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FLIR IN FOCUS COST JUSTIFICATION SERIES
 Infrared Thermography Revolutionizes Asphalt PavingSignificant Cost Savings for States and Municipalities
 By Leonard A. PhillipsFLIR Systems
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 Summary
 Highways throughout the UnitedStates are typically engineered tolast 15 years or more, but somehave been failing much earlier dueto potholes, cracks, raveling, andother problems. This prematureroad failure unnecessarily wastesmillions of taxpayer dollars everyyear and threatens the strategicallycritical National Highway System(NHS), which carries more than 40 percent of all highway traffic, 75 percent of heavy truck traffic, 90 percent of tourist traffic, andvirtually all of our military traffic.(See maps on pages 3 and 4, andtable of mileage in Appendix 4,page 21.)
 For the first time, a state DOThad a practical field testmethod and an economicaltool—the infrared camera—toconduct quality assessments ofasphalt pavement duringlaydown that could predictpotential areas of faliure.
 To improve the longevity of theseroads—more than 90% of which are paved with hot-mix asphalt(HMA)—the TransportationResearch Board (TRB) of theNational Academies coordinated afive-year-long $150 million StrategicHighway Research Program(SHRP). This program created a setof optimized design and analysismethods and standards calledSuperPave® in 1993. The TRBconservatively projected that if the new SuperPave proceduresachieve only a 25% increase inhighway service life, state andfederal agencies could save $785million annually in avoided roadrepair costs, and motorists couldsave between $1.3 billion and $2.1billion a year in maintenance-related delays and vehicle wear andtear, plus the value of improvedsafety conditions.
 However, even after SuperPaveprocedures were adopted, whichdid not focus on field construction, premature failure persisted. TheWashington State Department ofTransportation (WSDOT) and theUniversity of Washington, at aboutthat time, conducted a series ofdetailed thermographic researchstudies of hot-mix asphalt duringroad construction using anInframetrics (now FLIR)ThermaCAM® infrared camera. The camera was provided by
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 Extensive field data previouslyshowed that every 1% increase in air voids over a base threshold of 7% causes a 10% reduction inpavement life from physical andenvironmental wear and tear. Onthis basis, the WSDOT carefullycorrelated the thermographic andnuclear density data. The result—for the first time, a state DOT had apractical field test method and aneconomical tool, the FLIR infraredcamera, to conduct qualitative assessments of asphalt pavementduring laydown that could predictpotential areas of failure.
 Remixing the hot-mix in the fieldprior to loading it into the pavermachine could solve the thermalsegregation problem, but if so, howwould the remixing be achieved?After an exhaustive series of tests ofavailable road-building equipment,the WSDOT concluded thatremixing techniques were effective,and that material transfer devices or vehicles (MTO/MTV) that thoroughly reblend the hot-mix just prior to placing it on theroadway effectively eliminatetemperature differentials.
 “The use of a thermographicprotocol to validate densityfor road building specifica-tions offers important benefitsfor the paving industry andfederal and state specifyingagencies.”
 Astec, a major manufacturer ofinfrastructure equipment. Thestudies determined that a majorcause of premature hot-mix asphaltroad failure in Washington State isexcessive thermal differentials in thehot-mix caused by surface coolingduring truck transport from thebatch plant to the construction site.
 WSDOT later purchased aThermaCAM PM-290 infraredcamera to continue this researchduring the 1999 through 2001construction seasons. The infraredcamera is used to accurately locateareas of excessive thermal anomaliesin the hot-mix during mat laydown. The density of the anomalously cool imaged pavement areas is thenevaluated by nuclear densitometry.
 It was found that in areas wherethermal differentials in the hot-mix during laydown were 25Fahrenheit degrees or greater, airvoids typically increased by 2% ormore after compaction, thereforedecreasing the density and loweringthe resistance of the affected areasto wear and tear.
 With the problem identified and a pragmatic and economical testmethod and solution in hand,WSDOT implemented a systematicdensity specification on 10 projectsin 2002, and is applying the specification to selected hot-mixroad construction in 2003 and thereafter—a significant step forreducing premature road failure.
 The standardization of densityprofiling and the use of a thermographic protocol to validate hot-mix density offersimportant benefits for the pavingindustry and federal and state specifying agencies. These benefitsinclude the promise of longerlasting and smoother roads;improved return on road construction investment; a widerpaving window for contractors; andstimulus for the development ofnew ways to maintain thermalconsistency in batches of hot-mixduring transport and laydown.
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 The National Highway System—A Strategic Resource
 America’s paved highways andlesser roads compose a 6.4 millionkilometer transportation networkon which the nation depends forthe vast preponderance of itscommerce, travel, and security.Surprisingly, only about 4% of thisnetwork of roads composes thestrategically critical NationalHighway System (NHS). The NHSwas established in 1995 by the U.S.Department of Transportation(DOT), in cooperation with stateand local officials under theauthority of the National HighwaySystem Designation Act of 1995.
 In his commentary as he signed theNHS bill into law on November 28,1995, President Clinton wrote:
 “The designation of the NationalHighway System makes clear thattransportation infrastructure shouldbe viewed as a single system witheach mode complementing theothers. Manufacturers and shippersrely on several modes of transportation to deliver their products to consumers in the mostefficient manner possible. TheNational Highway System unitesthese different modes by providing
 access to major ports, airports, railstations, and public transit facilities.The National Highway System alsoprovides 53 critical connections toCanada and Mexico so that goodscan move across our nation'sborders efficiently….
 “But the National Highway Systemis also something more. It is a primeexample of the strategic investmentof federal resources. The NationalHighway System comprises only 4percent of our nation's highways,but these roads carry almost halfour highway traffic and most of ournation's truck and tourist traffic.The improvements made to theseroads will not only support ournation's economic, national defense,and mobility needs, but directly andsignificantly improve the safety of roadways….” 1
 The Ubiquity of the NHS
 The NHS consists of 256,000 kilometers of roads having four ormore lanes of pavement that carrymore than 40 percent of all highwaytraffic, 75 percent of heavy trucktraffic, and 90 percent of touristtraffic.2 It includes the legacyDwight D. Eisenhower InterstateHighway System and other preexisting and planned roads important to the nation's economy,defense, and mobility.3 Today, about90 percent of America's populationlives within 8 km of an NHS road.All urban areas with a population ofmore than 50,000 and 93 percentwith a population of between 5,000and 50,000 are within 8 km of anNHS road. Counties that containNHS highways also host 99 percentof all jobs in our nation, including
 The U.S. National Highway System
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 99 percent of manufacturing jobs,97 percent of mining jobs, and 93percent of agricultural jobs.4, 5
 The establishment of the NHSenabled the federal government torevise and strengthen its management of our highway infrastructure from strategic andfiscal perspectives. Significanteconomic, demographic, and security developments had occurredsince the Dwight D. EisenhowerSystem of Interstate and DefenseHighways and the Highway TrustFund were established by theFederal-Aid Highway Act of 1956,6
 replacing the older U.S. HighwaySystem7 that was founded by asimilar act in 1925.
 The Roads that Comprise the NHS
 The NHS includes as a major subset the preexisting 70,000 kmEisenhower System, which accountsfor almost 30 percent of all NHS roadways.
 A second component consists of 21congressionally designated High-Priority Corridors (see map),totalling 7,200 km, as identified in the Intermodal SurfaceTransportation Efficiency Act of1991 (ISTEA).
 A third component is the non-interstate portion of the StrategicHighway Corridor Network, orSTRAHNET, identified by the Department of Defense in cooperation with DOT, totallingabout 25,000 km. These corridorsand the interstate highways are critical strategic links. For example,Operation Desert Storm andEnduring Freedom demonstratedthat the ability to move troops andequipment via highways to airports,ports, rail terminals, and otherbases for rapid deployment is essential to our national defense.
 The fourth component consists ofmajor Strategic Highway CorridorNetwork connectors. These consistof more than 3,000 km of roadslinking major military installationsand other defense-related facilitiesto the STRAHNET corridors.
 The fifth and final component ofthe NHS is the rest of the system:about 148,000 km of importantarterial highways that serve interstate and interregional traveland that provide connections to major ports, airports, public transportation facilities, and other intermodal facilities.
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 Roads Paved with Good Intentions
 In 1893 the FederalHighwayAdministration (FHWA) was established as the precursor Officeof Road Inquiry, headed by infrastructural visionary GeneralRoy Stone (left), a colorful Civil Warhero who fought at Gettysburg."Good roads," said General Stone,"are the highways to wealth." In atip of the temporal hat to GeneralStone’s acute foresight, the originalOffice of Road Inquiry, which hadonly two employees and a $10,000budget, has grown into today’sFederal Highway Administration,which employs 3,500 people and has a budget of more than $26 billion,much of which is “passedthrough” to individual states.
 “Highway agencies could saveas much as $785 million…. In addition, the resultingreductions in maintenance-related delays and in vehiclewear and tear could savemotorists between $1.3 billionand $2.1 billion a year.”
 In recent years, Congress supportedthe historic FHWA “good roads”mission by creating the StrategicHighway Research Program (SHRP)in 1987 as a 5-year, $150-millionresearch program to improve theperformance, durability, and safetyof U.S. highways. The research was performed by independentcontractors and was targeted in four areas: asphalt, concrete andstructures, highway operations, and engineering for long-termpavement performance.
 In parallel with that effort, Congressaddressed the need to fund theconstruction and repair of strategichighways by promulgating theIntermodal Surface TransportationEfficiency Act of 1991 (ISTEA), andin June 1998, the TransportationEquity Act for the 21st Century("TEA 21"). TEA 21 mandates a 44%increase in federal spending over asix-year period that began inOctober 1998. TEA 21 includes aspecial provision which prohibitsdiversion of the mandated spendingfor other purposes, and containsmatching provisions calculated toproduce increased spending at thestate and local levels as well.
 General Roy Stone, October 17, 1836–August 6, 1905, was a New York-bornCivil War hero and civil engineer.An innovator, he designed anelevated railway that was displayed in Philadelphia during the 1876 Centennial Exposition. He subsequently spearheaded railroadtunneling and harbor improvementprojects in New York, and invented asuction dredge for harbor work. By1890, his interests had shifted frommass transit to roads, likely stemmingfrom his battlefield experiences in theCivil War. After years of championinga national effort to improve roads, heheld the post of Director of the newfederal Office of Road Inquiry from itscreation on October 3, 1893 for fiveyears. By then, he had molded thefledgling agency, later to develop intothe Federal Highway Administration,into the recognized leader of thegood roads movement.
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 In October 1987, the U.S. Congressauthorized the Strategic HighwayResearch Program (SHRP)—a five-year, applied research initiative thatended in March 1993— “…todevelop and evaluate techniquesand technologies to combat thedeteriorating conditions of thenation's highways and to improvetheir performance, durability, safety,and efficiency.”11
 Directed by a committee of seniorpersonnel from state highway agencies, industry, and academia,SHRP operated as a unit of theNational Research Council. Thestates paid for the program bycontributing one-quarter of 1percent of their federal-aid highwayfunds. Research was conductedunder contract with private organizations and universities infour areas: asphalt, concrete andstructures, highway operations, andpavement performance.
 At the conclusion of the research,the FHWA, the AmericanAssociation of State Highway andTransportation Officials (AASHTO),and the National Academy ofScience Transportation ResearchBoard (TRB) mounted an effort to
 introduce the highway communityto SHRP innovations. The task wasto move 100-plus products andprocedures developed or evaluatedunder SHRP out of the laboratoryto the state and local agenciesresponsible for building and maintaining the nation’s highwaynetwork.6
 The keystone result of the SHRPasphalt research was Superpave™an acronym for SuperiorPerforming Asphalt Pavements (anda registered trademark of theNational Academy of Sciences).Superpave was a $53 millionresearch effort to develop new waysto specify, test, and design asphaltmaterials. The resulting Superpavesystem represents an improvedmethod for specifying the components of asphalt concrete,asphalt mixture design and analysis(see Appendices 1 and 2).
 The nation’s return on the $150million investment for SHRP is remarkable. As a conservativehypothetical, a researcher in theSHRP projected that if less thanone-quarter of all U.S. road overlays use performance-graded bindersspecified by SHRP guidelines, andsee only a 25% increase in servicelife, highway agencies could save as much as $785 million (in 1996dollars) on road repair costs annually. In addition, the resultingreductions in maintenance-relateddelays and in vehicle wear and tearcould save motorists between $1.3billion and $2.1 billion a year.8
 “Many new and reconstructedhighways throughout theUnited States…have beenfailing much earlier thananticipated due to potholes,cracks, raveling, and other problems.”
 Good Intentions Aren’t Always Enough
 Notwithstanding the SuperPavemethods and adequate funding,many new and reconstructed highways throughout the UnitedStates—more than 90% of which are paved with asphalt and engineered to deliver service lives of 15 years and more—havebeen failing much earlier thananticipated due to potholes, cracks,raveling, and other problems.9 Inaddition to the financial toll, thecreation of work zones duringrepair and rehabilitation projectsdisrupts traffic, and rough pavements can damage vehicle tiresand suspension systems and poseserious safety risks.10
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 Using Thermography to Build Longer Lasting Roads
 In the United States, we spendabout $15 billion annually to maintain and build roads pavedwith asphalt concrete to meetincreasing traffic volumes and loads.The premature failure of roads dueto causes traced to constructionmethods has become a growingproblem that is adding significantlyto road maintenance budgets.
 For four decades prior to theStrategic Highway ResearchProgram (SHRP), the negativeeffects of low compaction temperatures and aggregate segregation in HMA on road service life had been studied anddocumented. Standard mix designprocedures were developed andadopted by AASHTO, for examplethe Marshall Mix Design Criteria,which specifies air void minimums(see Appendix 3). Although SHRPresearch was focused on animproved mix design and analysissystem, some well-accepted HMA design principles were kept in mind:
 “Lower compaction temperaturesare directly related to an increase inair void content, which decreasesthe strength of the pavement,” andthe realization that: “Even with aperfect mix design, if the mix is notproperly compacted in the field, the final product will not last for its intended length of time.” 12
 night-time construction operationson Interstate 5 near Seattle. Read had been a paving crew operator for 15 years and was intimately familiar with pavingequipment. Following a paverclosely, he observed that masses of asphalt crust, which had formedon the surface of the hot-mix loadas it was trucked from the mixingplant to the paver, were dumpedfrom the truck into the paverhopper and, clearly discernible withthe naked eye, were extruded fromthe paving machine along with thegreat bulk of the loose HMA mass.
 The next day he discussed hisobservations with thesis advisorProf. Joe P. Mahoney, and returnedto the worksite armed with anasphalt thermometer. Throughdirect measurement, he confirmedhis intuitive speculation that the masses of relatively cool, stiff,and therefore compaction-resistant, crust went through thepaving machine without substantial remixing during end-dump operations.
 However, the conventional wisdomuntil the mid-1990s was that HMAcompaction problems were due tooverall cool mix temperature, to thesegregation of aggregate within themix, or to incomplete mixing ofasphalt binder and aggregate. Anentirely new perspective on thefactors negatively affecting HMAcompaction began in earnest in1995. In that year a collaboration ofresearchers in the Department ofCivil and EnvironmentalEngineering at the University ofWashington noted that “largenumbers of dense-graded asphaltconcrete paving projects in the U.S. and internationally have experienced a cyclic occurrence of low-density pavement areas, generally called ‘cyclic segregation’or ‘end-of-load segregation’, whichprematurely fail by fatigue cracking,raveling, or both.” 13 The intervalsbetween problem areas seemed tocorrespond to the length of mat laiddown from one truckload of HMA.
 Subsequently, in 1995, as part ofMaster’s Degree thesis research, andworking under commission fromthe Washington State Department ofTransportation (WSDOT), then UW graduate student Steven A.Read began his investigation intothe end-of-load segregationphenomenon by closely observing
 The Shuttle Buggy material transfer vehicle,manufactured by Roadtec.
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Read also noted that most of theWSDOT paving projects identifiedas having “cyclic segregation”occurred either during night pavingoperations or near the beginning orend of the normal paving season.These are periods when ambienttemperatures are likely to be coolerthan optimal and accelerate thecooling of mix during transport tothe work site.14
 A “Eureka” Finding
 Read had made a “eureka” findingthat ultimately led to the conclusionat WSDOT that: “…placement ofthis cooler hot-mix can create pavement areas near or below cessation temperature [175°F],15
 which tend to resist adequatecompaction.”16 Even after aggressiverolling, these isolated coolareas have lower densities (and more airvoids) than the surrounding hotter material.
 “Truly, it is hard to describethe positive effect that FLIR’simpact has had for us and the paving industry,” said Prof. Joe Mahoney of the University of Washington.“I hope you sell hundreds ofcameras to the pavingindustry!”
 As a result, these areas are relativelyporous and less resistant than thedenser matrix around them to wear and degradation from traffic and the environment.
 Read’s observation had set inmotion a process of discovery thathad profound ramifications for thepaving industry. The physical segregation of relatively coarse andfine aggregate stone in HMA,caused by frictional drag againstconveyors and hopper boundaries,and of aggregate segregation fromthe asphalt binder had previouslybeen identified as a cause of longitudinally dispersed low-densityregions in the HMA mat. Indeed, anew class of paving vehicle, thematerial transfer vehicle (MTV),had been developed and introducedin 1988 by Roadtec, a Chattanooga,Tennessee-based subsidiary of AstecIndustries—a leading manufacturerof infrastructure construction equipment, specifically to controlaggregate segregation. At that time,thermal segregation was not evenon the industry’s radar screen. Thisnew evidence from WSDOT nowidentified thermal segregation asthe primary perpetrator of premature mat failure.
 Unexpected Assistance
 At the time of his initial observations, Read did not haveaccess to sophisticated thermalimaging equipment. That limitationwas removed from subsequent investigations unexpectedly in 1998by a major corporate player in the infrastructure industry.
 When Dr. Don Brock, CEO of Astec Industries, saw Read’s thesisidentifying thermal segregation as anew factor that could affect asphaltmix density, he had his own“eureka” moment and withoutfanfare telephoned Read’s thesisadviser Prof. Joe Mahoney at UWwith a remarkable offer.
 “I was stunned,” recalls Mahoney.“Out of the blue he called and saidthat he would loan us his [infraredimaging] camera and send HerbJakob, a senior engineer, to operateit. That enabled us to pursue areasonably thorough study.
 “Truly, it is hard to describe thepositive effect that FLIR’s impacthas had for us and the pavingindustry,” said Prof. Joe Mahoney ofthe University of Washington.“Ihope you sell hundreds of camerasto the paving industry!”18
 Read’s thesis provided Brock withthe promise of a major, unheraldedperformance benefit that wasalready built into the Shuttle Buggy.By virtue of its thorough remixingof HMA, Brock had realized thatthe Shuttle Buggy not only
 8
 FLIR ThermaCAM® PM-280 infrared camerasimilar to that loaned by Astec to the Universityof Washington and WSDOT in 1998. The originalunit is still in service at Astec.
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 The WSDOT Study Series
 1998. The 1998 study teamincluded personnel from theWSDOT, plus Prof. Mahoney andgraduate student Stephen Muenchfrom the University of Washington,and Herb Jakob from Astec. Fourprojects were chosen on severaldifferent construction areas onInterstate 5 in Everett, Washington,and also state highway constructionin Seattle. Early and late seasonpaving and night operations werestudied to maximize the occurrenceof temperature differentials.
 The team concluded that these isolated areas of premature failure wererelated to temperature differentials and not to aggregate segregation.
 The camera was able to clearlydiscern cool areas in the uncompacted mat, as well as todetermine the temperatures of loose mix in trucks, pavers, andother equipment.20 Follow-up in-place density testing was
 performed on finished pavement in areas identified as “normal” and“cool,” and samples from theseareas were taken to the WSDOTlaboratory and tested for mix properties, including aggregatesegregation, asphalt/aggregatesegregation, and density differentials.
 The relatively cooler areas werefound to have lower densities than the hotter areas, with anoverall air void range of 1.6 to 7.8%.No significant aggregate segregationwas found. The team concludedthat these isolated areas of premature failure were related totemperature differentials and not to aggregate segregation.21
 1999. In its follow-up study in 1999 the WSDOT/UW team investigated 36 projects throughoutthe paving season with the cameraand in-place nuclear density testingto determine “patterns betweendifferent operations,” including any
 controlled aggregate segregation,but also controlled thermal segregation. Iron-clad validation of the effect of thermal segregationon asphalt pavement density could be a marketing bombshell for the Shuttle Buggy, Roadtec and Astec Industries.
 On June 23, 1998 Brock dispatchedHerb Jakob, Astec’s Manager ofMarket Development, and hisrecently purchased InframetricsThermaCAM PM-280 infraredcamera (still in service today at Astec Industries19) to Washington.The resulting collaboration in amulti-year series of studies supervised by the WSDOT was toprovide critical detailed thermalprofiling of HMA laydown operations leading to at least four revolutionary accomplishments:
 1. Validation of the direct relationship between thermalsegregation and lower mat density.
 2. Provision of a quantitative basis for developing a standardized HMA densityprofiling procedure.
 3. Addition of a new and extremelyimportant sales benefit to theShuttle Buggy’s performance.
 4. Establishment of a new market for high-resolution thermography.
 Left: Thermogram showing serious cyclic thermal differentials in a hot-mix asphalt mat.Right: Thermogram showing minimal thermal differentials in a hot-mix asphalt mat. Temperatures are in degrees Fahrenheit (see Gallery section on page 16 for details).
 228.1
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 212.2
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measurable effects of a variety ofmaterial transfer devices or vehicles, pavers, rollers, air and groundtemperatures, and other factors onfinal mat properties.
 The study fine-tuned the relationship between temperaturedifferentials within the hot-mix andits final density. The observedtemperature differential range onall the jobs was from 5 to 68Fahrenheit degrees. As expected,higher differentials resulted whenthere was no remixing prior toplacement of the hot-mix and typically after longer haul times.The pivotal finding was that localized air voids typicallyincreased by 2 percent or morewhen the temperature differentialwas 25 Fahrenheit degrees or larger.
 The study also confirmed quantitatively that air voidsdecreased when the hot mix wasreblended prior to placement and with higher overall mix temperatures and air temperature.It reached the general conclusion
 that no one single piece of equipment or operation will guarantee that temperature differentials will not occur, but thattechniques can be utilized to offsetthe effects of the temperature differentials. Indeed, when the mixwas reblended prior to laydown,temperature differentials could bereduced significantly, in some casesto less than 10 Fahrenheit degrees.22
 2000. The WSDOT focused its 2000 study on establishing a standardized longitudinal densityprofile procedure by combiningthermography and nuclear densityevaluations on 17 paving projects.The goal was to develop a reliablefield method to accurately determine the density of thefinished product as a function of its thermal properties duringlaydown. Anecdotal field dataprovided some measurement of theeffectiveness of truck bed insulationand the tight/insulated tarping ofloads during haul to ameliorate thecooling of HMA in transit, althoughthe systematic analysis of theseeffects was not included in the scope of the study.
 The pivotal finding was that localized air voids typicallyincreased by 2 percent ormore when the temperaturedifferential was 25 Fahrenheitdegrees or larger.
 The study found that “Althoughtemperature differentials canfrequently occur on hot-mixconstruction projects, they may beminimized or eliminated byremixing, shorter haul distances,warmer environmental conditions,good rolling practices, etc.”However, the landmark quantitativefinding was the determination of acritical thermal differentialthreshold within the hot-mix as itwas extruded from the paver, abovewhich the density of the resultantcured mat was significantly compromised.
 On 69 profiles taken on the 17 projects, temperature differentialsgreater than 25 Fahrenheit degreesresulted in failing density profiles89.3% of the time. With differentialsless than 25 Fahrenheit degrees,80.5 percent of the profiles passed. These results include allvariables associated with the paving operation.
 10
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 The 2000 study verified the 1999 finding that when thermaldifferentials were greater than 25Fahrenheit degrees in the mat, airvoids increased by approximately2%. This determination wasextendible to forecast pavement life,because it was known from previousfield data and analysis that for every 1% increase in air voids over7%, there is an approximate 10%reduction in pavement life.23
 Now the WSDOT researchers had aquantitative relationship connecting temperature differentials, densitydifferentials, and the life of the pavement.” 24 In addition, theteam had a practical method basedon thermography to determine thelocation of density tests, which inturn could be used to project roadmaintenance costs that could beavoided. Using this rule-of-thumb,and adding the minimum 2% airvoids that typically result from atemperature differential area toWSDOT’s long-term in-placedensity average of 93% (or 7% airvoids) would result in a 20%decrease in pavement life from thatimplicit in the specifications.25
 The research team also found that:“If temperature differentials[greater than 25 Fahrenheitdegrees] exist, but the finishedpavement has a uniform density of 93 percent or greater for dense-graded mixes, then the pavement should serve its intendedpurpose for its intended length of time.”
 The team had a practicalmethod based on thermography to determinethe location of density tests,which in turn could be used to project road maintenance costs that could be avoided.
 In response to these determinations,WSDOT implemented a systematicdensity specification on 10 projectsin 2002, and to selected HMA roadconstruction projects in 2003 andthereafter. The specificationincludes carrot-and-stick provisions:a cost disincentive if density differentials are located and a bonusfor work that is consistently in-spec.Further work to standardize a testprotocol is ongoing.
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 Longer Lasting Roads
 Simply put, roads that are built to meet density specifications lastlonger than roads that fail to meetthem because they have a higherthan allowable proportion of airvoids. The value of density profilingin projecting road service life for dense-graded HMA can be calculated from quantitativeresearch, which has demonstratedthat: “…an approximately one-percent increase in air voids (abovea baseline value of seven percent)results in a minimum 10 percentdecrease in pavement life. Thus,areas of higher air voids will likelysuffer from accelerated pavementdistress when compared to the matas a whole.” 26, 27, 28, 29
 Improved Return on Road Construction Investment
 The arithmetic that can be appliedto project dollar savings from extensions to pavement life is astraightforward tabulation of theexpense that is avoided by nothaving to resurface or reconstruct a given length and value of road. For budget-strapped transportationagencies trying to squeeze themaximum value from their road-building investment, the proveneffectiveness of combining thermographic analysis, densitymeasurement, and off-the-shelfmaterial transfer equipment tocounter the premature road failureproblem is welcome news. As notedearlier, even with a perfect mixdesign, if the mix is not properlycompacted in the field, the finalproduct will not last for its intendedlength of time.” 30
 On the other hand, a densityprofiling specification linked todisincentives may be interpreted as a challenge by some contractors.For example, in 2000, theTransportation Research Board(TRB) published a member recommendation that: “Payment for any [HMA] lot with evidence ofsegregation should be paid on thebasis of the segregated areas onlybecause these areas control the lifeof the entire lot.” (Typical practicewhen segregation leads to a loss of pavement life, is that localizedmaintenance strategies are typicallynot used within state agencies;pavements are overlaid or reconstructed.) The specific TRB recommendation: “If low levels ofsegregation are present within a lot,the pay factor should be 90 percent(consistent with a pay factor for apavement with a 2 percent increasein air voids). Medium levels ofsegregation equate to a pay factorof 80 percent (consistent with payfactors for an increase in air voidsof 4 percent) and lots with highlevels of segregation should beremoved and replaced.” 31
 Challenges and Opportunitiesfor the Paving Industry
 The standardization of densityprofiling and the embedding of athermographic protocol in road-building specifications to validatedensity may offer important benefitsfor the paving industry and federaland state specifying agencies:
 • Smoother, longer lasting roads.
 • Improved return on roadconstruction investment.
 • Maximization of the value ofSuperpave procedures.
 • Wider paving window for contractors.
 • Stimulus for the development ofnew technology to maintainthermal consistency in truckloadsof HMA during transport andlaydown.
 “Simply put, roads that arebuilt to meet density specifications last longer than roads that fail to meet them.”

Page 13
						

13
 Washington State, by virtue of a its multi-year study effort, hascreated a specification for roadconstruction that addresses theeffect of temperature differentialsduring construction to determinepotential low-density areas. Theseareas can be located with aninfrared camera and are tested witha nuclear density gauge and mustmeet the minimum density specifi-cation. Testing (and penalty)continues until density differentialsdo not exist.
 The WSDOT publishes a periodicreport called the “Gray Notebook”that tracks a variety of performanceand accountability measures forroutine review by the WashingtonState Transportation Commissionand others. The theory is: “Whatgets measured, gets managed.” The Gray Notebook is a conceptbrought to WSDOT by its newSecretary of Transportation, Doug McDonald.32
 The Good News for Contractors
 By utilizing material transferdevices and vehicles and validatingresults with the accurate temperature profiling provided byfield-proven IR cameras such as the FLIR E-series and P-series,contractors can pave under coolerconditions with virtual assurance of meeting specifications. The promise for contractors includesbetter results during nighttimepaving and beyond the traditionalpaving season and of reaping the rewards of job bonuses when offered.
 Stimulus for New Technology
 Thermography systems built for the asphalt paving industry withstandardized measurement protocols and palettes, softwareoptimization, visible laser targetingcapability, and field-testedergonomics will assure accuratemeasurement of mat temperaturesunder the most challenging conditions. The WSDOT researchhas led to many other researchefforts to mitigate temperaturedifferentials, including potentialimprovements to road-buildingequipment; for example, insulated,covered, or heated truck beds tominimize thermal differentialsduring transport of HMA from the batch plant.
 The promise for contractorsincludes better results duringnighttime paving and beyondthe traditional paving seasonand of reaping the rewards ofjob bonuses when offered.
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 differential damage occurs when atruck load of HMA is dumped intothe paver. If the load is exhibitingtemperature differentials, the verycool material that is along the sidesof the load is extruded out towardsthe sides of the paver's hopper.When the truck is emptied and thepile in the hopper is run down, thiscool material falls inward to lay ontop of the material over the slatconveyors. When the next truckarrives and dumps into the paver,this cool mix is conveyed back to theauger chamber and screeded out.The screed is unable to consolidatethe colder mix and open, segregated appearing areas(temperature differential damage)show in the mat. As this can work for each load placed, the segregation cyclic becomesapparent.
 “Even when mix is producedcorrectly at the plant, properlystored in a silo and correctly loadedinto a truck, a poor quality pavement can be produced becauseof temperature segregation. Thisleads to the conclusion that sometype of remixing must beperformed immediately prior toplacing the mix to achieve auniform temperature. Varioustransfer devices were studied [byWSDOT] to determine their effecton temperature differential damage.In most cases, the mat wasimproved; however the temperaturesegregation was not eliminated.
 Better Tools for Better Roads
 The return on roadbuilding investments promises to be far morecertain than it has ever been before,thanks to extensive research,advances in performance and ergonomics in thermographiccameras, and construction equipment innovations that helpachieve higher consistent HMAdensity than ever before.
 State-of-the-Art Material Transfer Vehicle (MTV)
 A very readable extract from aRoadtec brochure about the ShuttleBuggy MTV summarizes the practical implications of the HMAresearch findings produced by theteamwork of WSDOT, UW, andAstec Industries: 33
 “When you have a long haul on acold day, you're going to get truckends, those big clumps and chunksof cooled-down material. Run themthrough the Shuttle Buggy. It willbreak up the big stuff and remix allof it, resulting in a smooth mix withan even temperature throughout.
 “The expected life of a segregated pavement could be half of its expected 12 to 15 years.”
 “Pavement smoothness is affected by temperature and aggregatesegregation. This type of segregation causes non-uniformdensities. The newly laid mix willnot be compacted evenly, resultingin excess air voids. You end up witha substandard pavement that will beshort-lived. Identifying the segregation problem has typicallybeen done by visual observation asthe mix is placed. Where largeaggregate is used for base andbinder materials, the segregatedspots can be easily identified. Onfiner surface mixes, however, segregation spots are not as noticeable and may not show upuntil six to twelve months afterplacement. The Washington StateDepartment of Transportationdetermined that the expected life of a segregated pavement could behalf of its expected 12 to 15 years.
 “Recently, the proven technology of the highly accurate FLIRinfrared camera has been used toevaluate asphalt pavement forpossible aggregate segregation. Asthe infrared camera was used tolook at the mix being dischargedfrom the truck bed, it becameobvious that the temperature differential was significantly greaterthan ever anticipated. Temperature differentials as much as 80Fahrenheit degrees occurred onmixes that had been hauled as littleas 10–15 miles at mix temperaturesof 290°F. Some areas of the truckbed were as low as 210°F.
 “Through using the infraredtesting, the segregation problemturned out to be related to a differential in temperature in theasphalt as it was hauled from theplant to the job site. Temperature
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 “The Roadtec Shuttle Buggy®
 material transfer vehicle was theonly machine tested that eliminatedthe temperature segregation.Remixing augers in the bottom ofthe storage hopper remix the material before being dischargedfrom the machine. On an augerassembly, the distance between theflights is called the pitch. When theauger is buried in material, and thepitch on the auger is the same, all ofthe material will fill the flights andtunnel through the mass. Bychanging the pitch of the auger,new material can enter the flights asthe flights spread out. In the ShuttleBuggy, the pitch changes twice oneach side of the hopper, allowingmix from six different areas acrossthe hopper to remix or reblend.This process allows the cold coarse, hot fine materials to be thoroughly reblended.
 “It is apparent that temperaturevariations of mix discharged fromthe truck have been much greaterthan previously thought and havebeen a significant problem for manyyears. While HMA can be produceduniformly at an asphalt plant, withevery step of the process performedcorrectly, heat loss in the truck isinevitable. Infrared thermographytest results prove that remixing isnecessary to insure a uniformtemperature of the mix directly in front of the screed, which is essential to achieve mat quality and pavement smoothness.”
 Thermography Advances
 A new generation of temperatureimaging equipment makes asphaltthermography as easy as taking aphotograph. The ThermaCAM E-Series and P-Series IR camerasfrom FLIR are the smallest,smartest infrared inspectioncameras ever developed. Fourmodels are available, each equippedwith different features to addressvarying inspection requirementsand budget requirements. Theyweigh only 1.5 pounds withbatteries, and fit easily in the palmof the hand or on a toolbelt. Theyoffer state-of-the-art features including:
 • Extremely crisp thermal imaging.
 • Precision temperature measurement of up to 19,000points on a single image.
 • On-board JPEG image storage atthe press of a button.
 • Download images images quicklyvia USB or RS232.
 • Bright LCD and optimizable,easy-to-interpret temperaturecolor palette facilitate recognitionand interpretation of thermalvalues.
 • Exclusive Laser LocatIR®, whichprojects a bright red spotenabling the operator to targetreadings precisely where desired,day or night.
 • 60 Hz image refresh time enables real-time imaging forcontinuous surveying.
 • A family of interchangeable opticswith different fields of view.
 • Rechargeable Li-ion batteries canbe recharged in trucks and carsor from a two-bay battery charger.
 • Exclusive Wearable Optics accessory, combining safetyglasses and a high-resolutionstate-of-the-art Heads-Up-Display(HUD) that presents the imagedirectly to the eye, improvingworker safety and productivity in challenging environments.
 FLIR ThermaCAM P60
 FLIR ThermaCAM E2
 FLIR IR Heads-Up-Display (Wearable Optics)
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 The thermograph reveals a temperature differential of about 50 Fahrenheitdegrees in this mat directly behind the paver. The cooler areas will be moredifficult to compact (cessation temperature is approximately 175°F) andprobably will result in lower density. Final densities could be out-of-spec forstate highways in some states.
 With only a 5 Fahrenheit degree differential, the longitudinal sectionshown in the thermograph indicates that this cooling asphalt mat exhibitsexceptional thermal uniformity. The final mat density was uniform (lessthan 2.8% air voids). The visual photo of the road taken a year later showsno evidence of wear or degradation.
 Gallery
 258.0
 253.2
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 Asphalt that is cooler than about 175°F is relatively stiff, and resists rolling,which typically results in a lower density than hotter areas, and is thereforeprone to premature failure. Note the low-temperature spots in the thermo-graph, which are as cool as 151°F and correlate with the visibly worn darkspots in the visual photo of the same section of roadway.
 The thermograph shows the contrast in temperatures between the cool,curing lane to the right (113.3°F) and the hot mat being laid down on the left (222.1°F).
 First and last image pairs were taken by David Shahon, FLIR; the second and third pairs are used courtesy of Kim Willoughby, Washington State Department of Transportation.
 228.1
 163.1
 151.0
 212.2
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 Appendices
 Appendix 1: Superpave™ROI 34
 The Superpave system enablesdesigners to select materials anddesign a mix to meet specificweather and traffic conditions at theproject site. The system relies on aninnovative array of equipment thattests and evaluates asphalt bindersand mixes. All state highway agencies currently have five of the six pieces of binder testingequipment, and all have at least one Superpave gyratory compactor,which simulates the effects ofconstruction and traffic on anasphalt mix.
 FHWA established the NationalAsphalt Training Center inLexington, KY, to educate engineers and technicians about the Superpave system. To augmentthis system, state departments of transportation teamed withuniversities to establish regionalSuperpave centers in Alabama,Indiana, Nevada, Pennsylvania, andTexas. In addition to training engineers, technicians, and otherhighway workers, the five centersconduct ruggedness, precision, andbias testing of new procedures andequipment. The National HighwayInstitute also sponsors courses onthe Superpave system.
 Case Studies
 Highway agencies nationwidereport that Superpave pavementsare holding up well to heavy trafficand extreme climates. For example:
 • The Alabama Department ofTransportation (DOT) reportedthat an 8-km resurfaced section ofbadly rutted Route 165 showedvirtually no rutting after twoyears, despite heavy truck trafficand extremely hot weather.
 • A 1995 Superpave overlay on asection of Interstate 10 nearPhoenix, Ariz., successfully withstood heavy truck traffic and 17 consecutive days oftemperatures above 43 degreesCelsius (110 degrees Fahrenheit). It continues to resist permanentdeformation.
 • After four years of cold weatherand heavy traffic, early Superpavetest sections on Interstate 43 inWaukesha County and onInterstate 94 in Monroe County,Wis., are faring considerablybetter than adjacent sectionsconstructed with Wisconsin'sconventional mix.
 • Minnesota reported similarsuccess with a 1995 Superpaveoverlay mix on a rural road inBlue Earth County.
 Benefits
 The Texas Transportation Institute(TTI) was contracted to conduct amacroeconomic analysis of the benefits of SHRP products and thecost of their implementation. Basedon case studies, a team of TTI economists and engineers evaluatedthe total nationwide costs and benefits of researching, developing,and implementing technologies.
 The TTI economic assessment ofthe Superpave system focusedexclusively on the role of theasphalt binder in mix performance.Binder properties significantly affectthe performance of an asphalt mixand its ability to resist permanentdeformation and low-temperaturecracking. Correct selection ofbinders, as provided by Superpaveprocedures, result in longer lastingpavements. In addition to benefits,the TTI analysis in all cases considered costs, such as theincreased cost of Superpave binders
 over other grades of binders andthe state’s costs to purchase andmaintain equipment and to trainemployees.
 Even with conservative estimates,TTI forecasts tremendous potentialsavings from Superpave. Using aconservative projection that fewerthan one-quarter of all overlays will benefit from the use ofperformance-graded binders andthat those overlays would see only a25-percent increase in service life,TTI projected that highway agencies could save between $484million and $785 million annually,depending on how quickly theyadopt the new specification.Motorists could save between $1.3billion and $2.1 billion a year inuser costs thanks to reductions inmaintenance-related delays and invehicle wear and tear.
 At a cost of $53 million, Superpaveresearch was the most expensiveitem in the SHRP budget.Additional costs to research,develop,and implement the Superpavebinder specification were estimatedat $230 million over 20 years.
 Yet, these figures pale whencompared to the expected benefits.If highway agencies take 10 years toimplement the Superpave binderspecification, they will save morethan twice the total implementationcost annually for the next 20 years.
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 Appendix 2: Superpave Mix Design 35
 Superpave mix design is a structured approach consisting offour steps:
 1. Selection of materials.
 2. Selection of design aggregatestructure.
 3. Selection of design asphalt binder content.
 4. Evaluation of moisture susceptibility.
 Selection of Materials
 This step is accomplished by firstselecting a Performance Grade asphaltbinder for the project climate andtraffic conditions. Superpavebinders are designated with a highand low temperature grade, such asPG 64-22. For this binder, "64" is the high temperature grade and isthe 7-day maximum pavementdesign temperature in degreescentigrade for the project. The lowtemperature grade, "-22," is theminimum pavement design temperature in degrees centigrade.Both high and low temperaturegrades are established in 6-degreeincrements. Thus, the binder gradeis an indication of the project-specific temperature extremes forwhich the asphalt mixture is being designed.
 Selection of Design Aggregate Structure
 Five asphalt mixture types are specified in Superpave according tonominal maximum aggregate size:9.5 mm, 12.5 mm, 19 mm, 25 mm,and 37.5 mm. To specify mineralaggregate, Superpave uses twoapproaches. First, it places restrictions on aggregate gradationby means of broad control points anda restricted zone. Second, it placesconsensus requirements on coarse andfine aggregate angularity, flat and elongated particles, and clay content.
 Once binder and aggregate materials have been selected,various combinations of these materials are evaluated using theSuperpave gyratory compactor.Three, and sometimes more, trial blends of aggregate, andnatural and manufactured sand are evaluated.
 Once the trial blends are established, a trial asphalt bindercontent is selected for each blend.The trial asphalt binder content isselected using an estimation procedure contained in Superpave or on the basis of the designer's experience.
 Two specimens of each trial blendare batched and compacted in theSuperpave gyratory compactor. In addition, two loose specimens ofeach trial blend are produced and used to measure maximumtheoretical specific gravity. Thevolumetric and densification characteristics of the trial blends areanalyzed and compared withSuperpave mix design criteria. Any trial blend that meets these criteriacan be selected as the design aggregate structure.
 Selection of Design Asphalt Binder Content
 The next step involves selection of the design asphalt binder contentfor the design aggregate. This step is necessary to verify the approximate binder content used in the preceding step. TheSuperpave gyratory compactor isused to fabricate test specimenscomposed of the selected designaggregate structure, but at fourdifferent asphalt contents. Theasphalt content that results in 4percent air voids at the designnumber of gyrations is the designasphalt binder content. The designaggregate structure containing thedesign asphalt binder contentbecomes the design asphalt mixture.
 Evaluation of Moisture Susceptibility
 This final step requires that thedesign asphalt mixture be evaluatedusing a test procedure calledAASHTO T283, "Resistance ofCompacted Bituminous Mixture toMoisture Induced Damage." This test method was already inwide use prior to the developmentof Superpave.
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 Appendix 3: Asphalt Concrete Mix Design36
 Asphalt concrete mixes should bedesigned to meet the necessarycriteria based on type of roadway,traffic volumes, intended use, i.e.,overlay on rigid or flexible pavements, and the season of the year the construction would beperformed. Mix designs includeMarshall, Hveem and SuperPavecriteria. Marshall mix design criteriaare as follows.
 Minimum Percent Voids in Mineral Aggregate (VMA)
 Nominal Maximum Particle Size Minimum VoidU.S.A. Standard Sieve Designation in Mineral Aggregate (Percent)
 No. 16 (1.18 mm) 22.5
 No. 8 (2.36 mm) 20.0
 No. 4 (4.75 mm) 17.0
 3/8 in. (9.5 mm) 15.0
 1/2 in. (12.5 mm) 14.0
 3/4 in. (19.0 mm) 13.0
 1 in. (25.0 mm) 12.0
 1-1/2 in. (37.5 mm) 11.0
 2 in. (50 mm) 10.5
 2-1/2 in. (63 mm) 10.0
 Standard mix design procedures (Marshall,Hveem) have been developed and adopted byAASHTO; however, some States have modifiedthese procedures for their own use. Any modifi-cation from the standard procedure should besupported by correlation testing for reasonableconformity to the design values obtained usingthe standard mix design procedures.
 Marshall Mix Design Criteria
 Light Traffic1 Medium Traffic2 Heavy Traffic3
 Surface & Base Surface & Base Surface & Base
 Min Max Min Max Min Max
 Compaction, number of blows each end of specimen 35 35 50 50 75 75
 Stability, N 3336 5338 8006
 (lb.) (750) - (1200) - (1800) -
 Flow, 0.25 mm (0.01 in.) 8 18 8 16 8 14
 Percent Air Voids 3 5 3 5 3 5
 Percent Voids in Mineral Aggregate (VMA) Based on Nominal Maximum Particle Size
 Percent Voids Filled With Asphalt (VFA) 70 80 65 78 65 75
 Traffic Classifications:
 1Light - Traffic conditions resulting in a Design EAL <104
 2Medium - Traffic conditions resulting in a Design EAL between 104 and 106
 3Heavy - Traffic conditions resulting in a Design EAL >106
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 Eisenhower Congressional StrategicTotal Interstate High Priority Highway Other Intermodal
 State NHS Mileage System Corridor Network NHS Connector
 Alabama 3,754 906 491 1,827 1,704 43
 Alaska 2,119 1,084 505 1,379 174 62
 Arizona 2,806 1,168 244 1,471 1,273 25
 Arkansas 2,747 543 569 1,100 1,362 33
 California 7,511 2,474 222 4,463 2,789 74
 Colorado 3,390 952 - 1,002 2,366 22
 Connecticut 961 345 4 350 605 3
 Delaware 325 41 - 149 168 7
 District of Columbia 79 14 - 14 65 1
 Florida 4,330 1,473 - 1,953 2,236 141
 Georgia 4,670 1,237 155 1,984 2,562 57
 Hawaii 362 54 - 143 205 14
 Idaho 2,380 611 - 673 1,702 5
 Illinois 5,737 2,158 6 2,167 3,414 150
 Indiana 2,910 1,171 253 1,238 1,391 28
 Iowa 3,231 782 179 786 2,237 28
 Kansas 3,786 872 379 905 2,492 10
 Kentucky 2,914 761 637 791 1,443 43
 Louisiana 2,719 892 39 1,124 1,553 41
 Maine 1,283 366 - 375 891 18
 Maryland 1,455 471 - 649 717 88
 Massachusetts 1,927 564 - 582 1,299 47
 Michigan 4,781 1,241 286 1,339 3,116 40
 Minnesota 3,968 912 - 1,117 2,848 3
 Mississippi 2,797 684 212 1,175 1,455 82
 Missouri 4,563 1,176 642 1,693 2,466 30
 Montana 3,892 1,194 221 1,416 2,475 -
 (Table continues on next page)
 Appendix 4: National Highway SystemState and ComponentMileage
 This table from the FederalHighway Administration of the U.S. Department of Transportationshows the NHS mileage for eachstate, and a breakdown of eachcomponent, including proposedNHS Route mileage.
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 Eisenhower Congressional StrategicTotal Interstate High Priority Highway Other Intermodal
 State NHS Mileage System Corridor Network NHS Connector
 Nebraska 3,007 482 180 545 2,278 4
 Nevada 2,165 541 44 847 1,312 6
 New Hampshire 810 224 - 224 574 12
 New Jersey 2,100 428 - 541 1,450 110
 New Mexico 2,976 1,000 53 1,459 1,463 1
 New York 5,148 1,498 65 1,622 3,379 94
 North Carolina 4,192 1,032 479 1,951 1,663 190
 North Dakota 2,750 572 - 710 2,037 3
 Ohio 4,543 1,580 393 1,780 2,307 141
 Oklahoma 3,325 930 127 1,062 2,128 9
 Oregon 3,755 729 363 1,321 2,046 25
 Pennsylvania 5,476 1,761 123 1,927 3,414 76
 Puerto Rico 448 245 - 284 149 15
 Rhode Island 272 71 - 99 165 9
 South Carolina 2,668 830 222 1,110 1,433 10
 South Dakota 2,943 679 84 778 2,104 30
 Tennessee 3,384 1,074 233 1,185 1,947 39
 Texas 13,704 3,240 925 5,903 7,165 198
 Utah 2,192 934 - 1,234 948 10
 Vermont 718 320 - 320 388 9
 Virginia 3,486 1,101 702 1,639 1,329 38
 Washington 3,384 762 193 1,010 2,041 139
 West Virginia 1,767 544 294 621 830 22
 Wisconsin 4,215 741 - 908 3,208 99
 Wyoming 2,907 915 - 1,015 1,892 -
 Total 163,734 46,380 9,525 61,964 92,658 2,383
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