for automated, full-coverage HMA thermal profiling is unknown for these devices.
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Figure 3.6. Example relationship between
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an IR sensor bar system revealed significant temperature dif-
ferentials along the longitudinal profile typical of truck-end
segregation. Based on the survey, TxDOT met with the con-
tractor and worked to improve the quality and uniformity of
the project through better control at the plant, use of a differ-
ent model MTD, and altered rolling patterns.

After modifying operational procedures, thermal profiles
exhibited significantly improved mat placement uniformity.
Figure 3.8 contrasts the resultant thermal profiles after the
contractor implemented changes to the original profile shown
in Figure 3.7.

Figures 3.9 and 3.10 illustrate how the changes in opera-
tions significantly tightened the measured placement tem-
perature distribution. With the initial operation, approximately
95% of measured temperatures fell within a 90°F window.
With the new operation based on the recommendations from
the thermal survey, approximately 95% of measured tempera-
tures fell within a 40°F window. Based on recommendations
from the initial thermal profile survey, the modified operation
reduced the range of mat placement temperatures by more
than 50%. Without the thermal survey, the extent of variabil-
ity in the initial paving operation likely would not have been
discovered.

In Europe, thermal imaging was recently performed on a
resurfacing project in the Netherlands. Researchers used two

. b i - - | — -
770 780 750 800 B10 80 630 540
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IR cameras and collected more than 400 images from the side
of the mat at predetermined 10-m intervals (10). Extensive
postprocessing of the images allowed researchers to compile
contour plots with distance of the mat temperatures (10).
Figure 3.11 shows one of the thermal plots generated from the
IR camera. Researchers in the Netherlands performing this
work also evaluated a line scanner and indicated they preferred
the line scanner because it was easier to use and produced con-
tour pictures immediately (A. Doree, unpublished data).

IR technology is more developed in Sweden, where line
scanners have been adopted for use to collect thermal pro-
files. Figure 3.5 shows a paver equipped with a line scanner
system, and Figure 3.12 shows example output from this
system.

Figure 3.13 illustrates another case study from thermal
profiling on a Texas project using an IR sensor bar system.
The paving train exhibited truck-end thermal segregation,
which showed up as cold spots in the IR profile. Figure 3.14
contrasts the surface appearance of a cold spot with the appear-
ance of a location with normal placement temperature. In this
case, the contractor elected to use a different MTD the next
day, which produced the profile shown in Figure 3.15. The
original operation produced placement temperature differ-
entials of 50°F to 80°F; the new operation reduced these dif-
ferentials to 30°F or less.

Current IR Implementation Status

Currently, WSDOT and TxDOT are the only agencies known
to have adopted thermal uniformity criteria in the United
States. WSDOT uses SOP 733 to check for pavement areas
with thermal differentials greater than 25°F. This procedure
uses either an IR camera or a handheld IR thermometer to
view at least five consecutive truckloads of HMA. When tem-
perature differentials exceeding 25°F exist, the WSDOT pro-
cedure checks the density of the cold spot with a nuclear
density gauge using the direct transmission mode. If four or
more locations with a density less than 89% of the reference
maximum density exist in a lot, the lot bid price is penalized
15%. In the WSDOT specification, only one location of low
density per truckload gets counted toward the cumulative
number of failing locations.

(text continues on page 16)
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Figure 3.7. Example thermal profile from initial paving operation (9).
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Figure 3.8. Example thermal profile from modified paving operation (9).
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Figure 3.11. Surface temperature profile from the University of Twente (10).
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Figure 3.12. Thermal profile output from line scanner system in Sweden.
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Figure 3.13. Initial paving operation thermal profile (11).
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Figure 3.14. Thermal cold spot (left) and normal (right) locations on HMA mat (11).

(continued from page 13)

TxDOT uses a similar approach, in which Test Method
Tex-244-F evaluates the project using a handheld IR ther-
mometer to check for areas with temperature differentials
exceeding 25°F. Tex-244-F profiles the mat temperature for
a distance of 150 ft, or two truckloads, and TxDOT specifi-
cations call for at least one test per sublot. Locations with
thermal segregation are evaluated for density differentials
using Test Method Tex-207-F, Part V. TxDOT specifications
eliminate any production or placement bonus for any sub-
lot with a failing density profile. Table 3.3 shows TxDOT’s
current density profile criteria.

In Europe, despite thermal sensors being widely used in the
asphalt-laying process, additional research has been done
only in Sweden and the Netherlands, and there are only a few
publications regarding the technology and survey results. IR

410 420 430 440 450

Figure 3.15. Modified operation thermal profile (11).

460 470

technology is most implemented in Sweden, where Region
Stockholm has used it for more than 15 years and has used a
bonus and fines system for about 10 years.

Current GPR Technologies
Background

GPR sends discrete electromagnetic pulses into the pavement
and then captures the reflections from layer interfaces in the
pavement structure. Radar is an electromagnetic wave and
therefore obeys the laws governing reflection and transmis-
sion of electromagnetic waves in layered media. At each inter-
face within a pavement structure, a part of the incident energy
is reflected, and a part is transmitted. Figure 3.16 shows a
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Table 3.3. TxDOT Density Profile Criteria

Highest to Lowest Average to Lowest
Maximum Allowable Maximum Allowable
Mixture Type Density Range (Ib/ft?) | Density Range (Ib/ft3)
Types Aand B 8.0 5.0
Types C, D, 6.0 3.0
and F

typical plot of captured reflected energy versus time for a
single GPR pulse.

The amplitude of radar reflections and the time delay
between reflections are used to calculate layer thicknesses and
layer dielectrics. For purposes of this study, the surface layer
dielectric is of most interest. As will be described, the surface
dielectric is the parameter that is used as an indicator of seg-
regation. The surface dielectric is calculated as follows (12):

~ [ 1+ A /A, ]2
‘T li-A/A,
where
€, = dielectric of the surface layer,
A, =amplitude of surface reflection (V), and
A,, =amplitude of reflection from a large metal plate (V)
(this represents 100% reflection).
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The use of GPR for quality control (QC) in HMA pavements
has been largely headed by European efforts. The first GPR
tests on roads in Europe were done in the late 1970s and early
1980s in Scandinavia. These GPR tests were performed using
ground-coupled antennas in Sweden (13-15) and in Denmark
(16). Although the results were promising, the method did not
receive general acceptance at that time (17). However, after the
mid-1980s, the method rapidly became a routine survey tool
in various road design and rehabilitation projects in Finland
(18-21). The first tests on asphalt were done in the late 1980s
when high-frequency antennas were tested in pavement thick-
ness measurements and for detecting transverse crack growth
in pavements (20).

In Central Europe, according to Hobbs et al. (22), the first
civil engineering tests with GPR in the United Kingdom were
done in 1984. Since then, the published GPR research has
focused especially on concrete structures (23) and pavement
testing (24-26). In France, the main focus has been on pave-
ment testing (26). In the Netherlands, the main application
on roads has been layer thickness measurements (27).

The idea for using the GPR technique to measure asphalt air
void content was tested in Rovaniemi, Finland, for the first time
in the summer of 1993 in a project financed by the Finnish
Technology Development Centre (TEKES)(28). This involved
testing a multichannel GPR system manufactured by the
Canadian company Road Radar, Ltd. The tests were conducted
on experimentally paved asphalt pedestrian paths along HW 4
between Rovaniemi and Saarenkyld, which contained void
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Figure 3.16. Example signal from a GPR pulse (12).
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spaces of different types depending on the number of times
the pavements had been rolled. The results were not encour-
aging, although this was mainly because of technical prob-
lems with both hardware and software.

However, following some promising results achieved
through laboratory research in 1994 and 1995 at the Texas
A&M Transportation Institute (TTT), the research in Finland
was continued in the summer of 1996 in the form of a joint
project initiated by the Finnish National Road Administra-
tion, the University of Oulu, and Neste Oy (17, 28-30). This
project involved testing the measurement methods in labora-
tories and at actual pavement-laying sites in southern and
northern Finland. Tests were also carried out to determine
whether GPR could be used in real-time compaction moni-
toring, as Figure 3.17 shows. The GPR equipment used in
these tests was GSSI 1-GHz antennas. Based on the laboratory
tests, a model for the correlation between dielectric value and
air void content was developed. After the final laboratory and
field tests were completed in 1997, the surface reflection tech-
nique was accepted as the standard quality control method
for asphalt pavements in Finland.

In 2004, the Finnish transport agency Finnra (33) pub-
lished the first specifications concerning the use of GPR tech-
niques in road rehabilitation projects. Research has also
begun on the transfer and use of GPR results by automated
road construction machinery (34).

Available GPR Systems

GPR antennas can be divided into ground-coupled and air-
coupled systems. The leading commercial manufacturers of

Figure 3.17. Testing the use of GPR in HMA
compaction guidance in Finland.
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ground-coupled antennas used in road, airport, and railway
surveys are GSSI (United States), IDS (Italy), MALA (Swe-
den), Penetradar Corporation (United States), Sensors and
Software (Canada), and UTSI Electronics (United Kingdom).
In addition, the 3D-Radar stepped-frequency GPR system
can be classified into the ground-coupled category.

In pavement quality control, air-coupled systems have cer-
tain advantages over ground-coupled systems. The greatest
advantage of these air-coupled systems is the repeatability of
their measurements since the antenna coupling does not
change with changes in the pavement properties. This allows
them to be used to measure changes in the material proper-
ties in asphalt quality control surveys (17). Another advan-
tage is that, because they are mounted above the pavement,
data collection can be done at full traffic speeds and, as such,
not interfere with traffic. Currently, horn antenna air-coupled
systems are manufactured by GSSI, Penetradar, Pulse Radar,
and Wavebounce, all from the United States, and butterfly
dipole systems are manufactured by Radar Team Sweden Ab.
Euradar air-coupled GPR systems have also been used in
pavement surveys in the Netherlands (27).

In Finland, Sweden, Estonia, and Germany, where the
pavement quality control tests have been conducted, the main
control system used was the GSSI SIR-10 with a 1-GHz horn
antenna, which was later replaced by the SIR-20 system. Some
tests have also been carried out in Finland and Sweden using
a GSSI 2.2-GHz horn antenna. In the United States, DOTs
with active GPR programs, such as TxDOT and the Florida
DOT, use 1-GHz systems from GSSI, Wavebounce, or Pulse.

GPR Hardware Specifications

In Europe, Finland is the only country routinely using GPR
in HMA quality control, and it is the only country that has set
specifications for the GPR hardware. Sweden has also
described a method for the use of GPR, and its GPR hardware
calibration procedure follows Finnish standards. The tests are
slightly modified GPR system tests developed by TTT for
TxDOT’s 1-GHz air-coupled systems (35). Appendix B shows
the TTI/TxDOT GPR specifications, which measure the fol-
lowing parameters:

¢ Noise-to-signal (N/S) ratio;

e Signal stability (amplitude and time jitters);

e Travel-time linearity;

e Long-term stability (time window shifting and amplitude
stability); and

e Penetration depth.

All of the hardware systems that are used in HMA quality
control in Finland have to pass these tests annually and meet
the criteria shown in Table 3.4. Based on the test results,a GPR
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Table 3.4. Specifications of Finnish GPR Systems for Asphalt Quality Control Surveys

Class A

GPR Systems Can Be Used in

Class B
GPR Systems in Finnra Surveys Can Be Used

Tester All Finnra Surveys (%) According to Special Terms and Instructions (%)
Noise-to-signal ratio 5 10

Short-term amplitude stability 1 3

Long-term amplitude stability 3 6

Long-term time stability 5 10

Travel-time linearity 5 7.5

system can receive one of two classifications, A or B, according
to these criteria. Class A systems can be used in all Finnish
Road Administration (Finnra) surveys, whereas Class B systems
can only be used if special protocols are followed. Figure 3.18
shows a system undergoing verification testing.

In addition to the functional specifications already men-
tioned, an additional concern with GPR surveys is the repeat-
ability of results. Several repeatability tests have been made
over the years with different GPR survey systems, and when
tests have been conducted during the same day, the repeat-
ability has been excellent, as Figure 3.19 shows.

Example GPR Case Studies

Asphalt air void content is one of the most important factors
affecting the life span and deformation properties of pave-
ments. Measuring void content using dielectric values relies
on the dielectric value of the asphalt pavement being a func-
tion of volumetric proportions and the dielectric values of its
components (28). Compaction of the asphalt reduces the
proportion of low-dielectric-value air in the asphalt mixture,
and it increases the volumetric proportions of bitumen and

Figure 3.18. GPR system testing.

rock and thus results in higher dielectric values of asphalt (17,
21, 31). The observed relationship between dielectric value
and air void content is logarithmic, as Figure 3.20 shows.

EuropPeAN ExPERIENCES WiTH GPR FOR HMA QUALITY CONTROL
The GPR measurements in the field are performed using a
1-GHz horn antenna. At that frequency, the thickness range of
measured density is normally 0 to 30 mm. Higher frequency
(2.2-GHz) antennas can and should be used to measure the
density of thinner overlays. Preliminary tests have shown that
the 2.2-GHz systems seem to work better, especially with
remix pavements, but they are also more sensitive to varia-
tions in asphalt surface texture and to external noise (36).

Dielectric values of asphalt surfacing are calculated by
using the surface reflection technique. Following the GPR
field evaluation, one or two calibration cores are taken, and
these cores are returned to the laboratory for traditional void
content determination. For each type of aggregate and mix
design, similarly shaped relationships have been developed
(31). The calibration cores are used to establish the link for
each specific project. In 1999, GPR was accepted for use as a
quality control tool, among other pavement density measure-
ment techniques, on all new surfacing projects in Finland.
Since 2004, GPR has been the only method allowed on high-
traffic-volume roads because it does not obstruct traffic. In
addition to quality control or quality assurance surveys of
new asphalt pavement, GPR has, during the past few years,
been applied increasingly in quality control surveys of other
road structures (37).

A description of the current Finnish method for the use of
GPR in asphalt air void content measurement is presented in
Appendix C. Five companies in Finland can perform these sur-
veys. According to reports from industry personnel, the benefits
of the GPR systems are the continuous profile provided, the fact
that data collection does not interrupt traffic, the safety offered
to workers, and that the survey is nondestructive. Another ben-
efit is that problem locations can easily be identified from the
GPR profiles and, in turn, be tracked to places in the field. This
allows the contractor to not only repair these sections but also
improve his or her work methods and practice.

Copyright National Academy of Sciences. All rights reserved.
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Figure 3.19. Repeatability tests of four GPR runs with 2.2-GHz GSSI system (36).

Currently, the greatest problem, especially among Finnra
personnel, is that there is a slight mistrust of the results. In
addition, the single equation in current use is not totally
applicable to all mixtures and aggregates. One reason for
these problems is that the measurement and analysis process
is not described precisely enough. Other problems reported
by the contractors and survey consultants include the
following:

e The GPR survey cannot be performed when pavement is
wet, resulting in long wait times during rainy days.

e When the outer wheelpath is measured, there are differ-
ences in the results because of compaction of the asphalt
by heavy traffic.

e Drilling reference samples is dangerous on busy roads. In
practice, it has to be done at night.

e Reference drill core analysis is not always reliable. Two
cores from the same location can give different results.
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Figure 3.20. Relationship between HMA void content
and dielectric values (31). Note that dielectric values
are measured with capacitance-based Percometer
surface probe.

e Slag or other additives in the HMA mix may cause dielec-
tric values to be too high, and consequently the model does
not work.

e Old asphalt affects the results too much with thin pave-
ments in remix pavements.

e The model may not work with really thin (<30 mm)
pavements.

¢ Bridges may skew the results.

e Utility works in urban areas may affect the results.

For the aforementioned reasons, Finnra, the Rovaniemi
University of Applied Sciences, and GPR consultants are plan-
ning to establish a new research project to improve mathemat-
ical models for pavement void content calculations and
rewrite the specifications. Furthermore, the Swedish and Nor-
wegian road administrations and GPR contractors may join
the research project.

In addition to being used for quality control for density
measurement, GPR is also a great tool for detecting asphalt
segregation, even though it has not been used routinely in these
surveys. Figure 3.21 presents a good example of the use of GPR
to detect problems with asphalt segregation. In the GPR data,
a reduction in dielectric value was observed at the end of each
truckload and at other places where an experimental paver had
problems. The experimental paver causing these problems was
replaced by a conventional machine at 2,700 m, and after that
point the quality improved. The measurement results, taken
from the inner and outer wheelpaths, also show a commonly
encountered trend: Dielectric values are always slightly higher
in the outer wheelpath than in the inner wheelpath as a result
of the compaction effect of heavy traffic.

Figure 3.22 presents an example of segregation detection
using GPR and videos in Sweden, and Figure 3.23 presents an
example of using a three-dimensional GPR technique and
time slices to map the segregated areas in an airport runway.
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Figure 3.21. Dielectric value of asphalt at Ylinampa (17).

Figure courtesy of Roadscanners Oy.

Figure 3.22. HMA segregation measured with GPR and calculated as void content. Note that this
figure also presents GPR data and HMA thickness information at the top.
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Segregation on
top asphalt layer

Figure 3.23. Segregation detection with three-dimensional GPR (28). Note that segregation of
the larger area is deeper in the asphalt, which can also be seen in the three-dimensional radar
GPR time-slice view calculated from a depth of 50 mm. This case presents a 100 m x 30 m area

of an airport runway.

GPR FOR QUALITY CONTROL IN THE UNITED STATES

Unlike in Finland, GPR has not been officially adopted for
quality control in the United States. However, states such as
Texas and Florida do have GPR programs in which the tech-
nology is used routinely for pavement surveys to look for
stripping damage and trapped water and to detect layer thick-
ness and changes in structure. Additionally, work in Texas has
followed in the path of the Finnish experience by beginning
to employ GPR for compaction measurement and segrega-
tion detection (8, 9). Researchers use the following relation-
ship for relating the measured HMA surface dielectric value
to air voids:

9% Air Voids = A X ¢ BxSurface Dielectric

where A and B are laboratory-determined constants.

As an example, Figure 3.24 shows the GPR and core data
used to calibrate the GPR surface layer dielectric value to air
void content on a Type C mix in Texas. After making this cali-
bration, density profiles such as those shown in Figure 3.25
can be developed for the entire section. Texas researchers
have performed these analyses on more than a dozen projects
across the state; however, the efforts remain largely in the
research realm. Currently, such an analysis is not an official
DOT method.

Status of Implementation of GPR

In Europe, the GPR technique has been routinely used in Fin-
land, but the Swedish National Road Administration has also
arranged extensive tests of the technique and has prepared a
description of the technique. Other countries where the GPR
technique has been tested in asphalt quality control are Estonia

and Germany. The most implementation has occurred in
Finland, where pay schedules exist based on the GPR measure-
ments. Appendix C presents the current Finnish Pallystalan
neuvottelukunta (PANK) method.

In the United States, several DOTs have active GPR pro-
grams. However, these programs primarily use GPR for layer
thickness measurement, identification of section breaks,
detection of trapped water or excessively wet materials, and
investigation for signs of HMA stripping. Use of GPR for
HMA construction quality control is not an official method
in any DOT in the United States.

Supplemental NDT Devices

While full-coverage data collection relies on devices such as
IR and GPR, several spot-test devices are available as checks on
the other NDT data. For example, the nonnuclear Pavement
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Figure 3.24. Calibration of GPR surface
dielectric to core air void content (6).
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Figure 3.25. In-place percent air voids of new overlay measured with

GPR (6).

Quality Indicator (PQI), nuclear density gauge, and nonnu-
clear Pavetracker Plus (each shown in Figure 3.26) can be
used for spot density measurements and have been used in
the United States and Europe. Problems reported with these
devices are usually caused by large variations in surface
texture.

Additionally, a handheld GPR called the Spot, made by
Wavebounce, can quickly measure the surface dielectric value
at a test location. Figure 3.27 shows the Spot. All of these
spot-test devices could be used to complete the data set at
field validation locations prior to cutting cores.

Figure 3.26. PQI, nuclear density gauge, and
Pavetracker Plus.

Sweden has developed a density-on-the-run (DOR) sys-
tem, as shown in Figure 3.28. This system uses three sensors
in an HMA quality survey. Its advantage is a continuous
profile, but like other contact measurement devices it is sen-
sitive to changes in surface texture. Also, this system cannot
be used when the pavement is wet.

Figure 3.27. Spot handheld GPR.

Copyright National Academy of Sciences. All rights reserved.
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Photo courtesy of Svante Johansson.

Figure 3.28. Swedish DOR system for continuous
pavement density.

Conclusions from Literature Search

In North America, HMA construction is governed by agency
specifications in which placement acceptance is largely based
on core results. However, some agencies have implemented
thermal uniformity testing. These procedures rely on hand-
held radiometers, IR cameras, or IR bar systems. The use of
GPR for HMA construction quality control is not an official
method in any DOT in the United States. The practice of
using GPR for density measurement has been employed, but
only in a research capacity.

In Europe, methods for quality control and quality assur-
ance are governed by national standards and specifications.
In the new performance-based contracts, all of the quality-
related issues have also been made the responsibility of the
contractor. In such cases, contractors are only interested in
on-site, real-time quality assurance and guidance. For this
work, thermal cameras, line scanners, and other thermal sen-
sors can provide valuable data that can be used to detect seg-
regation. According to this search, these techniques are most
widely used in Sweden and the Netherlands. However, the
greatest part of HMA is paved in Europe through normal
contracts, and drill cores remain the primary method of qual-
ity assurance. Only in Finland is the GPR technique in rou-
tine use.

A key task for road administrations in the future will be to
ensure and to document the homogeneity of HMA construc-
tion. This can be achieved during the placement process
through the use of thermal measurement systems. IR bar and
IR line scanner solutions exist for collecting the placement
data. The homogeneity of HMA density can be verified after
compaction using multichannel GPR techniques that facili-
tate the measurement of a newly paved lane surface in its
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entirety with a single pass. All the data can then be stored in a
database that can be used if and when pavement defects
appear in certain road sections.

Recommended NDT Equipment
and Test Protocols

Summary

Based on a review of the available equipment and the strong
desire of the SHRP 2 project team to focus on full-coverage
testing, the IR sensor bar represents the most commercially
developed solution for thermal profiling. Both IR line scan-
ners and IR cameras would have offered a feasible solution if
commercially available systems for thermal profiling HMA
construction had been available. However, during the course
of this SHRP 2 project, neither system became available as an
integrated package ready for deployment for testing asphalt-
mixture construction.

With GPR, the multiple-antenna systems provide the ideal
setup of profiling because they collect data across the entire
mat width in one pass. However, the use of a single-channel
system also offers an acceptable solution. The following sec-
tions detail the IR and GPR equipment and test protocols
recommended for use in the demonstrations that researchers
conducted in this project.

Recommended IR Equipment

The most commercially developed IR imaging equipment
for full-coverage testing is the IR bar system. Such a system
is commercially available from MOBA Corporation; shown
in Figure 3.29, this unit was used in the field demonstra-
tions. Appendix D presents the current test method for
using this equipment; this method was used for the field
demonstration.

Photo courtesy of MOBA Corporation.

Figure 3.29. MOBA Pave-IR.
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The IR line scanner solution shown in Figure 3.5 was
developed and field proven in Sweden, but it did not become
commercially available during the duration of this project.
Appendix A presents the method used in Sweden with this
system.

The IR camera solution is the least-developed method for
full-coverage thermal profiling of HMA construction. Although
the automation camera can generate a temperature-rich plan
view with custom software development, during the course of
this project no known software solution became available on
the market.

Recommended GPR Equipment

The single-channel GPR system, such as GSSI’s SIR-20 system
with a 1-GHz antenna (shown in Figure 3.18), is what Fin-
land has implemented for quality control measurements.
However, demonstration in the United States is complicated
by the fact that the primary GPR systems used internationally
for such applications currently are not FCC compliant.

In light of this fact, whenever available, the 2.2-GHz GSSI
system was demonstrated in the field. The research team used
the basic method implemented in Finland and presented in
Appendix C. On all demonstration projects, the research
team also demonstrated TTI’s 1-GHz air-coupled radar sys-
tem using the procedures outlined in Appendix E.

In addition to their demonstrating TTT’s 1-GHz and GSST’s
2.2-GHz radar systems, the project team attempted to dem-
onstrate other systems, including the Penetradar multiple-
channel integrated radar inspection system (IRIS), shown in
Figures 3.30 and 3.31, and the 3d-Radar (now owned by
Curtiss-Wright) system, shown in Figures 3.32 and 3.33. The
Penetradar and 3d-Radar systems have the advantage of
being able to collect full-coverage data with one pass of the
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Photo courtesy of Penetradar Corporation.

Figure 3.30. Penetradar multiple-channel IRIS
system.

vehicle over the newly constructed HMA mat; however,
neither system was available for any of the demonstration
projects. Arrangements to demonstrate the Penetradar sys-
tem never materialized, largely because of scheduling and
budgetary constraints. Demonstration of the 3d-Radar sys-
tem was precluded largely by the extended lead times neces-
sary to obtain required FCC approvals.

Detailed Test Plan
Summary

This section describes details of the test plan used to demon-
strate IR and GPR technologies for uniformity measurements
of new HMA layers. Researchers used the paver-mounted IR
bar system as the primary means of IR data collection and spot
radiometers for periodic verification of temperature measure-
ments. A commercial package for thermal profiling of HMA
layers with the IR line scanner or camera systems never became
commercially available during the course of this project.
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Image courtesy of Penetradar Corporation.

Figure 3.31. Plan profile output from Penetradar IRIS mapping software.
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Photo courtesy of Roadscanners Oy.

Figure 3.32. 3d-Radar system.

Researchers used a GPR system meeting the performance
requirements shown in Appendix B to collect the radar
profiles. The default system used was TTI’s 1-GHz system;
on some projects, GSSI’s 2.2-GHz system was also available
and demonstrated. The multiple-channel Penetradar IRIS
and the 3d-Radar systems were not available for the
demonstrations.

The research team used a field evaluation of the GPR data
to select core locations, which were tested in the laboratory to
validate the significance of the IR and GPR surveys. Details of
the proposed test plan follow.

Participating DOTs

Researchers performed demonstrations in cooperation with
the Texas, Florida, Minnesota, and Maine DOTs to demon-
strate the NDT technologies in all four AASHTO regions.
During the course of this project, interest in participation was
also received from Washington State, New Jersey, Virginia,
and the province of Quebec.

Wikdth (m)

Image courtesy of 3d-Radar.

Figure 3.33. Plan profile output from 3d-Radar system.
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Type of Project

All demonstration projects took place on surface mixes. The
Texas project used a stone mastic asphalt (SMA), while the
remaining projects used Superpave SP-12.5 mixtures. The first
demonstration took place in Texas in September 2009. Two
projects used windrow elevators, one project used bobtail
trucks to dump the mix directly into the paver hopper, and
one project used a material transfer device.

Equipment Necessary

The research team used the following equipment for primary
NDT field data collection: a MOBA Pave-IR with GPS and a
GPR system meeting the performance requirements shown
in Appendix B. The following supplementary pieces of equip-
ment were used for spot testing and coring: spot radiometers,
a thin-lift nuclear density gauge, and a coring rig.

Collecting IR and GPR Data

In the field, the project team relied on the IR bar system for
thermal profile collection and TTI’s 1-GHz GPR system for
the radar surveys. The GSSI 2.2-GHz radar system was also
demonstrated on some projects.

Collecting IR Data

The protocol used for collecting the IR bar data followed the
procedure adopted in TxDOT Test Method Tex-244-F (shown
in Appendix D). The following is a summary of the IR bar
data collection procedure:

e Install the IR bar system onto the paver in accordance with
the manufacturer’s instructions. If the system has adjust-
able sensor spacing, set the outer sensors no closer than 2 ft
from the mat edge.

e Calibrate the distance encoder on the IR system over a
length of at least 100 ft.

Copyright National Academy of Sciences. All rights reserved.
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e Document the mixture type, contractor, haul distance,
haul truck type, target placement temperature, environ-
mental conditions, and paving train equipment.

e Initiate data collection upon the starting of the paving train,
setting the IR system to collect a scan at no more than 6-in.
intervals.

e The IR bar system automatically collects and displays the
thermal profile once data collection is initiated.

Collecting GPR Data

The GPR data collection followed the Finnish and Texas
methods included in Appendices C and E, respectively. The
following procedure summarizes the process:

¢ Atthe project site, set up the GPR equipment and allow the
antenna to warm up according to the manufacturer’s
instructions.

o After placement and completion of finish rolling on the
new HMA mat, collect GPR data in each wheelpath and the
pavement centerline within the desired section limits. Col-
lect data based on distance with a GPR trace collected at a
maximum spacing of 1 ft.

¢ Collect the complete reflection (metal plate) data file.

Selecting and Documenting Locations
of Calibration Cores

The research project team selected core locations based on field
observations of varying temperature (from the IR survey) and
dielectric (from the GPR survey). Core locations from the IR
survey were selected by reviewing the thermal profile data in
the field and then identifying at least five locations where the
temperatures represented by the core locations spanned the
observed placement temperatures.

The project team selected core locations from the GPR sur-
vey by first performing a field review of the GPR profiles and
identifying the span of dielectric values represented. Next, at
least five locations where the surface dielectric values repre-
sented by the core locations spanned the observed dielectrics
were identified.

Supplemental Measurements

Several tools exist to supplement the IR and GPR surveys. The
project team used spot radiometers to supplement the auto-
mated IR measurements. After core locations were selected, a
thin-lift nuclear gauge provided a mechanism for estimation
of density.

Laboratory Testing

The primary laboratory test of interest conducted on the
cores was the determination of bulk specific gravity (ASTM
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D2726) and air void content (ASTM D3203). This is because
density plays such a large role in the performance of the mat,
and the thrust of interest in the NDT demonstrations was to
assess the uniformity of the new mat. When possible, the
research team also performed a performance test on the cores.
Tests considered included the Hamburg Test (Test Method
Tex-242-F), which is a rutting test; the Overlay Test (Test
Method Tex-248-F), which is a crack-resistance test that indi-
rectly relates to fatigue properties; and the indirect tensile
strength test (ASTM D6931).

Demonstration Project
in AASHTO Region 4

Summary

The first demonstration project took place September 29,
2009, in AASHTO Region 4 on US-190 near Woodville, Texas.
The researchers used a MOBA Pave-IR system to collect ther-
mal profile data and supplemented the measurements with a
handheld spot radiometer for collecting placement tempera-
ture data at core locations. At the time of testing, no com-
mercially available IR package using either a line scanner or a
thermal camera was available.

TTT’s 1-GHz system was used for the GPR data collection.
The GSSI 2.2-GHz air-coupled system with radio frequency
(RF) filter was also demonstrated. Efforts were made to secure
participation of Penetradar and 3d-Radar systems. Schedul-
ing conflicts, however, precluded Penetradar from participat-
ing, and 3d-Radar needed a longer window of opportunity to
secure FCC clearance.

Job Mix Formula

The contractor placed a 1.5-in. lift of SMA-D constructed
under TxDOT Standard Specification Item 346. The mix
used PG 76-22 binder with 0.20% fibers. Table 3.5 shows the
gradation job mix formula (JMF) for the mix produced the
day of testing. Table 3.6 shows the JMF and QC/QA results for
asphalt content.

Paving Operation

The contractor produced the mix in Livingston, Texas,
resulting in a haul distance of approximately 30 mi. Belly
dump trucks and a Lincoln 660 AXL windrow elevator were
used to convey mix into an Ingersoll Rand PF 3200 paver.
The contractor overlapped the truck windrows by approxi-
mately 30 ft and paved the eastbound inside lane from Sta-
tion 166 + 11 to 177 + 80. Heavy rains at the plant resulted
in cutting the workday short. Figure 3.34 shows the paving
train.
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Table 3.5. Job Mix Formula for SMA-D on Region 4 Demonstration

Current JMF Cumulative | JMF Individual Retained TxDOT QC/QA Test Data Contractor QC/QA Test Data
Sieve Size Percent Passing Limits, Percent Cumulative Percent Passing | Cumulative Percent Passing
% in. 100.0 0-5 100.0 100.0
Y2 in. 86.0 9-19 82.0 89.3
% in. 57.5 23.5-33.5 56.6 60.8
No. 4 23.5 29-39 23.0 245
No. 8 23.6 0-4.9 19.2 20.2
No. 16 19.0 1.6-7.6 15.9 16.8
No. 30 15.6 0.4-6.4 13.7 14.8
No. 50 12.8 0-5.8 124 13.8
No. 200 10.5 0-5.3 10.2 10.4

Note: Data courtesy of TxDOT.

Thermal Survey Result

Figure 3.35 shows the MOBA Pave-IR collecting thermal
profile data on the project. Figure 3.36 shows the thermal
profiles from the project. The thermal data show reduced
temperatures at the truck ends with temperature differen-
tials typically around 30°F. Ten locations were marked for
further investigation, as annotated in Figure 3.36. Table 3.7
presents the measured temperatures and transverse and lon-
gitudinal distances to these locations.

GPR Survey Result

After the contractor completed finish rolling, the researchers
collected GPR data over both wheelpaths and the centerline
with TTT’s 1-GHz and GSSI’s 2-GHz systems. Figure 3.37
shows the GPR data collection in progress. The GPR data
produced measurements of the surface HMA dielectric con-
stant spatially over the test area, as Figures 3.38 and 3.39
show. The purpose of these dielectric measurements was to
calibrate with the HMA density for full-coverage prediction
of in-place HMA density. The 1-GHz system was used to col-
lect stationary GPR data directly over the 10 locations previ-
ously marked from the thermal data for calibration to density.
Table 3.8 shows the GPR-measured surface dielectric values
for the 10 cores.

Table 3.6. Asphalt Content JMF and QC/
QA Results from Region 4 Demonstration

TxDOT QC/QA | Contractor QC/QA
JMF (%) Result (%) Result (%)
6.1 6.4 6.2

Note: Data courtesy of TxDOT.

NDT Validation Test Results

To validate the meaning of the NDT data, a field sequence
and a laboratory sequence were performed on the 10 loca-
tions. In the field, researchers collected nuclear density read-
ings with a Troxler 3450 using a 60-s count time. In the
laboratory, researchers determined the bulk specific gravity
of the cores followed by permeability with the constant head
method and then used the Overlay Test for a performance
evaluation. Laboratory testing concluded with asphalt con-
tent by ignition oven and gradation determination. Table 3.9
presents the density data, permeability, and asphalt content
results merged with the temperature and GPR measurements,
and Table 3.10 presents the gradation results. The cores did
not reach the failure criteria in the Overlay Test.

Figure 3.34. Paving operation on Region 4
demonstration.
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Table 3.7. Core Locations with IR-Measured
Temperature for Region 4 Demonstration

IR Temperature | Longitudinal Transverse Offset
Core (°F) Distance (ft) | from Inside Joint (in.)
1 290 163 41
2 250 310 28
3 300 347 50
4 265 817 29
5 292 836 47
6 245 977 1083
7 274 980 25
8 300 1,015 39
9 239 1,156 50
10 265 1,156 30

Figure 3.35. Pave-IR collecting thermal profile
data on Region 4 demonstration.

Y
1079521t

Figure 3.36. Thermal profile of SMA-D from Region 4 demonstration.
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Figure 3.37. 1-GHz (left) and 2-GHz (right) GPR data collection.
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Figure 3.38. Surface dielectric measured with 1-GHz
GPR system on Region 4 demonstration.

Figure 3.39. Surface dielectric measured with 2-GHz GPR
system on Region 4 demonstration.
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Table 3.8. GPR-Measured Core Dielectric Values from
1-GHz System on Region 4 Demonstration Project

Core 1 2 3 4 5 6 7 8 9 10
GPRe | 4.9 4.9 4.6 49 (48 |48 | 4.8

4.5 5.0 5.4

With the core data complete, researchers analyzed the IR
and GPR data in conjunction with the core validation results
to investigate the significance of the NDT readings. Appen-
dix F of this report presents correlation matrices for the data,
along with results from tests for the significance of the
observed correlation values.

Significance of Thermal Data

Historically, thermal cold spots typically show up as low-
density locations in the mat. Therefore, the first thing
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investigated was whether the temperature data or thermal
differentials correlated to density or density changes, respec-
tively. Figures 3.40 and 3.41 illustrate that on this project the
temperature data did not correlate with density or changes
in density.

As the correlation matrices in Appendix F show, the tem-
perature data did correlate with several gradation parameters.
The hotter locations were finer in gradation from the No. 16
and smaller sieves; however, from a practical perspective, the
gradation results in Table 3.10 show that virtually all the cores
are within the DOT allowable operational tolerances for these
sieve sizes.

Significance of GPR Data

Low surface dielectric values typically indicate higher air
voids in the compacted HMA. On this project, as illustrated

Table 3.9. Region 4 Core Density and Overlay Test Results with Field NDT Data

Field IR Field £ Field Nuclear Laboratory Laboratory Permeability Asphalt
Core | Temperature (°F) | from GPR | Density (Ib/ft?) | Density (Ib/ft®) | Percent Air Voids? (cm/s) Content (%)
1 290 4.9 133.8 139.8 7.2 3.493 E-05 5.6
2 250 4.5 127.0 140.7 6.6 2.662 E-04 5.6
3 300 4.9 136.1 143.7 4.6 No flow 5.8
4 265 5.0 132.1 135.8 9.9 4.742 E-05 6.1
5 292 4.6 130.2 139.8 7.2 2.237 E-04 5.8
6 245 54 136.9 145.7 3.3 No flow 6.0
7 274 4.9 133.2 131.4 12.8 1.31 E-07 5.8
8 300 4.8 131.9 1421 5.7 1.688 E-04 5.5
9 239 4.8 132.2 138.9 7.9 2.138 E-05 6.0
10 265 4.8 129.9 135.3 10.3 5.535 E-04 6.4
aBased on TxDOT QC/QA-determined maximum theoretical specific gravity of 150.7 Ib/ft®.
Table 3.10. Region 4 Core Gradation Results?

Core 2 3 4 5 6 7 8 9 10 JMF

% in. 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0

Y2 in. 86.1 89.6 88.4 89.2 89.7 91.7 85.6 89.1 87.6 86.0

Y8 in. 61.2 69.7 65.7 65.5 68.9 67.8 63.0 66.7 64.7 57.5

No. 4 26.3 32.0 28.8 271 29.0 28.9 26.6 29.1 29.9 23.5

No. 8 20.0 24.4 21.7 20.5 21.2 20.8 19.9 22.2 23.4 23.6

No. 16 15.6 19.9 17.6 16.6 17.1 16.6 16.4 17.8 18.9 19.0

No. 30 13.3 17.3 15.2 14.3 14.7 141 141 15.0 16.3 15.6

No. 50 1.4 15.3 13.3 12.6 12.9 12.2 12.3 12.7 14.3 12.8

No. 200 8.1 11.8 10.1 9.5 9.6 9.1 9.0 8.5 10.7 10.5

Note: Entries in bold are outside the JMF percent passing operational tolerances.

aPercent passing. Results for Core 1 not available due to sample-handling accident.
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Figure 3.40. Lack of correlation between
temperature and density with Region 4
data.

by Figure 3.42, the GPR-measured surface dielectric constant
correlated well with field nuclear density readings; however,
neither the GPR nor the nuclear gauge correlated with the
laboratory-measured core densities. More research needs to
be conducted to determine why the GPR did not correlate
with the laboratory densities. This project represented the first
time these GPR quality control procedures were attempted on
this mix type; it is unknown if the mix type, the presence of
fibers, or the rain at the plant contributed to the lack of cor-
relation between the GPR and core densities.

As with the thermal data, the GPR result did relate to
changes in some of the gradation parameters. As shown in
the correlation data in Appendix F, increases in the GPR-
measured HMA dielectric correlated with increases in per-
cent passing the ¥2-in., No. 4, and particularly the %-in. sieve,
as shown in Figure 3.43. This increase in percent passing
these sieve sizes was accompanied by increases in the indi-
vidual percent retained on the No. 4 and No. 8 sieves.
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Figure 3.41. Lack of correlation between
temperature and density differentials
with Region 4 data.
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Figure 3.42. Lack of correlation between
GPR and laboratory density with Region 4
data.

If GPR will ever be a feasible option for uniformity mea-
surement on a national scale, the equipment must be com-
mercially available. In the United States, the GSSI 2-GHz
system represents the most likely candidate because of its
compliance with FCC regulations. Because of this, research-
ers evaluated the output from the GSSI system in comparison
with the measured surface dielectrics from TTI’s 1-GHz sys-
tem for each of the three GPR passes. As Figure 3.44 illus-
trates, although the GSSI-measured values are typically
around 0.5 higher, good correlation exists between the two
systems.

Conclusions from Test Site

At the US-190 demonstration site, the infrared NDT operated
well and succeeded in covering nearly 100% of the constructed

10
1)
£ 8 2 -
- 6 2 —
L 3
w g
% > 4 > 0///
c @ y =7.3642x - 0.2097 + :/ .
TR - .
R? = 0.4669 » g
e ¢
B ﬁ > " -5
e = I ] @
= > -1 0—0.5//.-2‘ 0 = 0.5 1
?:D 0/// + 4 .
© &
= g
o * 6
Q

Change in GPR-Measured Surface
Dielectric

Figure 3.43. Gradation changes with changes in
measured dielectric value with Region 4 data.
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Figure 3.44. Surface dielectrics measured
with 1-GHz and 2-GHz systems on
Region 4 demonstration project.

area. With cores collected at locations representing a range of
temperatures from 239°F to 300°F, a cross-section analysis
did not find a correlation between the temperature and core
density. The GPR data similarly worked well and succeeded
in providing a view of nearly 100% of the constructed area
but did not correlate with core density.

This project represented the first time these NDT proce-
dures were employed on this mix type. Historically, work
with the IR and GPR tests has focused on dense-graded
mixes. It is unknown if the mix type, the presence of fibers
in the mix, the rain at the plant during production, or some
other factor resulted in the lack of correlation between the
NDT and laboratory core densities on this project. If pos-
sible, this mix type should be tested again. Future work may
be needed to identify whether these NDT procedures
should be restricted to certain mix types or placement
processes.

Demonstration Project
in AASHTO Region 2

Summary

This demonstration took place on June 14-15, 2010, in
AASHTO Region 2 on Lake Underhill Drive near Orlando,
Florida. The researchers used a MOBA Pave-IR system to
collect thermal profile data and supplemented the measure-
ments with a handheld spot radiometer for collecting place-
ment temperature data at core locations. At the time of
testing, no commercially available IR package using either a
line scanner or a thermal camera was available.

TTT’s 1-GHz system was used for the GPR data collection
on the first night of demonstrations. The TTI 1-GHz system
and the GSSI 2.2-GHz air-coupled system with RF filter were
used on the second night of demonstrations.
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Table 3.11. Job Mix Formula for SP-12.5 on Region 2
Demonstration Project

Current JMF JMF Individual
Cumulative Retained Primary
Sieve Size | Percent Passing | Limits, Percent | Control Sieve
% in. 100.0 100
Y2 in. 98.0 90-100
% in. 89.0 -90
No. 4 65.0
No. 8 48.0 28-58 39
No. 16 38.0
No. 30 30.0
No. 50 20.0
No. 100 9.0 2-10
No. 200 4.8

Job Mix Formula

The contractor placed a 1.5-in. lift of SP-12.5 traffic level C.
The mix was designed at 75 gyrations and used 30% crushed
reclaimed asphalt pavement (RAP) and 3.5% RA 1000 to
obtain the optimum asphalt content of 5.2%. Table 3.11
shows the gradation job mix formula.

Paving Operation

The contractor produced the mix near Kissimmee, Florida,
resulting in a haul distance of approximately 30 mi, and used
tarped bobtail trucks to transfer the mix into a Cat AP 100D
paver. Two Sakai R2H rollers in tandem provided breakdown
rolling, and an IR DD-112 was used for finish rolling.
Figure 3.45 shows the paving train.

Figure 3.45. Paving operation on demonstration
project in Region 2.
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Thermal Survey Result

Figure 3.46 shows the thermal profile from the project. The
thermal data were collected from 81.25279 W, 28.53927 N to
81.2489 W, 28.53941 N. The profiled section began just west
of the intersection with Econlockhatchee Trail and proceeded
east for approximately 1,270 ft. The thermal data show
reduced temperatures at the truck ends with temperature dif-
ferentials typically between 70°F and 90°F. Locations spot
tested are annotated in the profile, and Table 3.12 presents
their placement temperatures.
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GPR Survey Result

After the contractor completed finish rolling, the researchers
collected GPR data at five different transverse offsets over the
mat width. Figure 3.47 shows the GPR data collection in
progress with TTI’s 1-GHz air-coupled system. The GPR sur-
vey began 110 ft east of the starting point of the thermal sur-
vey to avoid the intersection with Econlockhatchee Trail.
After collecting data from the five passes, the 1-GHz system
was then used to collect stationary GPR data directly over the
10 locations marked in the thermal data for calibration to

Figure 3.46. SP-12.5 thermal profile. Note that the true distance profiled was 1,270 ft.
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Table 3.12. Region 2 Core Locations with IR-Measured

Placement Temperature

Core 1

10

IR Temperature (°F) | 283 | 218 | 299

301

215 | 284 | 228 | 212 | 292 | 206

Figure 3.47. GPR data collection on Region 2 project.

density. Table 3.13 shows the GPR-measured surface-layer
dielectric values for the 10 cores.

NDT Validation Test Results

To validate the meaning of the NDT data, a field sequence
and a laboratory sequence were performed on the 10 loca-
tions. In the field, researchers collected nuclear density read-
ings with a Troxler 3450 using a 60-s count time. In the
laboratory, researchers determined the bulk specific gravity
of the cores and measured the maximum theoretical density

Table 3.13. Core Dielectric Values from 1-GHz GPR
on Region 2 Project

1
4.8

2
4.2

3
4.9

10
4.1

Core

GPR ¢

4.7 5.1 4.0 | 45

of a sample of loose mix collected from the job site to convert
the densities to air void contents. Table 3.14 presents the
density data results merged with the temperature and GPR
measurements. Appendix G presents correlation matrices
for the data, along with results from tests for the significance
of the observed correlation values.

Significance of Thermal Data

Figure 3.48 illustrates a statistically significant correlation
between the measured placement temperature and in-place
air voids. Figure 3.49 shows the correlation between the
observed density differentials and the measured tempera-
ture differentials.

Significance of GPR Data

Low surface dielectric values typically indicate higher air
voids in the compacted HMA. On this project, as illustrated

Table 3.14. Core Density and Overlay Test Results with Field NDT Data

from Region 2 Project

Field IR Field Field Nuclear Laboratory Laboratory Percent
Core | Temperature (°F) | from GPR | Density (Ib/ft%) | Density (Ib/ft%) Air Voids?
1 283 4.8 126.7 140.5 8.4
2 218 4.2 126.2 136.2 11.2
3 299 4.9 139.2 144.0 6.2
4 301 4.7 141.9 144.2 6.0
5 215 4.4 134.7 137.3 10.5
6 284 5.1 141.2 143.4 6.5
7 228 4.4 133.9 140.0 8.9
8 212 4.0 128.8 135.8 11.5
9 292 4.5 134.1 137.6 10.3
10 206 4.1 127.4 131.9 14.0

2Based on maximum theoretical specific gravity of 153.5 Ib/ft®.
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Figure 3.48. Relationship between
temperature and core density from
Region 2 data.

by Figure 3.50, the GPR-measured surface dielectric constant
correlated well with laboratory core densities. Figure 3.51
shows how density differentials correlated with changes in
the GPR-measured dielectric.

With the relationship shown in Figure 3.50, both the statistical
and geospatial distributions of air voids can be developed by
converting each GPR trace into an air void content prediction,
yielding more than 4,500 measurement points. Figure 3.52 pre-
sents the expected air void distribution, and Figure 3.53 presents
the expected geospatial distribution of air voids on the section
surveyed by GPR.

Focusing on the worst (air voids > 12%) regions in Figure 3.53
and comparing these locations to the thermal profile in
Figure 3.46 reveals that the areas with the highest air voids also
had significant temperature differentials:

e The red zone at the start of the GPR data in Figure 3.53
corresponds to approximately 105 ft in the thermal profile
figure. The thermal data showed a temperature differential
of approximately 70°F at this location.
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Figure 3.49. Density differentials versus
temperature differentials from Region 2
data.
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Figure 3.53. Geospatial distribution of air voids for SP-12.5 HMA
in Region 2.

e The red zone at approximately 170 ft in Figure 3.53 corre-
sponds with a 60°F temperature differential at 268 ft in the
thermal profile.

e The localized high void region at approximately 710 ft
in Figure 3.53 matches the location of the paver stop at
774 ft in the thermal profile; at this location, the mix sur-
face temperature was approximately 190°F in the thermal
profile.

e The large zone of high air voids centered around 925 ft in
Figure 3.53 corresponds with temperature differentials
from 60°F to 90°F centered around 977 ft in the thermal
profile. At this location, the mix placement temperature
ranged from 210°F to 230°F.

¢ The high-void region from 1,110 to 1,150 ft in Figure 3.53
matches the cold spot centered around 1,170 ft in the ther-
mal profile. The cold zone ranged in temperature from
approximately 210°F to 230°F; the surrounding mix that
was not thermally segregated typically ranged in tempera-
ture from 270°F to 300°F.

Conclusions from Test Site

At the demonstration site in AASHTO Region 2, the infra-
red NDT operated well and succeeded in covering nearly
100% of the constructed area. The data showed a defensible
statistical correlation between the placement temperature
and the mix density. Although the thermal survey cannot
capture the effects of rolling delays or other issues that may
occur after placement, the GPR survey occurs after all finish

rolling to serve as a final quality check. At this demonstra-
tion site, the GPR correlated well with in-place density and
succeeded at providing a view of nearly 100% of the con-
structed area.

Additional data analysis revealed that the locations of
highest air voids, as evaluated with GPR, also exhibited sig-
nificant temperature differentials in the thermal profile. The
NDT technologies produced similar results in identifying the
poorest areas of the mat.

Demonstration Project
in AASHTO Region 3

Summary

This demonstration took place on September 20, 2010, in
AASHTO Region 3 on the second lift of the eastbound driv-
ing lane of TH-60 just east of Worthington, Minnesota. The
project team used a MOBA Pave-IR system to collect ther-
mal profile data and supplemented the measurements with
a handheld spot radiometer for collecting placement tem-
perature data at core locations. TTI’s 1-GHz system was
used for the GPR data collection. The morning following
the demonstration, the Minnesota DOT (MnDOT) col-
lected GPR data over the test section with its GSSI 2.2-GHz
air-coupled system. The data showed thermal variations
correlated strongly with density differentials, and the GPR
worked well for evaluating the density uniformity of the
section.
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Table 3.15. Job Mix Formula for SP-12.5
on Region 3 Demonstration Project

Sieve Size Composite Formula | Broadband
% in. 100 100-100
Y2in. 96 85-100
% in. 85 35-90
No. 4 63 30-80
No. 8 54 25-65
No. 16 39

No. 30 26

No. 50 13

No. 100 6

No. 200 3.7 2-7
Spec. voids 4.0 3.0-5.0
% AC 5.0 4.6

Job Mix Formula

The contractor placed a 1.5-in. lift of MnDOT SPWEB440E.
This is a gyratory design wearing course with a 4.0% air void
requirement, a %-in. maximum aggregate size, and PG
64-28 binder. The day of the demonstration, the second of
three lifts was placed, and the mix was produced as WMA
using the foam process. Table 3.15 shows the job mix formula,
which included 30% plant RAP.

Paving Operation

The total project length was approximately 15 mi, with the
plant located approximately midway along the project, for a
haul distance of approximately 6 mi. The contractor used a
combination of belly dump, tandem axle, and flow boy trucks
to windrow the mix. A Barber Green pickup machine trans-
ferred the mix into a CAT AP 1000D. A CAT CB 64 and
Hamm HD 140 in tandem performed breakdown rolling, a
Dynapac CP 27 and CAT PS 360 in tandem performed inter-
mediate rolling, and a Dynapac CC 522 performed finish roll-
ing. Figure 3.54 shows the paving train.

Thermal Survey Result

Figure 3.55 shows the thermal profile from the project. The
thermal data that the evaluation focused on were collected
from Stations 245 to 270, which resulted in a test section
approximately 2,500 ft long. The thermal data show a few
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Figure 3.54. Paving operation during Region 3
demonstration.

instances of severe truck-end temperature differentials (with
temperature differentials around 60°F) occurring just before
Station 238, just after Station 249, and at Station 267. A drop
in the mean placement temperature occurred just after Sta-
tion 259, and a long paver stop lasting approximately 35 min
occurred at approximately Station 265 + 60. Locations spot
tested for densities are annotated in the profile, and Table 3.16
presents their placement temperatures.

GPR Survey Result

After the contractor completed finish rolling, the researchers
collected GPR data at five different transverse offsets over the
mat width using TTI’s 1-GHz air-coupled system. Figure 3.56
shows the GPR data collection in progress. After collecting
the five passes, the 1-GHz system was then used to collect
stationary GPR data directly over the 10 locations marked in
the thermal data for calibration to density. Table 3.17 shows
the GPR-measured surface dielectric values for the 10 cores.

NDT Validation Test Results

To validate the meaning of the NDT data, a field sequence
and a laboratory sequence were performed on the 10 loca-
tions. In the field, researchers collected nuclear density read-
ings with a Troxler 3450 using a 60-s count time. Then, two
4-in.-diameter cores were collected side by side in the field at
the 10 spot-test locations. In the laboratory, researchers
determined the bulk specific gravity of the cores, followed by
the indirect tensile strength, asphalt content by ignition, and
then aggregate gradation. Table 3.18 presents the NDT data

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22769

Using Infrared and High-Speed Ground-Penetrating Radar for Uniformity Measurements on New HMA Layers

Figure 3.55. Thermal profile from Region 3 project.
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Table 3.16. Region 3 Core Locations with IR-Measured

Placement Temperature

Core 1 2 3

IR Temperature (°F) | 264 | 220 | 266

212 | 261 | 238 | 218 | 228 | 235 | 177

merged with the core results. The core density and indirect
tension (IDT) values presented are the average of the two
side-by-side cores at each location. For asphalt content and
gradation, the side-by-side cores were combined into one
larger sample.

With the core data complete, researchers analyzed the IR
and GPR data in conjunction with the core validation
results to investigate the significance of the NDT readings.
Appendix H presents correlation matrices for the data,
along with results from tests for the significance of the
observed correlation values.

Significance of Thermal Data

Figure 3.57 illustrates how the thermal cold spots typically
correlated with both a segregated mat appearance and an
eventual low-density location in the completed mat. These
thermally segregated locations corresponded to truck
ends. Figure 3.58 illustrates a statistically significant cor-
relation observed between the measured placement tem-
peratures and in-place air voids from the project, and
Figure 3.59 presents the relationship between density and
temperature differentials. Figures 3.58 and 3.59 exclude
core 8 because after placement this location was not rolled
for approximately 35 min due to the location’s proximity
to a paver stop.

Figure 3.56. GPR data collection on Region 3
demonstration project.

At the location of the paver stop, which occurred at approxi-
mately Station 265460, the paver remained idle for approxi-
mately 35 min. Immediately leading up to this point, the mean
mixture temperature was about 230°F. However, because of the
paver stopping, a portion of the placed mat did not get rolled
until the paving train resumed. Additionally, the paver burners
continued to heat the mat underneath the screed. The net
effects were that the location not rolled during the paver stop
became low in density regardless of the temperature at the time
of placement. A visual mark taking the shape of the burners
occurred in the pavement, and riders felt a bump in the com-
pleted mat at the location of the paver stop. Figure 3.60 illus-
trates these occurrences.

Figure 3.61 shows significant thermal segregation (with a
temperature differential of approximately 60°F) that occurred
shortly after the paving train resumed. At this location, the
mean mix temperature was still reduced to approximately
220°F to 230°F. (The mix earlier in the day typically averaged
250°F to 260°F.) As in other instances of thermal segregation,
the cold streaks showed up visually in the mat and became a
low-density location. An important observation from this sec-
tion of the mat is that although the mean mixture tempera-
ture dropped about 20°F into the 230°F range, the density
achieved at the “normal” temperature in this section was still
reasonable at ~6.5% air voids. This observation matches pre-
vious experiences in the literature of thermal profiling, which
indicates that, from a stochastic viewpoint, thermal differen-
tials are more meaningful when observed over short paving
distances.

In addition to the correlation with air voids, the test data also
revealed that the thermally segregated locations exhibited sub-
stantially reduced indirect tensile strengths. Figure 3.62 illus-
trates the correlation observed in the data set. The data show an
approximately 1-psi reduction in tensile strength for each
degree of temperature drop at the time of placement.

Finally, the correlation matrices in Appendix H reveal that
the thermal data correlated to the mixture gradation. The data
showed a positive correlation between the temperature and per-
cent passing. In addition to exhibiting reduced density and
reduced tensile strengths, the thermally segregated locations
tended to also be coarser in gradation. The data did not show a
statistically significant correlation between the measured place-
ment temperature and the asphalt cement content.
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Table 3.17. Core Dielectric Values from 1-GHz GPR

on Region 3 Project

11

Core 1 2 3 4 5 6 7 8 9 10
GPR | 415 | 37 | 41 | 39 | 405 | 405 | 3.85 | 355 | 415 | 3.8
Table 3.18. NDT Data with Core Results from Region 3 Demonstration
Core 1 2 3 4 5 6 7 8 9 10
IR temperature (°F) 264 220 266 212 261 238 218 228 235 177
Dielectric 4.15 3.7 4.1 3.9 4.05 4.05 3.85 3.55 4.15 3.8
Nuclear density (Ib/ft3) | 140.7 | 1242 | 1374 | 1322 | 137.0 | 1364 | 1332 | 1232 | 1383 | 121.4
Core voids (%) 6.0 11.5 5.8 12.2 6.8 7.2 9.4 15.0 6.4 14.8
IDT (psi) 135.6 71.9 | 120.1 66.9 | 116.9 | 103.5 78.8 50.7 | 109 39.1
% AC 5.95 4.97 5.51 5.67 5.51 5.97 5.07 5.49 5.27 5.05
Percent Passing
%in. 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0 | 100.0
Y in. 94.9 91.8 92.6 93.9 94.5 95.5 89.5 92.8 91.9 90.1
Ysin. 86.8 79.9 85.6 81.9 86.4 86.8 76.4 81.6 83.3 77.9
No. 4 65.8 56.8 63.7 62.0 66.1 66.7 56.8 62.6 61.2 58.3
No.8 56.8 48.1 54.2 53.6 56.2 56.7 48.6 52.8 51.4 48.3
No. 16 43.6 36.9 4.7 42.6 43.1 43.4 37.3 40 39 35.6
No. 30 30.2 25.9 28.6 31.1 29.5 29.7 25.6 26.8 26.3 23.5
No. 50 16.2 14.2 14.9 19.0 15.9 15.9 13.6 14.0 13.8 12.0
No. 100 7.6 6.9 6.9 11.7 7.9 7.7 6.6 6.8 66 5.6
No. 200 4.7 4.2 4.1 9.1 5.2 5.0 4.2 4.3 4.1 3.5

2Based on maximum theoretical specific gravity of 152.6 Ib/ft® obtained from MnDOT records.

Typical thermally segregated
location from project

Typical uniform
location

Figure 3.57. Example of core densities and mat appearance with
thermal segregation from demonstration in Region 3.
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SP-12.5 WMA
(foam process)
PG 64-28

Figure 3.58. Air voids versus placement
temperature from Region 3 project.

Significance of GPR Data

Low surface dielectric values typically indicate higher air
voids in the compacted HMA. On this project, as illustrated
by Figure 3.63, the GPR-measured surface dielectric constant
correlated well with laboratory core densities. Figure 3.64
illustrates that a reduction in density of about 12 Ib/ft’ is
expected to occur for each drop of 0.5 in the measured sur-
face dielectric constant.

Using the calibration between radar and air voids shown
in Figure 3.63, each of the GPR measurements was con-
verted to an air void measurement, resulting in more than
8,000 measurements of air voids geospatially over the sec-
tion evaluated. These data served to generate the statistical

Felling
delay

Paver stop ~ 35 minutes
~ 20 ft of mat not rolled
during this time
Becomes low density
regardless of temp. at
time of placement
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Figure 3.59. Density versus temperature
differentials from Region 3 project.

and geospatial distribution of air voids, as Figures 3.65 and
3.66 illustrate.

In Figure 3.66, the air voids are color coded according to
MnDOT’s pay schedule: below 7% air voids is the bonus
region, from 7% to 8% air voids is pay unity, and air voids
exceeding 8% result in a penalty. Table 3.19 presents the loca-
tions of the highest air void regions (red) in Figure 3.66.
A joint review of the GPR and thermal profile outputs sug-
gests that, in general, the cold spots observed in the thermal
profile match well with the locations of low density observed
in the GPR output. Additionally, the GPR output suggests the
low-density locations typically occur at intervals averaging

Bump felt at transition

Figure 3.60. Influence of prolonged paver stops from Region 3

demonstration project.
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Mean mixture temperature has
dropped ~20°F
e Voids in the “normal” temperature
sections still in the 6% range
e Thermal streaks visibly evident
Figure 3.61. Significant thermal segregation on Region 3
demonstration.
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Figure 3.66. Geospatial distribution of air voids on
Region 3 demonstration.
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Figure 3.67. Core IDT versus dielectric from
Region 3 project.

either approximately 120 ft or 240 ft. These intervals are con-
sistent with the windrow lengths one would expect from tan-
dem axle trucks and belly dump or flow boys, respectively,
suggesting the cyclic low density largely resulted from truck-
end segregation.

In addition to the correlation with air voids, the GPR cor-
related well with the indirect tensile strength, where locations
with higher dielectric values also exhibited increased strength
values. Figure 3.67 illustrates this observation.

The correlation matrices in Appendix H also show a rela-
tion between the radar data and the percent passing the %-in.
sieve, where increases in the dielectric correlated with increases
in percent passing. The data did not show a statistically signifi-
cant correlation between the measured surface dielectric con-
stant and the asphalt cement content.

Conclusions from Test Site

At the demonstration site in AASHTO Region 3, the infrared
NDT operated well and succeeded in covering nearly 100% of

Table 3.19. Summary of Low-Density Locations from GPR on Region 3 Project

Distance in GPR Distance (ft) from Previous

(Station 245 Is Zero in GPR) | Station Low-Density Location Comment

260 247 + 60 Not applicable Cold spot in IR

1,240 257 +40 980

1,475 259 +75 235 Cold spot in IR

1,725 262 +25 250 Cold spot in IR

1,840 263 + 40 115

1,940 264 + 40 100 Leading up to paver stop
2,050 265+ 50 110 Paver stop

2,200 267 +00 150 Cold spot in IR

2,440 269 + 40 240 May match IR ~ Station 269
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Figure 3.68. Flow diagram relating NDT to mixture properties.

the constructed area. The data showed a defensible statistical
correlation between the placement temperature and mix
density. Although the thermal survey cannot capture the
effects of rolling delays or other issues that may occur after
placement, the GPR survey occurs after all finish rolling to
serve as a final quality check. At this demonstration site, the
GPR correlated well with in-place density and succeeded at
providing a view of nearly 100% of the constructed area.
The effect of roller delay resulting in low density, regardless
of placement temperature, was clearly observed on this
project.

Additional data analysis revealed that the locations of
highest air voids, as evaluated with GPR, also generally exhib-
ited significant temperature differentials in the thermal pro-
file. The two NDT technologies produced similar results in
identifying the poorest areas of the mat.

In performance-related testing, indirect tensile tests
revealed defensible relationships between the NDT, core den-
sity, and measured indirect tensile strength. The thermally
segregated and low-dielectric locations, which were low den-
sity, also exhibited reduced tensile strength. Based on these
observations, Figure 3.68 presents a flowchart illustrating
how the NDT could be viewed as relating to mixture
properties.

Demonstration Project
in AASHTO Region 1

Summary

This demonstration took place on August 10, 2011, in
AASHTO Region 1 on the southbound inside lane of 1-295
near Freeport, Maine. The project was a mill and inlay overlay
process, and Figure 3.69 illustrates the existing pavement
condition in the outside lane. The existing mix was placed in
the mid-1990s and exhibits cyclical raveling and pothole fail-
ures at approximately 150-ft intervals; these failures result in
a poor ride and are typical of cyclical segregation. Between
these failed locations, the HMA layer was in good condition,
so the new overlay was required largely because of cyclical
segregation problems in the old mat.

On the new overlay, the project team used a MOBA Pave-
IR system to collect thermal profile data and supplemented
the measurements with a handheld spot radiometer for

collecting placement temperature data at core locations.
TTT’s 1-GHz and GSSI’s 2.2-GHz air-coupled radar systems
were used for the GPR data collection. The results showed a
significant correlation between the temperature data and
eventual in-place core density, where colder locations detected
in the thermal profile generally exhibited lower in-place den-
sity after compaction. Additionally, both GPR systems worked
well for evaluating the density uniformity of the demonstra-
tion section.

Job Mix Formula

The contractor placed a 1.5-in. lift of HMA Mix-12.5MM
(WMA) with 15% RAP. This Superpave mixture was designed
at 75 gyrations with 5.7% binder. Of the total binder content,
5.0% was new PG 64-28. Table 3.20 shows the job mix
formula.

Paving Operation

The plant produced the WMA using a foam process with a
reported target production temperature of 300°F. After a haul
distance of approximately 25 mi, the contractor predomi-
nantly used end-dump trucks to deliver the mix into a Road-
tec SB 2500D, which then transferred the mix into a CAT AP
1055D to pave a mat 16 ft wide. Figure 3.70 shows the paving
train.

P =

Figure 3.69. Damage from segregation in old HVIA
mat on [-295.
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Table 3.20. Job Mix Formula
for SP-12.5 on Region 1

Test Site

Sieve Size Aim Specification
% in. 100 100
Y in. 98 90-100
Y in. 85 -90
No. 4 66 NA
No. 8 47 28-58
No. 16 34 NA
No. 30 23 NA
No. 50 14 NA
No. 100 8 NA
No. 200 4.8 2-10
% Binder 5.7 NA

Note: NA = not available.

Thermal Survey Result

Because the mat width was 16 ft, Pave-IR was set up to focus
data collection over the area of the inside lane and excluded
the area that would become the inside shoulder. The thermal
data the evaluation focused on was collected from Station 243
to Station 228, which resulted in a test section approximately
1,500 ft long. The paving train used 2 h and 18 min to pave
this section, with an average speed of 10.9 ft/min.

Figure 3.71 shows the thermal profile from the project.
Locations spot tested for densities are annotated in Figure 3.71,
and Table 3.21 presents their measured placement tempera-
tures. The largest anomalies in the thermal profile appear to
be a result of the three paver stops at Stations 242.65, 240.5,
and 239.64. The combined idle time from these three paver
stops was approximately 14 min.

Figure 3.70. Paving operation at Region 1
demonstration.
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By narrowing the color-scale range in the thermal profile,
Figure 3.72 highlights other thermal patterns observed in the
operation: (a) when observed, the colder zones in the mat
occurred near the center of the mat area appeared typical of
colder zones from truck exchanges; (b) from Station 240 to
Station 230, enough of a pattern was observed to suggest each
truck paved approximately 94 ft on average; and (c) two
zones, centered near Station 237.60 and Station 234.50,
existed where the mean truck mix temperature exceeded the
placement temperatures typically observed in the operation.

Figure 3.73 illustrates the distribution of placement tem-
peratures measured in the demonstration section. The
Maine DOT construction specification requires temperature
tolerances of 220°F at the paver. Figure 3.73 is based on data
collected at placement immediately behind the screed and
suggests substantial compliance with the specification
requirement.

GPR Survey Result

After the contractor completed finish rolling, the researchers
collected GPR data at five different transverse offsets over the
lane width using TTT’s 1-GHz and GSSI’s 2.2-GHz air-coupled
systems. Figure 3.74 shows the GPR data collection in progress.
After collecting the five passes, each system collected stationary
GPR data directly over the locations planned for calibration to
density. Table 3.22 shows the GPR-measured surface dielectric
values for the 11 field cores.

NDT Validation Test Results

To validate the meaning of the NDT data, a field sequence
and a laboratory sequence were performed on the 11 core
locations. In the field, researchers collected nuclear density
readings with a Troxler 3450 using a 60-s count time. Then
6-in.-diameter cores were collected at each spot-test location.
In the laboratory, researchers determined the bulk specific
gravity of the cores. Table 3.23 presents the NDT data merged
with the core results.

With the core data complete, researchers analyzed the IR
and GPR data in conjunction with the core validation results
to investigate the significance of the NDT readings. Appen-
dix I presents correlation matrices for the data, along with
results from tests for the significance of the observed correla-
tion values.

Significance of Thermal Data

Figure 3.75 illustrates how the thermal cold spots during nor-
mal placement typically became higher air void locations in
the mat. This figure omits cores 1 and 2 because those loca-
tions were in the hand-worked portion at the construction
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Figure 3.71. Thermal profile from Region 1 demonstration.

Table 3.21. Core Locations with IR-Measured Placement Temperature

from Region 1

Core

10

11

IR Temperature (°F)

237

263

232

217

196

244

269

242

267

243

249
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Figure 3.73. Distribution of placement temperatures at Region 1

demonstration.

joint beginning the pull, which would not be representative of
the normal placement operation. Figure 3.76 shows the statis-
tically significant relationship observed between the measured
density and temperature differentials.

For this mix design, the Maine DOT specification
requires a target density of 95.0%, with lower and upper
specification limits of 92.5% and 97.5%, respectively. Based
on the data in Figures 3.75 and 3.76, a temperature differ-
ential of 80°F would be required before the mixture density
would deviate from the target beyond the specification
limits.

Figure 3.74. GPR data collection for Region 1
demonstration.

Significance of GPR Data

Low surface dielectric values typically indicate higher air voids
in the compacted asphalt mixture. On this project, as illus-
trated by Figure 3.77, both GPR systems correlated well with
the laboratory core densities. Using the respective calibration
equations, each of the GPR measurements was converted to
an air void content measurement. This process resulted in
thousands of spot measurements over the test area and served
to generate the statistical distribution of air voids, as Figure 3.78
shows. The data show that even though the actual measured
dielectric values differed slightly between the two systems,
after calibration to the project’s field cores, the results nearly
match. Both systems estimate approximately 95% of the dem-
onstration mat area qualifies for pay bonus with air void con-
tents between 2.5% and 7.5%.

Because the geospatial position of each radar measurement
was also known, the data could serve to generate a contour
plot of the expected air voids over the mat area. Figures 3.79
and 3.80 present these plots for the I-295 project from the
1-GHz and 2.2-GHz radar systems, respectively.

Conclusions from Test Site

At the demonstration site in AASHTO Region 1, the infrared
NDT operated well and succeeded in covering nearly 100% of
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Core 1 2 3 4 5 6 7 8 9 10 11
GPR ¢ (1 GHz) 4.0 4.4 4.5 4.4 4.2 4.7 4.6 4.5 4.6 4.7 4.5
GPRe(22GHz) | 453 | 450 | 4.82 | 4.87 | 4.91 5.01 493 | 4.80 | 4.80 5.04 4.86
Table 3.23. NDT Data with Core Results from Region 1 Demonstration
Core 1 2 3 4 5 6 7 8 9 10 11
IR Temp (°F) 237 263 232 217 196 244 269 242 267 243 249
Dielectric from 1 GHz 4.0 4.4 4.5 4.4 4.2 4.7 4.6 4.5 4.6 4.7 4.5
Dielectric from 2.2 GHz 4.5 4.5 4.8 4.9 4.9 5.0 4.9 4.8 4.8 5.0 4.9
Nuclear Density (Ib/ft?) 134.1 139.1 142.6 142.5 142.8 144.6 143.9 142.6 145.4 145.3 142.9
Core Voids (%) 12.88 9.80 714 7.37 7.61 5.41 5.93 7.42 5.13 5.94 6.60
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Figure 3.76. Density differentials versus
temperature differentials from Region 1
demonstration.

Figure 3.77. Calibrating GPR to predict

Surface Dielectric from GPR

in-place air voids for Region 1 demonstration.
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Figure 3.78. Expected air void distribution on
Region 1 project.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22769

Using Infrared and High-Speed Ground-Penetrating Radar for Uniformity Measurements on New HMA Layers

0 % 100 150 20 30
12

B

0 !

20 30 M0 400 450 500
12 :

b

0 | | |

50 550 600 650 700 £}
I ———
6

0 '

™ 800 830 90 950 1000
B

0 I

1000 1050 100 1150 1200 1230
1

b

0

1250 1300 1350 10 145 1300

Figure 3.79. Geospatial distribution of
air voids on Region 1 project from
1-GHz radar.

= o o

=
2
-
2

= o 2

2
g8
8
&
g

=
&
=
g
8
2

= oS

2
o
&
g
&
g

= o S

1000 1050 1100 1150 1200 1250
1 :
E.
0
1250 1300 1350 1400 1450 1500
I .

e ~ - =
o ™ =

Figure 3.80. Geospatial distribution of air
voids on Region 1 project from 2.2-GHz radar.

the main-lane area. The data showed a statistical correlation
between the placement temperature data and the mix density.
Although the thermal survey cannot capture the effects of
rolling delays or other issues that may occur after placement,
the GPR survey occurs after all finish rolling to serve as a final
quality check. At this demonstration site, the GPR correlated
well with in-place density and succeeded at providing a view
of nearly 100% of the constructed area. After calibration to
the project’s cores, results from the 1-GHz and 2.2-GHz radar
systems nearly matched. This observation is important
because the 1-GHz system can no longer be obtained com-
mercially in the United States. The similarity of results
between the two radar systems shows the 2.2-GHz system,
which is commercially available, should be a viable solution
to perform uniformity evaluations on new asphalt mixture
construction.

Both thermal and radar data suggested uniform construc-
tion with substantial compliance to the specifications. With
the thermal data, if the two anomalies from paver stops are
ignored, the largest temperature differential represented by
the focused coring program is 37°F. With the radar data, a
full-coverage assessment of the demonstration area indicates
approximately 95% of the main-lane mat area contains air
voids within the bonus region.
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Conclusions and Suggested Research

Conclusions

This project demonstrated two nondestructive techniques
for detecting defect areas in new HMA construction. Both
technologies—IR imaging and GPR—test essentially 100%
of the new surface, providing more inspection coverage
than existing localized quality control methods.

The IR system produces a color-coded map showing place-
ment temperatures for the entire mat area; the system also
records and reports the locations of paver stops and their
duration. The use of GPS technology also means that poten-
tial defect areas can be accurately located for follow-up valida-
tion testing. The system provides the color-coded temperature
maps in real time to paving contractors, identifying potential
construction problems so that corrective actions can be taken
in the field. The IR profiling technology demonstrated in this
project is ready for widespread implementation. The results
presented in this project include the following highlights.

e The IR technology developed and demonstrated in this
project is now commercially available through MOBA Cor-
poration. This system worked very well to quantify possible
problem areas. Figures 3.48 and 3.58 clearly show the rela-
tionship between placement temperature and final air
voids. The lower the placement temperature, the higher the
final air voids.

e A critical finding was that the final air voids obtained were
also a function of other factors such as the rolling patterns
and mix workability issues, including the amount and type
of binder used. Regardless, this study found that cold
placement temperatures resulted in higher air voids. Deter-
mining if these thermally segregated locations are out of
density specifications will require additional testing.

¢ The use of warm-mix foaming technologies (at least with
the two projects tested in this study) produced some inter-
esting results. On one project (higher binder content and
low RAP content), the WMA compacted well even at place-
ment temperatures less than 200°F, whereas on another
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WMA with higher RAP content, very high air voids (almost
15%) were found at similar placement temperatures.

The severity of the thermal segregation problem was
apparent to the research team on the I-295 project tested in
AASHTO Region 1 in Maine. The project entailed a mill
and overlay process. Figure 3.69 showed that the old HMA
on this highway had very clear thermal segregation ravel-
ing and pothole failures at approximately 150-ft intervals,
resulting in a poor ride. Between these failed locations, the
HMA layer was in good condition. The new overlay was
being placed primarily because of cyclical thermal segrega-
tion problems in the old mat. Testing of the new mat with
IR imaging and GPR found it to be free of these thermal
segregation defects, with very uniform in-place densities.
Figures 3.63 and 3.76 clearly show that the computed surface
dielectric values from GPR correlate well with the air voids
measured on cores taken from the pavement. This means
that GPR data collected at very short test intervals (possibly
every foot) can readily be converted into surface air voids.
GPR has the advantage over IR imaging in that it is directly
correlated with the parameter of main interest to pavement
engineers (mat density).

The GPR hardware demonstrated in this project is com-
mercially available, but developing a complete package
including software will need some additional cooperative
efforts. Appendix E includes a description of the recom-
mended approach needed to convert GPR data into mat air
void data. The steps required are highlighted in Section 5.
These steps include the need for field coring at selected
locations, laboratory testing, and determining regression
equations relating field density to GPR dielectric. No stan-
dard relationship exists between dielectrics and air voids;
this relationship is mix specific. The dielectric value is a
function of aggregate type and binder content. However,
from this project, it is clear that any mix increase in air voids
will result in reductions in dielectrics. Project-specific cali-
brations are required for each job.
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Recommendations
on Specifications

Infrared Technology

Based on the findings of this project, thermal segregation
detection using an IR bar should be considered for imple-
mentation into agency specifications for uniformity assess-
ment. The system demonstrated in this report provides the
agency with color profile maps of placement temperatures
and the number and duration of paver stops. The additional
use of GPS technology ensures that these potential problem
areas can be accurately located for more follow-up testing.
The following activities should be initiated to aid in expedit-
ing implementation of IR systems:

e Conduct additional demonstration projects including the
full-scale validation coring as described in this report. At
least six additional DOTs (including one from a Canadian
province) contacted the research team during this study
and asked to be included in the demonstration testing. The
project, however, restricted demonstrations to four states.
This level of interest clearly shows that thermal segregation
is a recognized major concern for many, if not all, DOTs.

e Conduct webinars and other presentations at national
conferences to inform potential users.

¢ Arrange for visits to specific states to meet with key deci-
sion makers. These key decision makers are typically state
material engineers, paving contractor association represen-
tatives, IR equipment suppliers, and selected contractors.
The purpose of these visits should be to explain this tech-
nology in detail and to provide information on implemen-
tation options. The specific goals of these visits should be to
identify reporting requirements that will meet the DOT’s
objectives of constructing more uniform, longer-lasting
overlays; developing draft specifications; establishing pilot
implementation projects where the new technology can be
used in parallel with existing processes; and identifying how
the existing system can be customized to meet agencies’
reporting needs.

Several states are already considering or have drafted speci-
fications on how to incorporate IR technology into their
specifications. The state that has made the most progress is
Texas, and Appendix D presents its thermal profiling test pro-
cedure. No new penalties or bonuses are associated with the
construction specification other than the existing tempera-
ture requirements (where temperature differentials exceed-
ing 50°F can result in suspension of paving). For every station
in the job, the IR test system categorizes the degree of thermal
segregation into none, moderate, or severe. This system was
targeted as a help to the contracting industry with the benefit
of opening the paving window if the IR bar system is used and
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the mat is shown to be free of thermal segregation. The com-
ments from contractors have been encouraging in that the
system allows them to monitor their operations and deter-
mine if changes are required. The effect of paver stops on mat
quality has clearly been demonstrated with the applications
to date in Texas and Minnesota.

The TxDOT approach can be related to other DOTs, but they
may have substantially different needs and approaches. Four
different possible approaches include using the thermal profile

e For passive inspection, in which the thermal profile largely
serves as information to the contractor and agency to pro-
mote uniformity;

e To trigger other action when thermal segregation exists, for
example, locations with thermal segregation receive spot
testing with a density profile to determine if substantial
density differentials exist;

¢ To measure compliance with placement temperature toler-
ances, whereby the thermal profile simply measures if the
placement temperatures stay within the range required by
the agencies’ specifications; and

e For focused coring, in which, instead of random coring,
the engineer selects a core location for placement pay fac-
tors based on the thermal profile.

Ground-Penetrating Radar

From the findings in this research project, GPR has an advan-
tage over IR imaging, because it is used on the final mat after
compaction. If problems are found in the GPR analysis, these
will be low-density areas where future failures can be antici-
pated. However, additional development is needed to stream-
line the steps from data collection to project uniformity
evaluation before successful implementation can occur. This
streamlining process will require partnering with industry
and working with their radar systems to integrate the data
collection and processing functions into a full-featured sys-
tem tailored to uniformity assessment of new asphalt pave-
ment layers.

Appendix C presents the Finnish specification (PANK 4122)
for using GPR to compute asphalt layer densities. Appendix E
provides a recommended approach for collecting and process-
ing GPR for computing surface layer densities. Section 5 illus-
trates the steps needed to build a regression equation so that
mat air voids can be computed. No DOT in the United States
has pilot tested this approach for 100% coverage density mea-
surements. Based on the results presented in this report, the
GPR-based system provides many advantages over existing
procedures, and with some cooperative efforts a commercially
available system could be readily developed. The alternative
approach for a DOT would be to pilot test this approach with
GPR service providers.
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Suggested Research e Guidelines for minimum and maximum overlay thick-
) Lo _ nesses with each GPR system should be developed. The

The findings from work conducted indicate the following depth of influence of both the 1-GHz and 2.2-GHz sys-

topics exist for further exploration: tems used in this study was not clearly defined. It is sus-

 Work is needed to identify if the IR and GPR technologies pected that if the lift thickness is less than 1 in., then the
for uniformity assessment should be restricted to only cer- influence of the lower-layer mat affects the surface dielec-
tain mix types or certain placement operations. More work tric readings.
is needed to determine if these approaches are possible e Work is needed to streamline and make commercially avail-
with stone mastic asphalt and permeable friction courses. able the GPR data-processing procedures.
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Swedish National Road Administration Method
for Defining Temperature Variation During Paving

of Hot-Mix Asphalt

Summary

This method description is for defining temperature variation
during the paving of hot-mix asphalt (HMA). Binders are
specified based on low-temperature properties. When colder
surfaces are meant to be located, an evaluation can be made of
the risk for quality deficiencies in the pavement surface.

Conception

pavement pass. Width of the HMA after it has been laid by
the paver with one pass. The edge of the pass is the same as
the pavement surface edge after the pass.

line scanner. Digital equipment, such as an optical road laser,
which gives information row by row.

average value. The average of all measurement values greater
than 90°C inside the analysis area where the paver has been
moving in the last 30 min.

thermal camera. Thermographic instrument made with the
help of the line scanner technique to measure temperature
via infrared radiation.

angle of approach. Perpendicular angle between the pavement
surface and the central line of camera at measurement.

measuring width. Lane width from one edge of the pavement
to the other after the pavement has been laid.

individual value. The measured value x(i), which is registered
under 2 s. The measured value is the average value of tem-
perature from several target surfaces.

GPS. Global Positioning System, American positioning sys-
tem that makes use of satellites.

target surface. Surface that is instantaneously read by a line
scanner and gives measured values.

reference point. The center point of the target surface.

risk zone. Pavement surface that includes single points that
are lower than 90% of the running average for the pass (risk

for insufficient compaction). Binders are specified based on
low-temperature properties. Surfaces that are made colder
than optimum temperature are also risk zones.

risk area. Entire surface area of risk zones for the analyzed
pavement section.

risk part. Entire risk area for evaluated area in relation to
total pavement surface, expressed in %.

RT90. Height coordinate system.

standard focus. Definition of objective with magnification
33:1 on the distance of 1.52 m.

scan. Width of measurement divided into 256 measurements
points. These points (e.g., surfaces) seen along the object
form 256 longitudinal scans.

Equipment

Temperature Measurements with the Help
of Line Scanners (Thermal Camera)

Comment from Svante Johansson, SNRA: Measurement shall be
done with infrared line scanner pointing at the pavement surface
inan area I to 2 m behind the paver screed. The angle of approach
shall be maximum 45 degrees.

The spot area shall be a maximum of 20 cm. The enlarge-
ment degree is allowed to vary between 33:1 and 100:1. The
resolution shall be a minimum of 256 measurement values per
line distributed over the measurement area (90 degrees of a
rotation across the road direction). The measurement points
are distributed over an angle of 90 degrees. Every measure-
ment value represents an angle of 90/256 degrees. The thermal
camera shall be fixed to the paver with a distance between the
scanner and the aim point of 3 to 4.5 m.

Storing of data shall be done once every second and shall con-
sist of the average value per measurement point for 256 passes.
Measurements shall be done continuously during the ride.
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Other Equipment

Storage shall be done either in the camera or in another
storage device so that it is possible to present the data
afterward.

Calibration, Control

Calibration is performed normally with the retailer’s equip-
ment. A rough control is done by comparing with point
temperature gauges with accuracy of £1°C. Gauge depth
shall be between 10 and 20 mm. The control is performed
immediately after the thermal camera has registered the value.
It is a rough control because the temperature can fall up to
20°C/min after the HMA has been placed. The minimum
number of measurements is one point from the first HMA
load and one point from the last in the paving section, at least
two times per day. Locations for these measurements shall
be registered.

Measurement

The thermal camera shall be mounted to the paver. It shall read
and save pavement temperatures successively as the paver moves
forward.

Measurement data shall be registered at the same time with
actual length measurements so that graphic printouts can be
made afterward. Length measurements can be made with the
help of a measurement wheel.

A minimum of two times per day, length data should be reg-
istered with GPS or some other method that is just as accurate.
This should also be done with the start and end points of the
section where the work is done. Positioning should be done in
RT90 2.5 gon V 0:-15 national grid.
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Limits

The database shall be checked during evaluation for unknown
objects. These unknown objects are usually people that pass
by the measurement area when the infrared radiation is
reduced. Data from unknown objects that goes below 90°C
shall be deleted either manually or automatically. It shall be
clear that this measurement data is not relevant. Measure-
ment values under 90°C from the HMA (i.e., from other
objects such as machinery or people that are in the measure-
ment area) are deleted.

Report of Examination Results

Reporting is performed from the entire width, but 30 cm from
the edges of the pavement are left out of the evaluation area.

Measurement results shall be presented as a profile, where
the x axis is the length measurement. In addition, a graph shall
be presented from the measurements in two dimensions, where
different colors represent different temperatures. The report
should also include the project’s location and results from the
point temperature gauges. The report shall include risk zones
(graphically), risk areas, and risk part.

The results table shall contain the following information:

e Measurement company’s contact person;

¢ Measurement operator;

¢ Contractor’s contact person;

¢ Object type;

e Road number;

e Pavement type;

¢ Pavement thickness;

e Data from investigation moment, time, weather, and so forth;
e Total length of section; and

¢ Measurement length (length of measurement line).
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GPR Hardware Specifications for Systems Used

in TXxDOT

These specifications are based largely on the GPR reflection
from a large metal plate. The amplitude of reflection is mea-
sured in volts typically from the maximum positive peak to
the preceding negative.

Performance Specifications

1. Noise-to-signal ratio test: The antenna will be positioned
at its recommended operating height above a minimum
16 square foot (4 ft x 4 ft) metal plate. The radar unit shall
be turned on and allowed to operate for a 15-min warm-
up period. After warm-up, the unit shall be operated at
maximum pulse rate, and 50 radar waveform pulses shall
be recorded. The recorded waveforms shall then be eval-
uated for noise-to-signal ratio. No averaging or signal
cleanup such as sky wave removal (and reflection subtrac-
tion) shall be allowed. The noise-to-signal ratio is described
by the following equation:

Noise Level (A,)
Signal Level (A,,,)

<0.05(5%)

The signal level (A,,,) is defined as the average metal
plate reflection in volts as measured from the peak to the
preceding minimum. The noise level (A,) is defined as the
average maximum amplitude in volts occurring between
2 and 10 ns after the surface echo. The noise level is mea-
sured from any positive peak to either the preceding or the
trailing negative, whichever is greater. The noise-to-signal
ratio shall be less than or equal to 0.05 (5%).

2. Signal stability test: The same test configuration shall be
used as described in the noise-to-signal ratio test. Fifty
traces shall be recorded at the minimum data rate of
25 traces/s. The signal stability shall be evaluated using the
following equation:

A= Anin .01 (106)

AAVG
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where
A = maximum amplitude for all 50 traces,
Apin =minimum amplitude for all 50 traces, and
Ay = average trace amplitude of all 50 traces.

The signal stability test results for the GPR shall be less
than or equal to 1%.

. Long-term signal stability: The same test configuration

shall be used as described in the noise-to-signal ratio test.
The radar shall be switched on with no warm-up and
allowed to operate for 2 h continuously. As a minimum, a
single waveform shall be captured every 2 min, 60 in total.
The amplitude of reflection shall be calculated and plotted
against time. For the system to perform adequately the
amplitude should remain constant after a short warm-up
period. The stability criterion is as follows:

A = A0 03 (3%)

20

where
Ay, =amplitude measured at 20 min and
A,y =amplitude measured after 20 min.

. Variations in time-calibration factor: The same test con-

figuration shall be used as described in the noise-to-signal
ratio test; 50 traces are collected and the height of the
antenna is measured. The test is repeated at two other
heights. Typically, heights of approximately 15, 20, and
25 in. are used. The time delay from the end reflection at
the tip of the antenna to the metal plate reflection is mea-
sured for each trace, and their mean is time t; (where the
subscript represents height position at 7). The difference
between t, and t, represents the time to travel a fixed dis-
tance in air. For bistatic antennas the travel distance must
be calculated based on the system geometry. The factor C,
is calculated by dividing the distance by the time differ-
ence (inches per nanosecond). The factor C, represents
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the same between heights 2 and 3. The variation in time-
calibration factor is as shown below:

C-GC,

<0.02(2%)
Mean of C, and C,

The variation in time-calibration factor shall be less than
or equal to 2%.

End reflection test: The same test configuration and results
from the noise-to-signal ratio test shall be used. The ampli-
tude of the end reflection directly preceding the metal plate
reflection shall be measured. The size of the end reflection
shall be

Ag

<0.15(15%)

mp

where
Ag =amplitude of end reflection defined as any peak
occurring from 1 to 5 ns before the metal plate
reflection and
A,,, =mean of the amplitude of reflection from the
metal plate.

The end reflection in the metal plate test shall be less than
15% of the amplitude of metal plate reflection.
Symmetry of metal plate reflection: The same test config-
uration as used in the signal-to-noise ratio test shall be
used. Two different criteria have been established for sym-
metry, as described below:
6.1 The first criterion is the time from the maximum neg-
ative peak following the surface reflection to the zero
crossing point. The required specification is

tr<0.7ns

6.2 The second criterion is based on the symmetry of
the “legs” of the metal plate reflection. The ampli-
tude is measured from the positive peak to both the
preceding and trailing negative. The required speci-
fication is

Apin/Amax >0.95(95%)

where A, and A,,, are the minimum and maximum
metal plate reflections measured using the preceding or
trailing negatives. The ratio should be at least 95%.

. Concrete penetration test: The antenna shall be placed at

its recommended operating height above a 6-in.-thick
concrete block. The concrete block shall be nonreinforced,
a minimum age of 28 days, and a minimum 3,000 psi
compressive strength. The block shall be 3 ft x 3 ft or
greater to ensure that all the GPR energy enters the con-
crete. The concrete block shall be placed on top of a metal
plate. Two hundred traces shall be recorded. The reflection
amplitude from the top and bottom of the concrete block
shall be measured. The concrete penetration test is defined
by the following equation:

Abosom 5 95 (25%)

top

where
Ay, =mean of the measured return amplitude from
the top of the concrete slab and
Aportom = mean of the measured return amplitude from
the metal plate.

The concrete penetration test results for the GPR shall be
greater than or equal to 25%.
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Finnish PANK Method for Air Void Content of
Asphalt Pavement with GPR

PANK 4122: Air void content of asphalt pavement, ground-
penetrating radar method. Accepted first 10/26/1999 and
revised 5/9/2008

1. Purpose of the Method

Ground-penetrating radar (GPR) technology is used to mea-
sure the dielectric value of the asphalt pavement, which is
then used to calculate the air void content of the pavement.

2. Scope of Method
Application

The method is suitable for measurement of air void content
of new bituminous pavements regardless of the quality of the
base course.

This method description describes the measurement pro-
tocols that have been used since 2004 and that were updated
in 2008.

3. References

Tielaitoksen selvityksid 4/1998, Piillystetutkatutkimukset 1996-1997,
TIEL 3200499 (in Finnish).

Tielaitoksen selvityksid 6/1999, Paillystetutkatutka tiiviyden laadunval-
vonnassa, TIEL 3200552 (in Finnish).

PANK 4114, Asfalttipdillysteen tyhjdtila ja muut tilavuussuhteet (in
Finnish).

Scullion, T., C. L. Lau, and T. Saarenketo. Performance Specifications of
Ground Penetrating Radar. Proceedings of Sixth International Con-
ference on Ground-Penetrating Radar. Tohoku University, Sendai,
Japan, 1996, pp. 341-346.

4. Definitions

The term “air void content” is used to represent the ratio
between pore volume and the total volume of pavement and
is presented as percentage.
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The term dielectric value or “relative dielectric permittiv-
ity” refers to the capacity of a material to store, and then allow
the passage of, electromagnetic energy when an electrical
field is imposed upon it. It can also be described as a measure
of the ability of a material within an electromagnetic field to
become polarized, and therefore respond to, propagated elec-
tromagnetic waves. The dielectric value of a material is a func-
tion of volumetric proportions of its material components
and the dielectric properties of these components.

5. Test Method
5.1. Theory

In the method, air void content measurement is based on the
measurement of dielectric value of the pavement surface.
Dielectric value is one of the electrical properties of the mate-
rials. The dielectric value of a pavement is a function of the
dielectric values and volumetric proportions of its individual
components. Compaction decreases the air void content in
the pavement, which leads to a decrease in the volume of low-
dielectric-value component, air, and an increase in the pro-
portional content of bitumen and rock. Thus, compaction
leads to an increase in the dielectric value of the pavement.
A “surface reflection method,” which can only be done with
air-coupled antennae GPR systems, is used to determine the
dielectric value of the asphalt surface. The dielectric value of
pavement is obtained based on calculations of reflection
amplitudes from electrical interfaces, such as the air/pavement
interface. The air-coupled antenna transmits electromagnetic
pulses and their reflections from electrical interfaces are reg-
istered by a receiver antenna. When the EM pulses transmit-
ted by the antenna meet an electrical interface, for example
the pavement surface, a part of the energy is reflected and this
reflection is registered by a receiver antenna. The GPR unit
measures the respective peak-to-peak amplitude A1 for pave-
ment surface reflection. Figure C.1 illustrates the operational
principle of a bistatic horn antenna system: the transmitter
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Horn Antenna Pair

t = travel time in pavement

3ty =travel time in base
A1 = amplitude of reflection from asphalt
A2 = amplitude of reflection from base

Figure C.1. Operational principle of horn
antenna.

antenna (T) and receiver antenna (R) and numbers 1, 2, and
3 represent layer interfaces in the pavement structure.

The relative dielectric value of the pavement can be calcu-
lated by using Equation C.1:

2
1—A%
€, = A—m (Cl)
1A
Ay

where
A, =reflection amplitude from pavement surface and
A,, =reflection amplitude from a metal plate (complete
reflection).

5.2. Required Equipment

The pavement GPR equipment includes

e A > 1.0 GHz horn antenna (or other air-coupled antenna)
and antenna cable;

e Transmitter/receiver electronics (if not already built into
the antenna);

e A central unit with display containing data storage system;

e A survey vehicle; and

e A computer (PC) for processing measurement data.

5.3. GPR System Specification and
Calibration of the Equipment

The equipment used in surveys should pass annual antenna
specification tests (Scullion et al., 1996). Equipment should
be calibrated after each survey using air pulse and metal plate
tests. Optional calibration can be done using a rubber plate.
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5.4. Measurements

A minimum number of ten (10) measurements (scans) per
meter are recorded. Measurement time (range) used is 20 ns.
Maximum data-collection vehicle speed is defined according
to the data-collection capability of the GPR system; generally
it is greater than 60 km/h. One measurement covers an area
of approximately 300 mm X 300 mm. Data collection is con-
ducted as a continuous profile from the beginning to the end
of the survey section. As a basic rule, one wheelpath is mea-
sured from each paved lane. When needed, the contractor
and the client of the paving project can agree on the amount,
length, and location of survey lines.

Limiting Factors

Measurements are not allowed during rain or when the pave-
ment surface is wet. Likewise, measurements are not to be con-
ducted when the pavement is frozen or when air temperature
is below +1°C.

5.5. Calculation of Air Void Content

The calculation of air void values can be made using two
separate methods:

A. When a new hot-mix asphalt (HMA) is paved at least
80 kg/m? over unbound or bound base course or over an
old pavement, the calculation of the air voids content is
based on the calculation of mean dielectric values. The
method applies the results of laboratory tests conducted
to define the function between the dielectric value and air
void content (Roimela, 1998). The method includes, after
GPR measurements and calculations of mean dielectric
value have been done, taking one (1) calibration core sam-
ple from the pavement under survey (length at least 5 km)
that represents well the mean dielectric value calculated
after GPR data collection. In addition 2 + 2 representative
samples are taken from other sections around mean dielec-
tric value. The calibration coefficient calculated from the
representative section can then be used on other paving
sections in this contract if the asphalt plant, mixture, and
aggregate are the same.

B. Air voids content of new REMIX and RC pavements is
made using a “precise marking” method. In this method
the survey vehicle is stopped during the data collection at
the reference location and the point directly under the GPR
antenna is marked on the pavement using paint. A marker
is also added to the GPR data at the reference location and/
or the exact position along the survey line is documented
in the survey memos. In that case the exact total length of
the survey section also has to be documented just in case
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the distance has to be scaled afterward. Drill core samples
have to be taken at least once every survey line and/or on
longer surveys one sample every 10 km has to be taken.

In both options air void content of the calibration cores is
defined using laboratory methods approved by PANK. Using
the air void content value obtained from the calibration sam-
ples, and their respective dielectric values, a calibration coef-
ficient is determined for the calculation of air void contents
of the pavement. The formula for calculation of air void con-
tent y is presented as Equation C.2:

y =272.93¢71302%kex x between 1< x <n (C.2)

where
k = calibration coefficient and
€, = measured dielectric value using GPR surface reflection
method.

There is a more detailed description of the method in
the publication “Péillystetutkatutkimukset 1996-1997”
(Roimela, 1998).

6. Reporting the Survey Results

The results are presented in longitudinal diagrams or in table
format if needed. Air void contents are presented in the lon-
gitudinal profiles and in addition the measured dielectric
value and places for calibration drill cores and their results
should be presented. Additionally, the results can be presented
on a geographic information system map. This requires obtain-
ing location information from the object that is consistent with
the road register.

The survey report page must present, at the very least, the
following information:

¢ Information on the measurement organization;
e Information on the final customer;
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e Survey methods, GPR unit information, and software
used in the calculations;

e Air voids content limits with proper references, such as
O PANK Ry: Asphalt Standards 2000;

0% to 5% for single samples;

0% to 4% for mean values;

Mixture class with additional information, for instance

o O O

why higher limits have been used compared to the

standards;

Mixture type;

Project number;

Survey date;

General information on the project;

Project length (m);

Survey line length (used in calculation of sanctions);

Calculation section (if deviating from the measurement

length); and

O A table presenting the final calculation results: mean
value, standard deviation, meter higher or lower than
limits, percentage higher or lower than the limits and
average dielectric value of the survey line. Separate cal-
culations are made for each survey line and each project.
The results of the whole project define if sanctions have
to be applied.
If the ratio between dielectric value and air void content is
exceptional, the report has to clearly present a reason for this.
Figure C.2 provides an example of how to present results.

O O O O O O O

7. Measuring Accuracy

The measuring accuracy for air void content measurement
using the GPR surface reflection technique is £0.9%. This
statistical analysis result has been achieved through com-
parison of core sample results and GPR measurements
conducted as static shots over each individual measure-
ment point (R =0.9223).
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GPR Ltd
Sportsmanstreet 7 - 9
00000 Mammila

Air Voids Content Report 2004

Customer Road Administration / Tomi Tieto
Hallituskatu 21, 00000 Mammila
Project: Rova — Niemi Projectnr:  11-121
Road Nr: E4
Method: Voids Content Survey using GPR
Software: Road Doctor Pro v.2.2.
Air voids specs: PANK 2008 Mixture type: ABS
Road Class: Main road | Thickness: 90 kg/m2
Acceptance limits: 1, 5 -5 % single value Date: 9.6.2009
2 - 4 % mean value
Section length: 10000 m Section 1 start: 0 m
Survey length: 20000 m Section 1 end: 10 000 m
Section 2 start: 0 m
Section 2 end: 10 000 m
Survey length 20 000 m
Reference samples: Section 4/900 direction 1, 2, 2%, section 6 300 direction 2, 1, 9%
Calibration coefficient: 0.6265
Average air voids content used to calculate calibration coefficient 3.25
Average dielectric value equivalent to air voids content 6.97
Air voids content (%) [Single value [Single value [Single value [Single value
Project info Mean. Std dev  [Under (%) Under (%) Over (%) Over (m)
Lane 11 2.93 0.65 4.48 13.13 3.93 314.40
Lane 12 2.33 0.29 15.06 1204.80 D.00 0.00
Lane 22 2.51 0.39 12.02 23.92 D.49 0.98
Lane 21 2.57 0.34 3.75 300.00 D.48 38.40
Total 2.75 0.50 1541.85 352.80

Additional info:

Company name, Date & Signature

Image courtesy of Roadscanners Oy.

Figure C.2. Example air void report from GPR survey.
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TxDOT Method TEX-244-F for Thermal
Profile of Hot-Mix Asphalt

Test Procedure for

=t

Thermal Profile of Hot-Mix Asphalt I rexas

Department
of Transportation

TxDOT Designation: Tex-244-F
Effective Date: May 2011

1. SCOPE

1.1 Use this test method to obtain a thermal profile that identifies the presence of
thermal segregation of an uncompacted mat of hot-mix asphalt. The thermal
profile may be determined by using a handheld noncontact infrared thermometer,
a thermal camera immediately behind the paver during uninterrupted paving
operations, or a paver-mounted infrared bar (Pave-IR system).

1.2 The values given in parentheses (if provided) are not standard and may not be
exact mathematical conversions. Use each system of units separately. Combining
values from the two systems may result in nonconformance with the standard.

2. APPARATUS

2.1 Handheld Noncontact Infrared Thermometer, Thermal Imaging Camera, or
Paver-Mounted Infrared Bar (Pave-IR System).

2.1.1 Handheld noncontact infrared thermometer must be capable of

] Measuring from 40°F to 475°F with an accuracy of +2°F or 1% of reading,
whichever is greater;

| Storing and recalling the maximum (and minimum temperature if available) from
the most recent scan using a liquid-crystal display (LCD) viewing screen;

Measuring with a minimum 6:1 distance-to-spot ratio; and

Adjusting emissivity in increments of 0.01 or a fixed emissivity equal to or greater
than 0.95.

63

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22769

Using Infrared and High-Speed Ground-Penetrating Radar for Uniformity Measurements on New HMA Layers

64

2.1.2

Thermal imaging camera must be capable of

] Measuring from 40°F to 475°F with an accuracy of +4°F or 2% of reading,
whichever is greater;

] Displaying the maximum temperature and minimum temperature using an LCD
viewing screen with a minimum diagonal dimension of 3.5 in;

] Storing a minimum of 50 images and capable of opening images while in
operation;

Measuring temperature with a minimum 6:1 distance-to-spot ratio; and
Adjusting emissivity in increments of 0.01 or a fixed emissivity equal to or greater
than 0.95.

Paver-mounted infrared bar (Pave-IR system) must be capable of

[ ] Using a minimum of 10 infrared sensors spaced at most 13 in. apart, with each
sensor located a maximum of 3 ft above the hot-mix asphalt pavement surface;

] Using infrared sensors measuring from 40°F to 475°F with an accuracy of +2°F or
+1% of reading, whichever is greater;

Measuring temperature with a minimum 6:1 distance-to-spot ratio;
Profiling entire pavement width, excluding pavement edges;

Measuring distance using a distance measuring instrument (DMI) and equipped
with a Global Positioning System (GPS);

| Collecting, displaying, saving, and analyzing temperature readings while in
operation, using the latest software available;

| Determining the low and high temperatures within each profile using the statistical
1 percentile and 98.5 percentile, respectively;

] Producing output files of pavement temperatures for each day’s placement and
daily summary output files in an approved test report that identifies locations of
thermal segregation with a recording of the temperature at such locations;

[ ] Providing software capable of developing and analyzing thermal profiles for the
entire project; and

] Providing an operating system with at least one USB port to save test results to a
portable USB memory device.

3.1

REPORT FORMS

Tx244-4.xls, “Thermal Profile for Hot Mix Asphalt”
(ftp://ftp.dot.state.tx.us/pub/txdot-info/cmd/sitemgr/tx244-4.x1s).

4.1

4.2

PROCEDURE

Operate the handheld noncontact infrared thermometer, thermal imaging camera,
or paver-mounted infrared bar (Pave-IR system) in accordance with the
manufacturer’s recommendations.

Do not obtain thermal profiles in miscellaneous paving areas that are subject to
handwork such as intersections, driveways, crossovers, turnouts, gores, tapers,
and other similar areas.
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43.1

432

433

434

435

4.3.6

4.3.7

4.4

4.5

45.1

452

453

Refer to Figures D.1 and D.2. Follow the requirements of Sections 4.3.1 to 4.3.6
while performing a thermal profile.

When using the handheld noncontact infrared thermometer or the thermal imaging
camera, use spray paint or a permanent marker to mark the pavement edge at the
beginning and ending location of each thermal profile.

Note 1—Refer to the summary output file for locations when using the Pave-IR system.

Record the beginning and ending station numbers of all thermal profiles.

Note 2—Instead of station numbers, use of GPS coordinates or other approved means of
identifying the locations is acceptable.

Obtain all temperature measurements in units of degrees Fahrenheit.
Obtain all temperature measurements while the paver is moving.

Avoid taking temperature measurements within 2 ft of the edge of the
uncompacted mat.

When performing a thermal profile, if the paver stops for more than 10 s, exclude
the area 2 ft behind the screed and 8 ft in front of the screed (in the direction of
travel) from the thermal profile.

Obtain a new maximum baseline temperature and minimum profile temperature
for every thermal profile measured.
Note 3—Each thermal profile will be approximately 150 ft. This distance includes the

20 ft used to establish the maximum baseline temperature when profiling with a handheld
thermometer or thermal imaging camera.

Note 4—Obtain the maximum baseline temperature when using the Pave-IR system by
analyzing the temperature readings recorded throughout the entire 150-ft length.

Proceed to Section 4.5 when using a handheld noncontact infrared thermometer.
Proceed to Section 4.6 when using a thermal imaging camera. Proceed to Section
4.7 when using a Pave-IR system.

Using the Handheld Noncontact Infrared Thermometer:

While the paver is moving, walk close to the edge of the uncompacted mat at
approximately the same speed as the paver in order to maintain a distance of
approximately 5 ft behind the paver to obtain temperature measurements.

Alternatively, stand on the paver screed to obtain temperature measurements.

Note 5—Follow all safety precautions and guidelines when standing on the paver
screed.

Measure the temperature of the uncompacted mat by pointing the noncontact
infrared thermometer, squeezing (and holding) the trigger, and scanning back and
forth across the mat, transverse to the direction of paving.

Note 6—Do not attempt to obtain temperature measurements in areas of the mat that are

more than 20 ft away from the handheld noncontact infrared thermometer or are outside
the range recommended by the manufacturer.
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4.5.5

4.5.6

4.5.7

4.6

4.6.1

4.6.2

4.6.3

4.6.4

4.6.5

4.6.6

Follow the requirements of Section 4.3 and determine the maximum temperature
of the uncompacted mat over a paving distance of approximately 20 ft. This
maximum temperature is called the maximum baseline temperature.

Note 7—The infrared thermometer will display the maximum temperature of the
uncompacted mat surface when the trigger is released.

Determine the lowest allowable profile temperature by subtracting 25°F from the
maximum baseline temperature measured in Section 4.5.4.

Follow the guidelines in Section 4.3 and use the procedures in Sections 4.5.1 to
4.5.3 to determine the minimum profile temperature over a paving distance of
approximately 150 ft.

Note 8—The minimum profile temperature is the lowest temperature value measured
throughout the thermal profile. (Refer to Figure D.2.)

Note 9—The infrared thermometer may have the capability to display the minimum
temperature. Refer to the manufacturer’s instructions.

Proceed to Section 4.8.
Using the Thermal Imaging Camera:

Configure the thermal camera to achieve the optimum brightness and contrast of
the display image.

Configure the thermal camera to adjust the minimum and maximum temperature
levels automatically while performing thermal profiles. Do not manually enter the
minimum and maximum temperature levels.

Note 10—Thermal cameras are generally equipped with an auto-adjusting feature. This
feature automatically adjusts the minimum and maximum temperature levels, brightness,
and contrast.

Observe the paving operations to determine the approximate distance the paver
travels until the roller compacts the mat.

Note 11—Refer to the manufacturer’s instructions for determining the relationship
between the field of view and distance to determine the length of pavement evaluated
for the thermal camera in use.

Stand at the edge of the uncompacted mat at a distance of approximately 5 ft
behind the paver or stand on the paver screed.

Note 12—Follow all safety precautions and guidelines when standing on the paver screed.

Measure the temperature of the uncompacted mat by pointing the thermal camera
and squeezing the trigger facing the direction opposite of paving.

Note 13—Use the laser pointer equipped with the thermal camera as guidance to
identify the area evaluated.

Follow the guidelines in Section 4.3 and determine the maximum baseline
temperature over a paving distance of approximately 20 ft (6.1 m).

Note 14—Avoid measuring high-temperature areas caused by heating from the screed
while the paver is stopped.
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4.6.7 Save the image to the memory of the thermal camera.
Note 15—Additional images may be necessary to evaluate the total paving distance.

4.6.8 Follow the manufacturer’s recommendations to determine the maximum
temperature for the area evaluated and designate as the maximum baseline
temperature.

4.6.9 Determine the lowest allowable profile temperature by subtracting 25°F from the

maximum baseline temperature measured in Section 4.6.8.

4.6.10 Follow the requirements of Section 4.3 and Sections 4.6.1 to 4.6.5 to determine
the minimum profile temperature over a paving distance of approximately 150 ft.

Note 16—The minimum profile temperature is the lowest temperature value measured
throughout the thermal profile.

Note 17—Additional images will be necessary to evaluate the total paving distance.

4.6.11 Proceed to Section 4.8.

ROADWAY
Direction of Paving ——*
—
2, F 3
P
A
OO Vv
- Baseline - E
-Temperature:|:
2|
— -
20 feet 1
Start of End of
Thermal Profile Thermal Profile

Figure D.1. Thermal profile when using a handheld noncontact infrared thermometer or a
thermal imaging camera.
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4.7 Using the Pave-IR System:

4.7.1 Install and operate the Pave-IR system to the paver screed following the
manufacturer’s recommendations.

4.7.2 Verify the calibration for each temperature sensor prior to collecting temperature
measurements per manufacturer’s recommendations.

Note 18—Calibrate each temperature sensor to a known standard on an annual basis.

473 Configure the Pave-IR system to record pavement temperatures at increments of
no more than 6 in. of forward movement.

474 Refer to the automated test report produced by the Pave-IR system to obtain a
summary of the results from the temperature readings measured in Section 4.7.3.

Note 19—The test report must include the locations (in station numbers, GPS coordinates,
or other acceptable means) where thermal segregation exists.

4.8 Record the low temperature value obtained at the edge of the paving lane using spray
paint or a permanent marker if the temperature of any area of the mat in the profile
is less than the lowest allowable profile temperature established in Section 4.5.5,
Section 4.6.9, or at the locations identified as having thermal segregation in
Section 4.7.4.

49 Record the station number to identify the location of the mat for the low
temperature measured in Section 4.5.6, Section 4.6.10, or Section 4.7.4.

Note 20—Instead of station numbers, use GPS coordinates or other acceptable
means of identifying the location.

ROADWAY
Direction of Paving :

2 1

—

- Random & Continuous Scanning = |

Area used to determine
oo Maximum & Minimum
Profile Temperatures

AM< >

150 feet

! !

Start of End of
Thermal Profile Thermal Profile

Figure D.2. Thermal profile when using the Pave-IR system.
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5.1

52

CALCULATIONS

Calculate and record the temperature differential of the uncompacted mat surface
when using a handheld noncontact infrared thermometer or the thermal imaging
camera:

Temperature Differential = Maximum Baseline Temperature — Minimum Profile
Temperature

Calculate and record the temperature differential of the uncompacted mat surface
when using the Pave-IR system:

Temperature Differential = Maximum Temperature Recorded — Minimum Temperature
Recorded

Note 21—The minimum and maximum temperatures within each profile are determined
using the statistical 1 percentile and 98.5 percentile, respectively.

6.1

ARCHIVED VERSIONS

Archived versions are available.
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Method for Detecting Segregation with GPR

Section 1. Overview 3. Converting the surface dielectric into in-place densities

and reporting the results.
This method details procedures for using ground-penetrating

radar (GPR) for detection of potentially segregated areas on
a newly placed hot-mix asphalt overlay. This method requires
the user to possess a working knowledge of the GPR data-
collection equipment and radar data-collection software.
This method uses variations in the surface dielectric constant

Section 5 shows an example of how this conversion is
achieved using the TxDOT developed software packages.

Section 2. Apparatus

to examine the project for segregation. This software has the * An air-launched GPR system, capable of collecting signals
capabilities of: in both distance and time modes, and capable of collecting
a signal at least every foot;

1. Producing a table of computed surface dielectric versus e Field coring equipment;

distance of travel along the project from the raw GPR data; * GPR data processing software to compute surface dielec-
2. Using regression techniques to calculate the relationship tric versus distance; and

between surface dielectric and air voids from a field coring e A GPR analysis program (conversion to air voids plus

operations; and graphical mapping of the results from parallel runs).

70
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Section 3. Procedure

Locating Potential Segregation with GPR

Step Action
1 At the project site, set up the GPR data collection equipment and allow the antenna to warm up.
2 After placement and final rolling of the overlay at the project site, determine and document the limits where GPR data will be
collected.
3 After placement and final compaction of the overlay, collect GPR data in a longitudinal pass covering the desired section limits.
Collect this pass over the outside wheelpath.
Note: Data should be collected in distance mode with one trace recorded every foot.
If a more complete analysis of the project is desired, collect additional passes over the centerline and the inside wheelpath
with the GPR system.
4 After collecting the desired longitudinal GPR passes, collect the metal plate file.
4a (Optional) In the field, use GPR display software to examine the collected data and locate areas of high, low, and normal surface dielectric.

Return to each of these locations and collect a stationary GPR reading over each location. Collect these data by positioning the
antenna directly over the desired location, setting the GPR vehicle in park, and using the time data collection mode. Document
each location with a unique label for future reference. Before moving to the next location, paint a circle approximately 12 in. in
diameter directly underneath the antenna.

Note: This step is necessary if an analysis of the in-place air voids over the section is desired.

4b (Required If 4a Performed)

At each of the previously marked locations from 4a, determine the bulk density, percent compaction, and percent air voids of
the hot-mix asphalt through an approved method. Currently, cores should be taken from within each marked circle, returned to
the laboratory, and tested with the appropriate part from Test Method Tex-207-F.

5 Using the GPR processing software, create a text output file from each GPR pass that contains, at a minimum, the surface
dielectric (E1) value.

6 For a basic analysis, open the text file with Excel and determine the mean surface dielectric value of the tested section. Graph
the surface dielectric value with distance. From this graph, determine if any areas of the project need investigation according to
the following criteria:

* Coarse-graded mixes: locations not within +0.8 of the mean dielectric value should be inspected for segregation.
* Dense-graded mixes: locations not within +0.4 of the mean dielectric value should be inspected for segregation.
7 For a more advanced GPR analysis, predict air void content from the GPR-measured surface dielectric by using the calibration
core data (from Step 4b) along with the following model:
% Air Voids = A # gB*Surface Dielectric (E1)
where A and B are laboratory-determined constants.
Use software to identify the percentage of measurements expected to have air voids with pay factors less than 1.0. If desired,
use mapping software to display the geospatial location of measurements with pay factors less than 1.0.
8 Based on the results of the analysis, determine what, if any, corrective action should be taken.

Section 4. Reporting

Report the following information from the GPR survey:

e Project description, including mix type, contractor, and
brief description of placement operation;

site. Process each run to compute surface dielectrics, and
compute in-place air voids from the calibration with core
density. Then use digital mapping software to display the
results and interpolate between values. Numerous such
graphing packages are commercially available.

e Limits of the GPR survey;

¢ Graph of surface dielectric with distance;
e Mean, minimum, and maximum observed surface

dielectric;

¢ Limits of potentially segregated areas;
e Results from core analysis and analysis of in-place air voids,

if conducted; and

e Recommended corrective action.

Section 5. Basics of GPR
Data Processing

The following screens are from the software developed in
TxDOT study 5-1702 (1).

The first step in the analysis of GPR data is to convert the
measured amplitude of surface reflection into a surface
dielectric. This uses exactly the same approach as that

To produce a color-coded map of in-place air voids, collect
GPR data from a minimum of five parallel runs over the test

described in Appendix C (Equation C.1), where the ratio of
amplitudes from the surface compared to that froma 100%
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Figure E.1. Plot of computed surface dielectric versus distance along the project.

reflection (metal plate reflection) is used to computed the
surface dielectric. Figure E.1 shows the plot of the com-
puted surface dielectric from one pass of the system over the
pavement.

Based on this plot, a minimum of three core locations are
selected at locations of different surface dielectrics. Normally
nuclear (or nonnuclear) nondestructive testing density gauge
readings are taken at these locations, and 6-in.-diameter filed
cores are also extracted. These are returned to the laboratory
where in-place air voids are calculated. Typical results are
shown in Figure E.2.

The next step is to develop regression equations relating
the dielectrics and laboratory densities and air voids. This is

shown in Figure E.3. Two options are available. The first uses
nuclear density gauges and Rice maximum densities to esti-
mate air voids. The second uses cores to determine air voids
in the laboratory. The second method is more accurate and is
recommended. In the example in Figure E.3, the regression
parameters A = 145.5 and B = —0.46 were computed for the
input data provided.

The next step is to use these regression equations to con-
vert the dielectric plot shown in Figure E.1 into an air void
plot as shown in Figure E.4.

The final step in the processing is to take multiple runs over
the test section. Under normal operations, five parallel runs
are made transversely across the 12-ft-wide lane (1 ft from the
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Figure E.2. Comparing field dielectrics with laboratory-measured

properties.
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Determination Constant for Air Voids/Bulk Density
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Figure E.3. Developing regression equations relating dielectrics to air voids.
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Figure E.4. Plot of computed air voids for a single GPR run.
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Figure E.5. Surface dielectric plot from five parallel GPR runs.

outer edge, wheelpath, center, wheelpath, and inside edge).
These are then processed using the steps above and stacked
side by side in a color-coded plot. The plot in Figure E.5
shows the color-coded plot of surface dielectric from a 400 ft
x 12 ft section of pavement.
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Correlations of NDT and Core Data
from Region 4 Demonstration

Correlation R-values and P-values

The following tables present the observed correlation r-values, and the p-values of the observed correlation, between nondestruc-
tive testing (NDT) and core data collected. Numbers in bold are statistically significant at the 95% confidence level.

Table F.1. Correlation R-Values Between NDT, Density, Permeability, and Asphalt Content

Laboratory | Laboratory

Temperature | GPR ¢ | Nuke (Ib/ft%) (Ib/ft3) % Air Voids | Permeability | % AC
Temperature 1
GPR ¢ -0.20 1
Nuke (Ib/ft?) 0.16 0.84 1
Laboratory (Ib/ft) 0.080 0.25 0.36 1
Laboratory % Air Voids -0.080 -0.25 -0.36 -1.0 1
Permeability -0.026 -0.49 -0.70 -0.21 0.21 1
% AC —-0.46 0.31 0.04 -0.34 0.34 0.37 1

Table F.2. P-Values for Observed Correlations Between NDT, Density, Permeability,

and Asphalt Content
Laboratory | Laboratory
Temperature | GPR € | Nuke (Ib/ft3) (Ib/ft3) % Air Voids | Permeability
Temperature
GPR ¢ 0.28
Nuke (Ib/ft3) 0.33 0.0012
Laboratory (Ib/ft%) 0.41 0.24 0.15
Laboratory % Air Voids 0.41 0.24 0.15 0.00
Permeability 0.47 0.074 0.012 0.28 0.28
% AC 0.09 0.19 0.46 0.17 0.17 0.15
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Table F.3. Correlation R-Values
Between NDT and Individual

Table F.4. P-Values for Observed
Correlations Between NDT and
Individual Percent Retained

Temperature | GPR ¢
Temperature
GPR ¢ 0.28
Y2 in. 0.42 0.10
% in. 0.31 0.015
No. 4 0.49 0.029
No. 8 0.46 0.009
No. 16 0.07 0.41
No. 30 0.19 0.40
No. 50 0.12 0.49
No. 200 0.086 0.42

Table F.6. P-Values for Observed
Correlations Between NDT

Percent Retained
Temperature GPR ¢
Temperature 1
GPR ¢ -0.20 1
Y2 in. 0.069 —-0.44
¥ in. -0.18 —-0.68
No. 4 0.0071 0.62
No. 8 0.037 0.72
No. 16 -0.50 -0.079
No. 30 -0.31 0.094
No. 50 -0.42 —0.0055
No. 200 -0.47 -0.077
Table F.5. Correlation
R-Values Between NDT
and Percent Passing
Temperature | GPR ¢
Temperature 1
GPR ¢ -0.20 1
Y2 in. —-0.069 0.43
% in. 0.051 0.68
No. 4 0.071 0.45
No. 8 0.067 0.22
No. 16 0.19 0.27
No. 30 0.25 0.28
No. 50 0.32 0.30
No. 200 0.47 0.32

and Percent Passing
Temperature | GPR ¢

Temperature
GPR ¢ 0.28
Y2 in. 0.42 0.10
% in. 0.44 0.015
No. 4 0.42 0.097
No. 8 0.43 0.27
No. 16 0.30 0.23
No. 30 0.24 0.22
No. 50 0.8 0.20
No. 200 0.08 0.18
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Correlations of NDT and Core Data
from Region 2 Demonstration

Correlation R-values and P-values

The following tables present the observed correlation r-values, and the p-values of the observed correlation, between nondestructive
testing (NDT) and core data collected. Numbers in bold are statistically significant at the 95% confidence level.

Table G.1. Correlation R-Values Between NDT and Core Data

Laboratory | Laboratory %
Temperature | GPR € | Nuke (Ib/ft3) (Ib/ft3) Air Voids
Temperature 1
GPR ¢ 0.897 1
Nuke (Ib/ft3) 0.662 0.688 1
Laboratory (Ib/ft3) 0.918 0.877 0.791 1
Laboratory % Air Voids 0.918 -0.877 -0.791 -1 1

Table G.2. P-Values for Observed Correlations Between NDT
and Core Data

Temperature | GPR € | Nuke (Ib/ft®) | Laboratory (Ib/ft3)
Temperature
GPR ¢ 0.0011
Nuke (Ib/ft?) 0.052 0.0279
Laboratory (Ib/ft?) 0.0005 0.0008 0.0064
Laboratory % Air Voids | 0.0005 0.0008 0.0064 0.00

77

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/22769

Using Infrared and High-Speed Ground-Penetrating Radar for Uniformity Measurements on New HMA Layers

Correlations of NDT and Core Data
from Region 3 Demonstration

Correlation R-values and P-values

The following tables present the observed correlation r-values, and the p-values of the observed correlation, between non-
destructive testing (NDT) and core data collected. Numbers in bold are statistically significant at the 95% confidence level.

Table H.1. Correlation R-Values Between NDT, Density, IDT,

and Asphalt Content
Nuke Laboratory
Temperature | GPRe | (Ib/ft®) | % Air Voids | IDT (psi) | % AC
Temperature 1
GPR ¢ 0.608
Nuke (Ib/ft%) 0.775 0.915
Laboratory % Air Voids -0.813 -0.902 | -0.939
IDT (psi) 0.898 0.867 0.929 -0.968 1
% AC 0.575 0.490 0.596 -0.431 0.545 1

Note: IDT = indirect tension.

Table H.2. P-Values for Observed Correlations Between NDT, Density,

IDT, and Asphalt Content

Nuke Laboratory
Temperature GPR ¢ (Ib/ft3) % Air Voids | IDT (psi)
Temperature
GPR ¢ 0.062
Nuke (Ib/ft?) 0.0085 0.00021
Laboratory % Air Voids 0.0042 0.00036 | 5.8E-05
IDT (psi) 0.00042 0.0012 0.00010 4.2E-06
% AC 0.082 0.15 0.069 0.21 0.10
78
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Table H.3. Correlation
R-Values Between NDT and

Percent Passing

Temperature | GPR ¢
Temperature 1
GPR ¢ 0.608 1
Y2 in. 0.622 0.428
% in. 0.820 0.672
No. 4 0.714 0.564
No. 8 0.747 0.577
No. 16 0.737 0.559
No. 30 0.639 0.493
No. 50 0.380 0.325
No. 200 0.0882 0.130

Table H.4. P-Values for

Observed Correlations Between

NDT and Percent Passing
Temperature | GPR ¢
Temperature
GPR ¢ 0.062
Y2 in. 0.055 0.21
s in. 0.0036 0.033
No. 4 0.020 0.089
No. 8 0.013 0.080
No. 16 0.015 0.093
No. 30 0.047 0.15
No. 50 0.28 0.36
No. 200 0.81 0.72
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Correlations of NDT and Core Data
from Region 1 Demonstration

Correlation R-values and P-values

The following tables present the observed correlation r-values, and the p-values of the observed correlation, between nondestructive
testing (NDT) and core data collected. Numbers in bold are statistically significant at the 95% confidence level.

Table I.1. Correlation R-Values Between NDT and Core Data

Temperature | GPR € (1 GHz) | GPR € (2.2 GHz) | Nuke (Ib/ft3) | Laboratory (Ib/ft) | Lab % Air Voids
Temperature 1
GPR ¢ (1 GH2) 0.785 1
GPR ¢ (2.2 GH2) —-0.0230 0.661 1
Nuke (Ib/ft?) 0.574 0.849 0.846 1
Laboratory (Ib/ft?) 0.763 0.871 0.834 0.987
Laboratory % Air Voids -0.763 -0.871 -0.834 -0.987 -1 1

Table 1.2. P-Values for Observed Correlations Between NDT and Core Data

Temperature | GPR € (1 GHz) GPR ¢ (2.2 GHz) | Nuke (Ib/ft?) | Laboratory (Ib/ft3)
Temperature
GPR ¢ (1 GHz) 0.0122
GPR ¢ (2.2 GH2) 0.953 0.0269
Nuke (Ib/ft?) 0.106 0.000951 0.00104
Laboratory (Ib/ft?) 0.0169 0.000480 0.00141 1.7E-08
Laboratory % Air Voids 0.0169 0.000480 0.00141 1.7E-08 0.00
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Related SHRP 2 Research
Nondestructive Testing to Identify Concrete Bridge Deck Deterioration (ROGA)

Evaluating Applications of Field Spectroscopy Devices to Fingerprint Commonly
Used Construction Materials (RO6B)

Nondestructive Testing to Identify Delaminations Between HMA Layers (RO6D)

Real-Time Smoothness Measurements on Portland Cement Concrete
Pavements During Construction (RO6E)

Assessment of Continuous Pavement Deflection Measuring Technologies
(RO6GF)

High-Speed Nondestructive Testing Methods for Mapping Voids, Debonding,
Delaminations, Moisture, and Other Defects Behind or Within Tunnel
Linings (RO6G)
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