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2. Project Background and Objectives
It is well known that having adequate and uniform asphalt mixture compaction is critical for pavement life. Multiple studies have estimated that a 1% decrease in density can reduce pavement life by approximately 10%. Currently, a target compaction density is widely used for asphalt mixture compaction acceptance. However, common quality control and acceptance practices for density rely on randomly checking density with nuclear density gauges or cores taken on spot locations. This approach is labor intensive and provides limited information on overall pavement compaction quality, many times missing insufficiently compacted areas. Research conducted by the 2nd Strategic Highway Research Program (SHRP2) R06C has demonstrated an emerging technology, where a density profiling system (DPS) can be used for routine operation to evaluate density and uniformity of asphalt mixture compaction with continuous pavement coverage of the entire pavement area.

As part of SHRP2 R06C, several state DOTs have evaluated a particular Ground Penetrating-Radar (GPR) DPS system, called the Rolling Density Meter (RDM) with very promising results overall. A calibration method for the RDM system has been developed and recommended. In addition, a probability histogram of measured dielectric constant is found to be an effective tool for assessing pavement compaction quality and uniformity. Based on this evaluation, state DOTs have found that the system can be used for compaction assessment of essentially the entire pavement area as part of Quality Assurance. However, some additional research and improvements are still needed to use DPS systems for acceptance.
The objective of the proposed pooled fund project is to establish a research consortium focused on A) further advancing and improving the system based on experience and needs from participants so that the system can effectively and efficiently support their Quality Assurance Programs; B) support communication; C) provide training and technical assistance that includes providing support for specification development and strategies for agency full implementation; and D) conduct technology promotion and marketing for the system. Specific tasks within this multi-year program will be developed in cooperation with the consortium participants.
3. Summary of Task and subtask work to date (Progress report)
The study involves further development of the DPS equipment, protocols, and specifications in tasks 1 through 4.  Task 1 focuses on software and hardware improvements, Task 2 involves development of data collection and analysis protocols, Task 3 is designed to evaluate precision and bias, while Task 4 includes development of operator and equipment certification.  Tasks 2 through 4 provide corresponding specifications as their deliverables.  Tasks 5 through 7 allow for necessary marketing and communications, with Task 5 focused on communication, Task 6 various forms of training, and Task 7 focused on promotion.  The focus on specifications is designed to allow for implementation of DPS technology as a continuous asphalt mixture compaction assessment tool that is rigorous enough to allow for pay items based on DPS results.  
Overall Project

· Funding Snapshot

· Current Budget: $1,136,500.00
· Dollars Committed (Encumbered + Planned): $1,104,551.92 (97.2%)

· Encumbered: $544,890.22 (47.9%)

· Expended: $348,313.22 (30.6%)

· Percent of work completed: 55% (See individual task breakdown below)

· Progress relative to Schedule: On time.  The technical work outlined in the workplan should be completed by the end of the project.  However, the research team may extend the timeframe of the project to perform additional communication and promotion activities, since additional funds were added by FHWA in 2021, and there will be a need to build on the momentum from the pooled fund work outlined in this document.  This would also potentially include some of the in-person training and peer exchange activities that were limited to virtual format due to covid travel restrictions.  This also may be useful to allow the DPS members time to communicate during a time of transition to determine the next steps necessary to move DPS toward density acceptance for interested agencies based on the results of the pooled fund, and time to organize the proper mechanism to achieve the necessary goals.
Tables 3.1 and 3.2 give a summary of the current budget.  Table 3.1 gives the task by task breakdown of funds paid, encumbered, and committed, respectively.  Table 3.2 gives a summary evolution of various changes that have been made throughout the project, such as adding additional funding from FHWA and added states, as well as changing how the funds are allocated based on feedback from the initial kickoff meeting.  It can be observed that the focus of the pooled fund is primarily on developing protocols and a draft AASHTO standard that allows for use of DPS as a density acceptance tool.  This requires significant data collection and analysis activities to determine the feasibility for implementation in the current state of the technology, and identify necessary technological, logistical, or protocol improvements toward deployment.  A subcontract with the University of New Hampshire has been added to assist with addressing some of the statistical and technical challenges toward deployment as is described in more detail below.  The precision/bias and equipment operator tasks provide the necessary technical guidance to support the AASHTO protocol and determine acceptable equipment and personnel for successful deployment.  A subcontract with NCAT is supporting this effort.  The communication, training, and promotion tasks a planned to be supported by a subcontract with CTC and Associates and development of technical briefs and process flowcharts by Adam Hand.  A more detailed summary of the current status of each task is given in the following sections.
Table 3.1.  Budget task by task breakdown giving amount paid, encumberred, and committed by task.
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Tasks Initial Budget  |Budget after Kickoff Feeback |Budget after added States Current Budget

T1: Software and Hardware

Improvements S 246,800.00 | $ 80,000.00 | $ 84,000.00 | $ 84,000.00

T2: Development of AASHTO Data

Collection and Analysis Specification

(Ghost Implementation Protocol) $  203,200.00 | $ 370,000.00 | $ 453,500.00 | $ 477,500.00

T3: Precision and Bias Testing $  160,000.00 | $ 160,000.00 | $ 160,000.00 | $ 160,000.00

T4: Equipment and Operator

Certification $  160,000.00 | $ 160,000.00 | $ 160,000.00 | $ 160,000.00

T5: Support Communication $ 100,000.00 | $ 100,000.00 | $ 100,000.00 | $ 110,000.00

T6: Provide Training and Technical

Assistance $  40,000.00 | $ 40,000.00 | $ 40,000.00 | $ 70,000.00

T7: Promote the Technology S 40,000.00 | $ 40,000.00 | $ 40,000.00 | $ 75,000.00
S -

Totals $  950,000.00 | $ 950,000.00 | $ 1,037,500.00 | $ 1,136,500.00

Added Funds S - s 87,500.00 | S 99,000.00





Table 3.2.  Changes in the project budget allocation based on member feedback and added funds.
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Task 1: Software and Hardware Improvements
· Funding Snapshot

· Current Budget: $84,000

· Dollars Committed (encumbered + planned): $84,000 (100%)
· Encumbered: $84,000 (100%)
· Expended: $60,000 (71%)
· Percent of work completed: 95% (4 of the 5 subtasks are complete and the only remaining task is being evaluated by MnDOT in Beta version)

· Progress relative to Schedule: On time.
· General description of current status: All of the subtasks in this task are either completed and released for use, or a beta version has been given to MnDOT for evaluation before release.  Initial evaluation of the work in this task has shown an improvement in the ability of users to assess the quality of the collected data, compare DPS results with ground truth (cores), and analyze the collected data in a timely manner.  The improvements in this task also help with organizing and storing data for later analysis that is more standardized with the other intelligent construction technology.  For example, the lane extents addition allows for categorizing of mat versus joint data which is often evaluated as separate categories in current DOT specifications.  The improvements allow for user specified limits to make sure it is general enough for each agency and their specific criterion.  The DPS improvements in this task allow users to collect the necessary type of data to be able to make best use of the technology.  For example, sensor consistency, dielectric to air void accuracy, and ability to analyze large amounts of data needs for DPS are made possible with the improvements in this task.
· Barriers to overcome: All of the work in this task has either been released in software available to users or is under evaluation by MnDOT as a Beta version.  A bug in the upper limit of the analysis task was recently identified and is being evaluated in a second Beta Version.  There are no anticipated barriers to completing this task on-time and within budget.
· If additional resources needed to complete task list:  None.
· Additional resources to add value to this task:  While the improvements have been aimed at getting quality data collection and on-site analysis results, much of the analysis is still best accomplished using the analysis software in an office environment.  To facilitate this process purchasing an additional tablet with Pavescan software installed for each participating agency would allow for more efficient office analysis and could be used as a training tool for States that haven’t purchased the equipment yet with pre-packaged projects.  MnDOT would also train in States on how to transfer data from the field to office using an executable developed as part of the pooled fund and the users preferred cloud storage transfer method.  The tablets could also come in handy for hands on training activities with default data sets for analysis.
· Funds: $92,775 ($7500 per tablet for each agency)
· Time: This additional task would be completed within the timeframe of the current workplan.
Subtask 1a: Real-time warning mechanism to inform DPS users when the system is malfunctioning
· Percentage Complete: 100%

· Ahead or Behind Schedule: Done
The most recent version of the software has functionality such that, during routine data collection, if the system fails (ex: a sensor suddenly gives very high or low value; or power outage; or sensor temperature is out of range, etc), the software indicates the failure and records the time and date when the failure occurs to the data file. The failure is documented in a stored file. Figure 1a.1 below shows an example stored file with a failure that MnDOT simulated by putting a metal plate near the sensor by MnDOT during collection, and figure 1a.2 shows the type of pop-up warning mechanism the DPS user can expect.
[image: image3.png]Date and Time IMessage Type  Message Text
2021-08-09T19:06:50.4027 Height Dielectric Value 10.823 is out of range
2021-08-09T19:06:50.402Z Height Dielectric Value 8.95981 is out of range




Figure 1a.1.  Example warning mechanism log of a failing antenna.
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Figure 1a.2. Example real-time warning mechanism for failing antenna.

Subtask 1b: Footprint indicator to inform DPS users the area of the pavement that is influencing each measurement
· Percentage Complete: 100%

· Ahead or Behind Schedule: Done
A laser was added to the RDM 2.0 sensors that indicates the center of the measurement location.  The research team conducted tests with a metal plate in the vicinity of the laser moving from 12 in. to within 3 in. from center as shown in Figure 1b.1.  The results indicate that the footprint is most heavily influenced within a 4 in. radius, and has a small effect up to 5 in. radius.
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Figure 1b.1. Empirical evaluation of DPS footprint at manufacturer specified height using metal plate to detect influence.
Subtask 1c: Miscellaneous Agency Requests “wish list”

· Percentage Complete: 90%

· Ahead or Behind Schedule: On Schedule

The overarching goal of this subtask involves transitioning a technology that has undergone extensive proof-of-concept testing toward widespread agency use in implementation.  The software improvements are designed to allow proper oversite of engineers for tasks completed by technicians as well as to meet data collection and reporting Federal requirements for use of technology as a quality assurance tool.  The following deliverables were submitted as part of this subtask.  Each deliverable of this subtask was developed to allow for data collection and analysis that will be helpful in the development of the AASHTO Data Collection and Analysis Specifications (Ghost Implementation Protocol).  More details of each deliverable and its use can be found in Task 2.

· Dielectric to air void conversion software and hardware developed and provided for pooled fund states who requested it.  This is used to convert dielectric to air voids by testing production mix pucks (Done).
· Data quality assurance module created and included in the latest software versions.  This allows users to check the quality and bias of the dielectric sensors used each day of field testing (Done). 

· Core validation module created and included in the latest software versions.  This allows users to check the accuracy of their dielectric to air void conversion using measurements at locations marked for field cores (done).

· Data analysis and reporting module created and released to MnDOT to evaluate.  This was created to allow users to give summary explanation of the pavement compaction quality in a timely manner (Beta version evaluated by MnDOT and 2nd version currently under evaluation to be released in the next version of the software).
Subtask 1d: Deployment equipment improvements

· Percentage Complete: N/A

· Ahead or Behind Schedule: This subtask was proposed to the pooled fund group in the kickoff meeting.  It was removed and funds transferred to Task 2 after receiving feedback from other agencies asking for more of a focus on Task 2: Development of AASHTO Data Collection and Analysis Specification (Ghost Implementation Protocol), rather than robot or other deployment equipment improvements.
Task 2: Development of AASHTO Data Collection and Analysis Specification (Ghost Implementation Protocol)
· Funding Snapshot

· Current Budget: $477,500

· Dollars Committed (encumbered + planned): $470,327 (98.5%)

· Encumbered: $166,757.00 (34.9%)

· Expended: $166,757.00 (34.9%)

· Progress relative to Schedule: On time.  The data collection efforts of 2021 are not reflected in the dollars encumbered funding snapshot.  When those dollars are taken into account with planned 2022 work, timing, spending, and work complete are both close to the 50% mark as is detailed more in each subtask below.  
· Percent of work completed: 50%
· Training materials and a draft data specification have been developed and are continuing to be updated as warranted by data analysis findings, and proposed logistical constraints identified by each project.  The final product is expected on-time, but the scope of the specification will depend on addressing some technical and logistical barriers to implementation.
· General description of current status:  The research team has developed training materials (videos and documents), and is in the process of updating the videos and documents to reflect lessons learned from the continued data collection, analysis, and accuracy checks and account for hardware and software improvements as they are released.  The training videos are being released continuously since the new software creates a learning curve for users that takes skill and time to overcome.  For example, on-site training videos associated with the new quality assurance module for both swerve and line test as well as the core validation module have been added to the DPS Pooled Fund YouTube Channel.  The routine data collection pass protocol was also updated for the latest hardware and software which also includes a tutorial on how to enter an asphalt mix calibration that allows the user to output live %Gmm as the user is collecting data on the pavement.  The data analysis module with percent conformance is still in beta version which is being evaluated by MnDOT.  Once this is incorporated with the software a similar on-site tutorial will be created.  When the corresponding protocol documents are completed the video and document are placed on the DPS Pooled Fund Training Materials Website.  The training materials were used as a reference to develop a draft specification for contractor collected DPS data.  The data collection protocols have worked well, and the analysis is still being developed to account for improvements in data filtering and cataloging capabilities in the new BETA version of the software.  Over 400 segments of 500 feet in length (as defined in the draft specification) have been collected so far as part of the effort to develop a feasible working protocol.  The goal is to have a data collection and analysis protocol that is more user friendly and timely than the previous one, while also allowing for the necessary pavement coverage, data quality checks, and accuracy of %Gmm predictions for use of the technology as a pavement compaction acceptance tool.  Draft specifications were developed to contract data collection from contractors as part of this effort.  In one case, the contractor already owned the equipment and the contract was setup to pay for data per 500 ft. segment with full collection as defined by the specification.  In another project, the contractor rented the DPS equipment and were paid lump sum for the project based on meeting a pre-defined percentage of the pavement collection meeting specification requirements.  The rental approach was incorporated into the study to find a lower risk way for contractors to get familiar with the new technology.  Each project included puck calibration following the draft specification and core accuracy check locations where different strategies were attempted based on the specifics of the project.  Different data analysis methods have also been trialed including the new Pavescan filtering and percent conformance improvements as well as importing into the Beta version of VETA that allows for direct comparison of DPS with other intelligent construction technologies.  Some of the protocols being evaluated include the necessary frequency and type of dielectric field bias evaluations, and accuracy of the DPS in measuring %Gmm after the mix coefficients are used.  The research team has also been investigating the feasibility of using production mix pucks to convert dielectric to %Gmm, and various techniques and timing of measuring %Gmm with the DPS to compare with the currently accepted ground truth (cores).  Some sensor bias and discrepancy between predicted and measured %Gmm have been observed.  MnDOT has recorded field conditions during testing and conducted some controlled tests in an effort to identify the cause of observed bias and inaccuracy.  The protocol should be setup such that any sensor or calibration coefficient issues are correctly identified prior to being applied as an acceptance tool.  Additionally, the traffic control situation changes from project to project and feasibility of dedicating personnel to collect data all day with multiple passes could impede deployment of the technology.  Various logistical and collection method strategies have been trialed to give insight on how these challenges may be overcome.  Some of the challenges encountered are described in the next section.   
· Barriers to overcome: There are no anticipated barriers to completing this task on-time, however the scope of the AASHTO specification will depend on what technical and logistical challenges discussed earlier are overcome.  If the technical challenges encountered in this task are overcome a protocol associated with each chapter of the training documents will be submitted as an AASHTO provisional specification.  The DPS AASHTO specification for density analysis scope and timing depends on how quickly the technical challenges are addressed by MnDOT and the contracted Pavement and Statistics professors.  Technical working groups (explained in more detail in task 5 will also be employed to address some of these barriers.    

· Additional resources to add value to this task:  As discussed earlier, each paving project produces unique challenges with respect to the logistics of data collection that lead to successful implementation.  This requires trained and experienced contractors for deployment of the technology, and development of generalized protocols that can handle different variables.  Additionally, feedback from practitioners who pave daily is invaluable to addressing logistical challenges with collecting quality data.  For example, a project with a moving traffic control makes multiple passes difficult, whereas fully closed projects can assume more time for data collection.  There are also challenges with obtaining quality data at core locations to check the accuracy of the dielectric to air void content that are unique to each project.  There are challenges with finding the proper tradeoff between collecting many sensor bias tests versus getting as many straight pass full coverage measurements for analysis as possible.  While the research team is testing multiple strategies of testing protocols and analysis, agencies will have to work with their paving industries to develop project specific plans based on the developed protocols and get experience navigating the potential barriers.  It would be beneficial if some partner DPS pooled fund agencies attempted a similar pay for DPS data specification to what Minnesota DOT is trialing as part of this task.  In this case, the partner agencies would use the draft specification MnDOT used and modify it to fit the needs of the contractor for the specific project they implement it on, and work with MnDOT based on their experience working with contractors to collect the necessary data.  This would not only build expertise and shared experience of partner States beneficial for the peer exchanges, but also present additional unique challenges and solutions that can be incorporated into the AASHTO protocol.  This is already included in the current workplan for a single project, but any additional projects would be helpful to getting a more complete national picture.  Each additional project would assist in determining how well the draft protocol works to address a more diverse set of technical and logistical challenges that agencies face in attempting to deploy DPS.
· Funds: $150,000:  $50,000 per project for 3 additional projects depending on State Agency interest, length of projects, and equipment availability.

· Time: 12 months

Subtask 2a: Communicate equipment and data needs with partnering agencies and develop detailed work plan for equipment, personnel, and data transfer

· Percentage Complete: 30%

· Ahead or Behind Schedule: Slightly behind schedule due to difficulties without in-person meetings and data transfer difficulty.  This should get back on schedule after in-person 2022 meeting at MnROAD when States are trained on the aspects of data collection including how to use the Project Explorer app.
In addition to the training materials detailed in subtasks 2b and 2c, the equipment and data needs have been communicated through sharing of data.  For example, North Dakota, Ohio, and New York shared their construction data from 2020.  An analysis of Ohio and New York data showed how the new software could be used catch the sensor bias issue that went undetected without the quality assurance module.  This is an example of how the data sharing can help agencies work with each other to solve problems.  Figure 2a.1 shows an example of using data submitted to MnDOT from New York to use the quality assurance module and identify a sensor bias issue that was occurring with one of their sensors.
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Figure 2a.1.  Use of pooled fund database to evaluate New York sensor issue.

Since data transfer allowing for Pavescan analysis proved difficult, MnDOT worked with the vendor to develop a tool designed to allow the user to easily move the necessary raw data to a usb stick so the project can be analyzed on a desktop computer rather than a tablet.  Figure 2a.2 shows this “Project Explorer” tool that can be used for easier data transfer from the on-site tablet to another tablet or computer with Pavescan software.  This tool is useful for tranferring data between field technicians and engineers doing the analysis, and will come in useful for sharing agency data in the pooled fund.  Training on how to run this tool will be included in the data analysis training video.
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Figure 2a.2.  Tool for transfer of necessary raw data from tablet to analysis user.

Subtask 2b: Formalize data collection and analysis for dielectric to AV% conversion using Gyratory Specimens

· Percentage Complete: 70%

· Ahead or Behind Schedule: On Schedule

In this subtask a training document was developed to formalize the dielectric and AV conversion using gyratory specimens.  This procedure is published on the DPS website for pooled fund agencies to use and can be downloaded here.  A screenshot of the title page is given in figure 2b.2.
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Figure 2b.2.  Protocol developed for dielectric to air void conversion.
The process was improved to allow for more efficient conversion from dielectric to air voids in field laboratory where production mix is used to create pucks, and get the field equipment timely mix calibration coefficients.  Since the effectiveness of the DPS as a quality assurance tool depends on the accuracy of the model used to convert what the DPS measures in the field (dielectric) to what actually affects pavement performance (air void content or relative maximum density), it is important to check the accuracy with ground truth cores.  Traditionally, this conversion had to be made by taking cores of the placed pavement, which has been an impediment to implementation of the technology.  Recently, a method for measuring dielectric of asphalt specimens that are already produced as part of the quality control process makes use of dielectric-based quality control and assurance more feasible for widespread implementation.  To facilitate this, a stand-alone program allowing for user friendly measurements that can be easily integrated with other production mix characteristics such as aggregate source, bulk specific gravity, aggregate gradation, and binder content was developed.  Ultimately, the technician is able to import each day’s test settings, run the puck testing following the agency protocols, and output the dielectric to air void conversion coefficients specific for each tested production lot, mix, or project. The following funtionality should be achieved for proper dielectric to %AV conversion:
· Project and puck testing information input that defaults to the previously input value and allows for preloading input settings by importing a .csv or similar file created by the project engineer or other qualified individual.

· Output dielectric results in a data matrix that includes all relevant mix characteristics.

· Calculate correlation coefficients for linear best fit.  

· Output puck testing results so a linear regression in excel can be performed.

These improvements in the method that make it easier to achieve this functionality are detailed in a presentation posted to the DPS website here.  A publication giving further explaination of the technique used to obtain dielectric values of production mix and use the results for field evalation is linked here (see figure 2b.3).  A publication giving further explaination of the sensitivity of changes in the mix can be found here (see figure2b.4).  A publication showing how the relationship between dielectric and air void content can be evaluated for consistency is found here (see Figure 2b.5).  The latter publication also gives sensitivity of daily changes in mix properties to the dielectric to density conversion using a logistic model 

[image: image9.png]. geosciences

Article

Toward Core-Free Pavement Compaction Evaluation:
An Innovative Method Relating Asphalt Permittivity
to Density

Kyle Hoegh 1+, Roger Roberts 2, Shongtao Dai ! and Eyoab Zegeye Teshale !
T Minnesota Department of Transportation, Materials and Road Research, Maplewood, MN 55109, USA
2 Geophysical Survey Systems Inc, Nashua, NH 030603075, USA
* Correspondence: kyle hoegh@state.mn.us; Tel: +1-1651-366-5526

@ sl
Received: 28 May 2019; Accepted: 23 June 2019; Published: 26 June 2019 updates

Abstract: Asphalt pavement compaction quality control and quality assurance (QC/QA) are
traditionally based on destructive drilled cores and/or nuclear gauge results, which both are spot
‘measurements representing significantly less than 1 percent of the in-service pavement. Ground.
penetrating radar (GPR) is emerging as a tool that can be used for nondestructive continuous
assessment of asphalt pavement compaction quality through measuring the pavement dielectric
constant. Previous studies have established that asphalt pavement dielectric constant measurements.
are inversely proportional to the air void content for a given asphalt mixture. However, field cores are
currently required to calibrate the measured dielectric constant to the pavement density. In this paper,
amethod is proposed to eliminate the need for field calibration cores by measuring the dielectric
constant of asphalt specimens compacted to various air void contents. This can be accomplished with
a superpave gyratory compactor (SGC), which is routinely used in the pavement industry to fabricate
6in. (152 cm.) diameter specimens. However, this poses difficulties with the GPR antenna height,
direct coupling, and the Fresnel zone in relation to the asphalt specimen dimension limitation. These
challenges are overcome by employing a plastic spacer with a known dielectric constant between the
SGC specimen and the antenna. The purpose of the spacer is to reduce GPR wave speed so that the
signal reflected from the specimen is separated from the direct coupling effects at an antenna height
where the Fresnel zone of the GPR is not affected by the specimen dimension. The specimen dielectric
constant can then be measured using the reflection coefficient-based surface reflection method (SK) or
the pulse velocity-based time-of-flight method (TOF). Also, The Hoegh-Dai model (HD model) is
demonstrated to reasonably predict pavement density based on the results of field measurements
and corresponding core validation, especially as compared to the conventional exponential model.
Results are presented from multiple days of paving on one project, as well as a single paving day
on a project with significantly different mix properties. The agreement between the HD model,
coreless prediction, and field cores shows the promise for implementation of dielectric-based asphalt
compaction evaluation without the need for destructive field core calibration.

Keywords: GPR; dielectric constant; relative permittivity; relative density; electromagnetic wave;
pavement; non-invasive; air voids; asphalt; QC/QA; ground penetrating radar; non-destructive
testing; electromagnetic waves; signal processing; antennas and radar systems; geosciences



 
Figure 2b.3.  Cover page of publication detailing the process of measuring dielectric of production mix samples.  

[image: image10.png]Journal of Testing and Evaluation

401101520/ TE20190485 / Vol 48 / No.3 / 2020 / available online at www astm.org

e o/0000-0001 5914785

Reserch, Miresots Darment
of Tansporaton 1490 Gervas
e, 5 45, Masewos.
508, A

sk Deparment of
Transortaton and e
Faciiies, 5500 € Todo .

Eyoab Zegeye Teshale, Kyle Hoegh” Shongtao Dai* Richard Giessel.*
and Curt Turgeon”

Ground Penetrating Radar Sensitivity to
Marginal Changes in Asphalt Mixture
Composition

Reference
£ Zegeye Teshae, K_Hoeh, 5. Dai, R Gisse, and C. Turgeen, "Ground Penctating Radar
‘Sensitiity to Marginal Changes in Asphat Miture Compositon” Journal of Testig and.
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ABSTRACT
Ground penetrating radar (GPR) i aining renewed attetion from many state hghway agen-
cies because of is promising appication prospects for rapid, fullcoverage. continuous,
and nondestrctive measurements of the density n newly constructed asphalt pavements.
However,several operatonal antechnicalssues need to be addressed beforethistechnology.
can be effcently deployed for quality control/quaty assurance practices. The operation-
related chalenges are reatvely easly adcressed with proper project-specfc management
pracice. The technicalones, o the othe hand.requie improvements to the estng devices
‘and procedures and strategi nvestgatons for futher undrstanding of the rlationshp be-
tween the GPR-measured dilectrcs and the densty of asphalt mixtures. The atter i particu-
larly crucial gven the production and construction varisbilty of asshalt mixtures and the.
‘accepted practice o field acjustments to mix cesigns. Thi study investigaed the sensitivy
of deectric measurements o changes i mix composiion and assessed th appropriateness
(or lack thereof of using a single dieecticdensity transer model o anayze field data
measured on multipe production days. The sty examined asphal mixtures designed and
manufacturad in thelboratory it arying smounts ofimestone. a igh-cielctric aggregate.
source, a5 wela plant-produced asphal mixturescollcted on multle production days The
findings indicated that the source/compositon of the aggregate structure affected density-
Gieectric relatonships of asghalt mixtures consderably. On the contrary, the relstonshiy
‘appeared to be fes sensitiv to normal asphalt production variabilty (day to day variatins)
s 1ong as the aggregate source proportions were maintained intact. The experimentalnves:
tigation proposed in this study can be easly employed to determine the proper amount
of calration models or the extent of allowable acjustment to the mix design for asphalt
pavement construction profcts.




Figure 2b.5.  Cover page of publication detailing sensitivity of dielectric to asphalt material changes. 
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Method for Assessment of Modeling Quality for Asphalt
Dielectric Constant to Density Calibration

Trevor Steiner'; Kyle Hoegh, Ph.D.2; Eyoab Zegeye Teshale, Ph.D.%; and Shongiao Dai, Ph.D.*

‘Abstract: Tradiionsl messures of ssphalt compaction rly primaily on rndom cores that only messore a sl fraction of the pavement.
Recenty the use of ground penciraing radar was indicated 1o be usable a5  nondestructve means forthe continuous assessmentof sphall
compaction. A roposca Hoegh-Da (HD) modelhas becn suceesful in predicing aie void content within typicaly achieved ickd compction
levels bt has educed accuracy atthe extemes. This papr proposes an enhanced Minncsota DOT (MaDOT) model t0 adresstis isue. A
method fo ssssing modeling quslity i proposed to quanify the mprovernent ofthe MaDOT model. The procedars i based on the sceuricy
of fits when run through a Monte Carlo simulation. The developed proccdure indicstes thatthe MaDOT model has improved scurscy —with
.745% sir void vrition at  dickectrc o 4 compared with .33% forthe HD f. Aditonaly, the MaDOT model is more sisble fo eplicste
days of the samemixdosign s ll withi the uncertiny of o of the fieldcores across svers projects thian the HD moel, DOI: 10.1061/
IPEODX.0000210. This work is made available under he terms of the Creative Commons Amvibuion 4.0 Iniemational lcense, hps:/

Creavecommons.org/icenses /4.

Author keywords: Ground peaciruing radar (GPR): Asphlt pavement compacton; Air voids; Density; Nondestuctive testing:

‘Nondestrctve cvalation,

Introduction

Recent developments in methods for ssphalt compaction cvaution
Sugsest that ground penciraing radar (GPR)can b cffectivly em-
ployed to nondestrctively test the reltive compaction of the
place pavement. This technology hs sdvanced from noncontact
o antennas (Saarenketo and Roimela 1998 or othe methods,
such as sep-fequency, aray-based systems (Hocgh t al. 201
Leng and AL Qudi 2014 Scot a1 2006; Shangguan and AL Qudi.
2013, 1o salle, dipole-ype anicnnas that can accuately mezsure
he dilecic consant of 4 placed asphal mixare (Wilson and
‘Schesta 2015). These aniennas can be placed on a pushcart or
a vehicle mount to allow for the cominuous ssessment of the
place pavement's st vod content. The procedure for calculaing.
iclectri constant values using GPR antennas uss the surfce -
Rection method. This method is based on messuring th relection
amplitade ofthe siasphalt ntrfac. The smplitude o te reflce-
tion from ai 0 the asphalt surface, relativ (0 the incident ampl

e (rpresentd by the eflcction rom a metal plate, i the sed

TSudent Worker Pars Profesiona Mterah nd Road Research.
Minaesots Deariment of Trsasporaion, Maplewood. MN 53109 (e
sponding aubos ORCID: htpsJorcid org/0000-1002 5305557, il
oy

SResearch Scienis, Maerils and Road Rscach, Mimesos Depar
et of Teasporaton, Mplewoad, MN 35109 ORCID: g it o
1000000015526 SS9X_ sl yle bocsh Gsute s

Rescarch Scienis, Maeis and Rood Rescarch, Mimesos Depar
ot of Teasporaton, Msplewoad. MN 55109 ORCID: g cid o
0000001 S514.789X. Enail: eyoshspee el @t .

“Rescach Operaion Engincer, Maerl ad Road Rescarch, Misne
sta Deprtmcnt of Trnspoistion. Maplewood. NN 55109, ORCID:
i or 0000 0003 338 0445, Emal: Shongta i st s

N This manuscrip was subntied oo August 22, 215 sprved oo
A 31, 202;publshec o o oy 2, 2020 Discssion e opes
il December 2 2020 sepue dcusions st be subitd foe i
Vst papers. This pape s par o h Jourl o Trausportation En.
incerng, Part B: Pavements, CASCE. ISSN 2573 3435

onsce

pre

1o detemine the bulk dilecric consant ofthe ssphal. The ablty
o continuously messure the densiy of in-place pavement using.
GPR technologies makes i casier to provide onsit feedback of
the paving operaions and techaiques, s well s  full picture of
he pavement compaction quality. Furthermrs, given thal insuf-
cien asphah density s the most frequcnt consruction-elted per-
formance problem (Killingswiorh 2004, the ful coverage teting.
spproach made possible by GPR technology improves the sbilty to
ikl identity density defcint areas and, thus, determine the ser.
viee lfe of the pavement. Worlhwhile 10 note i that, ot presen,
‘most qualitysccsptance programs rely onrandom coring that mes.
sures ess than 1% o the produced total asphalt mistuc:the cores
‘could missepresent the rue compction o the fullpavement.

“The compacionfevel sd sir void omtent of 3 compacied pave-
et ar two interchangesble chrsciristics: the higher th comn-
pacton,the lower e void content. Because of thisrlationsip,the.
i void content levl of pavements i ypically reported by the -
aive compacton o relatve densty purameer (Eq. (1), whih
quansifes hefraction o the pavermcat that s ot aie voids(nrefer
ence 10 the theortical densiy):

where &1
of the mixture: G, = bulk specific graviy of the compacted
misture: 4 Gy, = theoretical maximum specifi gravity of the
oose mixtre. Al e components ofan asphaltmixtur (asphalt
binder, agaregate, and ie void) contsibute 10 the measured dicec-
e constan. Hence, several mix characteistc-dependent maels
ave been developed o predict th dielecrc constant for  spcifc
‘combinaton of components (A1 Qa ¢ al. 2010). However, these
types of models ely on esimating dicketric constant of the a5
gregat and binder by back-calulation o from the licrature (A
Qudi tal. 2010) As a resul, these models are relatily complex.
1o s on 4 owtine basis. Furhermore the measured mixure -
clectric onstant elics on the various components used fo the pe-
cific asphal mixture; for example, aggregate type and distbotion
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Figure 2b.5.  Cover page of publication detailing sensitivity of daily changes in mix properties to the dielectric to density converstion using a logistic model.  Note: linear model is now recommended.
Subtask 2c: Field testing data collection and analysis

· Percentage Complete: 50%

· Ahead or Behind Schedule: On Schedule

In this subtask training documents were developed to formalize the DPS data collection and analysis.  The procedures for DPS pre and post paving, dielectric quality assurance, and routine field collection are published on the DPS website for pooled fund agencies to use and can be downloaded here, here, and here.  An example document title page is given below in figure 2c.1.
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Figure 2c.1.  Protocol developed for routine field data collection.
The field testing and data analyis procedures allow for the following improvements over conventional density evaluation: 
· Continuous non-destructive evaluation of asphalt pavement compaction as opposed to the current spot checking methods has great potential for improved quality assurance.
· Daily monitoring for dielectric changes in the production mix
· Ability to peform statistically significant evaluations over shorter (~100 ft.) stretches of pavement
· Ability to output live density results over large areas of pavement when dielectric to density conversion is completed properly. 
· Ability to use actual percent conformance (PC) rather than extrapolated percent within limits (PWL) 
However, any new way of performing density acceptance must contain supporting data and documentation.  For example, Federal Highway puts requirements in place that are designed to ensure that the data used for incentives/disincentives are unbiased.  Further, Agencies must have supporting data to protect themselves against cases where a contractor can claim that incentives/disincentives were incorrectly applied based on erroneous data.  Part of this subtask is designed to reduce risk for agencies, since they will be able to identify erroneous data and remove it from analysis before it is incorrectly applied for incentive/disincentive and withstand scrutiny if there is an incorrect claim against the use of the dielectric-based data for incentive/disincentive.  To accomplish this, data consistancy for all sensors used must be performed.  This is true for both sensors within the same system and when performing agency sampling of contractor collected data.  A software module that allows for the following functionality is specified to accomplish this task:

· Allow the user to seamlessly move from routine data collection mode to the data quality assurance module and back without changing any of the routine data collection settings

· Calculate the difference of the median of each individual sensor versus the population mean of all 3 sensors combined. Note 1: this will require 3 separate tests for HDPE or Transverse Lines, but only one test for swerve testing.  Note 2: The HDPE is currently not recommended since the results have not shown ability to detect bias between sensors in the asphalt itself.   

· Export results to a stand-alone data quality assurance file (regardless of which type of QA test was conducted).  User should have the option of also including the results of the test in the routine export data file (for example, if the swerve test was chosen as the QA test, it is also applicable for mat assessment)

· Alert the user that the equipment is malfunctioning and record the information to a file that can be used to monitor the contractor or other user that needs oversight.  We need to define what “malfunctioning’ means, but example triggers could be setting a threshold of difference from the mean, indication of not properly storing data, dropped signal percentage, etc.).  Most likely the AASHTO 0.08 tolerance will be employed for detecting out of spec results, but a higher tolerance is currently employed for research to allow for data collection even when a sensor is out of 0.08 tolarance.

· Apply quality assurance results to “correct” for minor offsets between sensors.  This correction will involve application of a scaler shift of a sensor measuring higher or lower than the global median.  It would also be useful if the user was allowed to choose which correction strategy they would like to employ and the option to over-ride or manually input the correction if need be.  For example, the agency may want to use only the most recent test, a moving average of the 3 most recent tests, or to only apply the correction at the end of the day.  This module should be generalized to allow for employment of different correction strategies.  Note 1:  While this type of consistency correction can be made, it should be statistically justifiable, which is currently being evaluated by the research team.
Similar to the motivation for the sensor consistency module, the core accuracy check module should be specified in DPS protocols to evaluate if the dielectric to air void conversion as applied to the field collected dielectric data is accurately assessing the pavement density.  This validation evaluates any uncertainly in the dielectric to air void conversion as well as accuracy of the dielectric measurement after application of quality control.  This module also allows for comparison of ground truth (field cores) to assess the accuracy of the dielectric-based data in assessing air void content directly.  Since this ground truth is costly in terms of monetary cost, damage to the pavement, and safety concerns with the coring process, this module should be designed to mitigate the need for excessive coring.  The goal is to seamlessly collect spot dielectric testing at locations that are going to be cored and tested for air void content anyway rather than selecting additional core locations.  Additionally, the core measurement process should accurately reflect the sample of the pavement being cored without being subject to random fluctuation of the mix itself.  To facilitate this, the core accuracy check module should allow for the following functionality:

· Allow the user to seamlessly move from routine data collection mode to the core module and back without changing any of the routine data collection settings

· Allow the user to input the following information according to the spot check core location:

· Core ID 

· Sensor # at core location

· Note: the above two pieces of information are sufficient since the Core ID is tied to all relevant information already for current density acceptance protocols.  Note 2: The core ID is flexible to use each specific agency’s nomenclature (MnDOT uses lot number and core number within lot)
· Export results to a stand-alone core validation results document that includes the following information

· Core ID

· Sensor # at core location

· Dielectric result

· Since many agencies employ “companion cores” to allow for agency comparison with contractor data, a “companion core” mode should allow for seamless measurement of 2 adjacent cores.  Basically, the difference between two companion cores can be evaluated real time in this case.

· Allow the user to input the field core results when obtained for comparison with predictions and assessment of accuracy for use in quality assurance that day. The field core results should also be output to the same export file containing measured static dielectrics at the core locations and match with the corresponding dielectric values.

· Eventually allow the user to pre-load the core locations using a .csv or similar file format for the data so the following can be accomplished:

· Each core ID is selected from a dropdown menu that already contains stationing and offset information

· The software alerts the user when they are close to a core location before or after a run (each agency provides “closeness” criteria)
These improvements are detailed in a presentation posted to the DPS website here.

Additionally, analysis techniques originally deployed by MnDOT using post processing in Matlab that were deemed useful enough to specify for real-time analysis were included.
While the continuous nature of dielectric-based assessment allows for more robust evaluation, it creates a challenge in presenting the results in a concise manner that can be digested by the road builder to make quality control decisions.  Daily analysis and reporting techniques that export standardized results that provide the road builder with an overview of their performance each day of paving are specified for on-site results in this task.  The user should be able to export the results each day in charts and a short summary report that gives timely and digestible results.  The standardized reporting should be determined by various state agencies after more states have had some time to use the technology.  The following gives an outline of some of the standardized reporting incorporated in on-site analysis as well as a TRR publication summarizing case studies in Minnesota containing some of these analysis techniques here (see figure 2c.2).
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Abstract
‘Avaible methods for assessing hot-mix-ssphale pavements are typically restricted to destructive methods such 3 coring that
damage the pavement and are imited in coverage. Recentl, density profling systems (DPS) have become avaibie with the.
‘capabilty of measuring ssphile compaction continuously, gving nstantaneous messurements 3 few hundred feet behind the.
final roller of the freshly placed pavement. Further developments o the methods invalved with DPS processing have sllowed
for coreles calibration by correlating dicectrc measurements with ssphle specimens fabricated st varible air void contens
using superpave ratory compaction. These developments ke DPS technology an atractve potentil ool for qualy con-
erol because of the rea-ime nature ofthe result, and qualiy asurance because of the abily to measure 2 more satistically
signficant smount of ata 35 compared with current qualty 3ssurance mathod such 35 coring, To test the viabilty of these
recently developed methods for implamentaton, mltple projects were selected for fild trials. Each feld trial was used to
as5ess the coreless calbration prediction by comparing it field cores where dielectric messurements were made. Ground.
truth core valdion on each project showed the ressonableness of the coreless calibraton method. The vaidsted dilectric
€0 ai void prediction curves allowed for assessment of the tested pavements in relation to 25-bulc charactersic, with the
DPS providing the equivlent of approximataly 100,000 cores per mik. Scatstial measures were used to demonstrate how
DPS can provide 3 comprehensive asphalt compaction evlustion tht can be used to inform construction-relted decisions
‘and has potentil 353 future qualty assurance tool

The mechanical behavior and thus performance of
‘asphalt pavement has been shown to be highly depen-
dent on the air void content of the compacied mixture.
Kassem et al. showed that higher air void content in
pavement corresponds (o inereased occurences of pave-
ment distress that negatvely affet long-term perfor-
mance (/). This behavior is best summarized by Linden
et al, who estimate that every 1% increase in air void
content above 7% leads o approximaely 10% reduction
in pavement life (2). Accurate and complte assssment
of pavement compaction s therfore an essenial step in
quality assurance and qualitycontrol (QA/QC) of paving
projects. Current pavement QA/QC {ools 10 test asphalt
compaction are desiructive, expensive, and limited in
coverage. The state-of-the-practice is o complete ran-
dom coring to determine inceniive-based payouts for the
contractor. Random coring asseses lessthan 1% of the
placed pavement, so tscoverageislimited and can often
misrepresent the true compaction of the placed pave-
ment. There is a sirong need for a non-destructve,

continuous, and efficient method to complete the QA
analysis of a paving project. In addition, traditionally
‘available methods such as nuclear density gage are also
spot measurements that do not timely and comprehen-
sively provide feedback (o the contractor 1o make real-
time decisions affecting the compaction of the placed
pasemen.

In an effort to address the limitations of state-of-the-
practice QA /QC measurement technology. eround penc-
trating radar (GPR) has been triakd for decades o mea-
sure the surface dilectric of asphalt pavement using non-
contact horn antennas (3), or other innovative methods
including step-frequency and array-based systems (4-7).
The measured dieketric constant of the pavement is
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Figure 2c.2.  Case studies showing how DPS analysis can be performed.
The analysis conducted in the previous presentation required the use of Matlab, Visual Basic, and other programming tools not convenient for routine use by agencies.  As such, the filtering and analysis capabilities specified for DPS should allow for the following without a need for 3rd party post processing tools other than standard excel spreadsheet type analysis:

a) Results of DPS consistency checks
i) Deviation from global median at each stationing location it was conducted (see figure 2c.3)
(1) Swerve

(2) Transverse Line

ii) Deviation from reported value versus stationing

(1) HDPE (2.33)

b) Accuracy of dielectric-based air void measurements (Core AV% vs. DPS AV% Predicted) 
i) Statistical Analysis of Accuracy (to be conducted in UNH subcontract)
ii) A plot showing prediction curve vs core results see figure 2c.4)

iii) Acceptance Criteria (to be conducted in UNH subcontract)
c) Full Day Analysis 

i) Histogram and percent conforming (PC) (See figure 2c.5)

(1) DPS Joint and Mat

(a) Line with DPS median

(b) Line with cores median

Figure 2c.3 gives an example excel generated plot showing the results of sensor consistency checks.  The deviation from global median is calculated by the on site software to output the sensor adjustment (y-axis) for each sensor at the stationing location where the consistency check occurred.  The sensor adjustment reflects the value that should be added to each dielectric measurement to make each sensor consistent.  In this example swerve tests were employed to show that the sensors were generally within specification, but sensor 196 was measuring lower than the other two sensors.  This suggests a sensor correction of about 0.09 would be required to make the sensors read uniformly on the given day.  Formalizing the sensor quality checks is part of the subcontract tasks with UNH.  Here is the relevant tasks of the UNH workplan:

“Task 2: Collection and Organization of DPS Data from Pooled Fund Study Agencies and Entities 

Dielectric measurement data from various Pooled Fund Study agencies and entities where both field and corresponding laboratory data exists will be collected and organized in this task.  Data collection will include the field dielectric measurements made with the DPS equipment and laboratory dielectric measurements on field cores and laboratory compacted specimens made using the laboratory dielectric measurement system (LDMS) setup. The collected data will be organized into a master database and outlier analysis using ASTM E178 method and Mahalanobis distance method will be conducted. Additional data quality checks will also be conducted in preparation for further analysis, this is especially important for field collected data to ensure that mislabeled or partially missing data is not included in analysis. The main deliverable for this task will be a master database of (field and lab) dielectric measurement data with identification of statistical outliers.”

And, 

“Task 4:  Evaluation of Sensor Bias for Field Dielectric Measurements 

In this task, acceptance criteria and checks to address sensor bias will be developed for field dielectric measurements throughout each day of testing.  The evaluation will be based on strategies such as swerve, transverse line and/or others identified in this task.  The deliverable for this task will be recommended changes to current protocols for field DPS measurements.”
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Figure 2c.3.  Example plot showing sensor consistency check.
Figure 2c.4 gives an example use of the core accuracy check module outputs.  The orange dots indicate the production mix puck results of dielectric versus density (see section 2b for how these measurements are made).  The gray dots represent the results of field accuracy checks at field core locations (exported using the core accuracy check module).  While it is clear that the closer the field cores fall to the prediction line created by the production mix pucks the better the prediction is, this needs to be quantified for us in density acceptance.  UNH will be subcontracted to develop a statistical criteria to evaluate the accuracy of the dielectric to density conversion using this type of data.  Here is the relevant portion of the UNH workplan: 
“Task 3:  Data Correlation Analysis Between Laboratory and Field Dielectric Measurements 

The correlation between the surface reflection measurements taken in the field using the DPS equipment and the velocity-based (time of flight) measurements taken in the lab using the LDMS equipment will be established in this task.  This will be accomplished using the field measurements and the lab measurements from field cores and will be done at different levels.  Specimen level analysis will be conducted using field dielectric measurements from the core location, lot and project level analysis will also be conducted and compared with the specimen level analysis to assess variability aspects of the field measurements. Dielectric measurements from laboratory compacted specimens at a range of densities will also be used to develop the correlation and to determine the appropriate number of laboratory specimens and density range needed for calibration.  The deliverable for this task will be a protocol for determining the relationship between dielectric values and density for a mixture.”

And,
“Task 5: Data Variability Analysis and Recommendations for Extent of Measurement 

In this task, variables that cause systematic differences in dielectric values measured in the field using the DPS equipment will be identified.  These include longitudinal versus transverse direction variability, mat versus joint locations, impact of underlying layers, effect of surface moisture or recent precipitation, sensor height, etc.  The analysis will determine which variables require categorization of data prior to analysis and determination of trigger points at which use of DPS is not appropriate and traditional approaches (e.g. coring) should be used. Further, field measured data will be analyzed using moving window averaging techniques and statistical testing to determine the suitable amount of testing need to provide reliable measurement for different purposes (minimal linear testing and sq. yard coverage per lane mile of pavement to get reliable dielectric measurement) and the associated uncertainty.  This task will also determine the appropriate frequency of accuracy checks (field cores) required to validate the field calibration curve based on the variability of field measurements. The deliverable for this task will be recommended changes to current protocols for field DPS measurements to make them well suited for adoption in agency QA processes.”


[image: image15]
Figure 2c.4.  Example plot showing puck dielectric vs density results (orange dots, blue line), and field core accuracy check data (gray dots).

Figures 2c.5(a) and 2c.5(b) show example basic project analysis for a subset and entire day of DPS data collection, respectively.  Blue indicates Mat analysis, while orange indicates joint analysis.  The dots represent percent conforming each 100 ft sublot, and lines represent the 100 ft sublot averages.  Since DPS is able to collect such a large amount of continuous data, these types of analyses can be conducted in short or long segments depending on the agency preference.  Percent conforming is suggested as a good measure of density since it accounts for both absolute density level as well as variability.  In this case the percent conforming limits were selected to be 92% to 98% max GMM for the mat, and 91% to 98% max GMM for the joint, but these values also can be selected based on the agencies preference.  An example linked presentation with result for a multiple day Minnesota project can be found here.  Email kyle.hoegh@state.mn.us with any questions about how to view and interpered the results.
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Figure 2c.5.  Percent conforming and median mat and joint density in 100 ft. segment (a) zoomed in for an example `1400 ft stretch of pavement, and (b) for the entire day of paving.

MnDOT will be providing excel templates designed to allow the user to copy and paste the exported data for automatic calculations and visualization.  Additionally the UNH subcontract will provide the following support in analysis tools:

“Task 6: Development of Data Processing Tool

In this task, a tool will be developed to process the field measured dielectric data gathered using the DPS equipment.  The tool will incorporate the statistical measures determined from the project tasks for assessing the correlation between the measured dielectric values and density as well as detecting bias in the data collection.  The intent is that this will be an Excel-based tool, pending the required statistical capabilities of the tool.”

A beta version of software capable of following the specifications given in this section has been given to MnDOT for analysis.  This version allows for characterizing pavement features that standardize terminology with other intelligent construction technology. For example, the figure below shows the ability to input lane extents which allows for PC calculations of data filtered by mat and type of joint.  Figure 2c.6 shows a screenshot where the user can define the lane extents.
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Figure 2c.6.  Example use of new beta version of the on-site sofware that allows for definition of lane extents used to filter and analyze the data according to lane and type (mat or joint).
· Subtask 2d: Develop a draft AASHTO specification on data collection and analysis based on trial implementations, feedback, analysis, and modifications.
· Percentage Complete: 30%

· Ahead or Behind Schedule: On Schedule, but scope of specification is still to be determined and care must be taken to make the specification generalized for states with different implementation goals and strategies.  For example, some states will be using contractor collected data for acceptance which requires additional protocols and checks.
The current draft specification for proper DPS data collection for density analysis is given below is written specifically for contractor collected data trialed in Minnesota as part of the pooled fund:

Density Profiling System Data Specification 

1.1  Objective and Discussion

Density profiling system (DPS) technology has proven to be capable of continuous evaluation of asphalt pavement compaction quality on paving projects.  To date, successful data collection and transfer has been conducted by various contractors on Minnesota projects using MnDOT equipment through hourly payment for the field and laboratory labor.  With this specification, MnDOT will pay for the collected data.  This gives the contractor the freedom to collect the necessary data with their preferred equipment and methods if it meets the specification requirements.  This document specifies requirements for contractor DPS data collection and submittal to MnDOT (“the agency”) for payment.  The intent of DPS data collection is to provide 100% complete density evaluation of the paved mat and joint as defined later in more detail.  However, to reduced risk to the contractor during early adoption of this new technology, full payment will be made based on data increments defined in more detail later in this document.  Payment by the amount of data collected is designed to allow the contractor to target the days, sections, and times of paving on each project that are feasible for DPS data collection without being penalized.  This also gives the contractor the flexibility to deal with mechanical failures, weather events, labor scheduling, and other variable factors that do not allow for data collection that need further evaluation prior to full deployment of the technology.    

The results of this testing will not be used as part of the pavement compaction acceptance or any other pay items.  Rather, this testing is designed to evaluate the technology and analysis method for future use as a way of increasing quality assurance coverage (sample size) and reducing the number of required field cores in the future.  The contractor will transfer the data defined in this specification to MnDOT Materials and Road Research (MRR) within 4 days of data collection (primary contact: kyle.hoegh@state.mn.us).  To avoid risk of improper data collection, it is recommended that the contractor uploads the results at the end of each day to a shared folder so that MRR personnel can provide feedback on the adequacy of the collected data.  The specific requirements for data information types listed below are detailed in individual sections of this specification with periodic reference to the “Density Profiling System Protocol” chapters developed as part of the DPS National Pooled Fund.  These protocols, referred to as DPSP herein, are currently written assuming use of a specific DPS equipment (RDM 1.0 using Pavescan Data Collection Software), but any equipment meeting the specified data requirements can be used.  Please note that many of the data requirements can be accomplished with existing software, or are currently being developed for software to reduce the demand on the field user.  The following items will be shared at the end of each paving day or at least within 4 days of data collection (feel free to contact MRR personnel for more details and tips for efficient data collection and transfer).  They will be referred to as “Item A,” Item B,” and “Item C” or “A,” “B” and “C” when referenced in the document:

A. Text message/phone call/in-person message to agency project inspector with anticipated paving (tonnage and stationing information) for them to be able to run the Maximum Density Core Location Sheet (MDCLS).

B. Place “Projects” folder in cloud-based shared folder with MRR
C. Place “LabProjects” folder in cloud-based shared folder with MRR
The following types of data will be contained in the above-mentioned data deliveries (expanded on in more details below).  They will be referred to as “Item 1” through “Item 10” when referenced in this document:
1. Pre-Paving Information – Provide Agency with planned tonnage, start/stop stationing, and other information necessary to run random core location generator prior to paving.  Provide this information to the agency before the beginning of paving each day. 

a. Delivery method: See “A” above.

2. Field Data Description – Provide Agency with necessary supporting information for field collected DPS dielectric data (much of this is streamlined in existing software to reduce manual data entry requirements of the user).

a. Delivery method: See “B” above.

3. Field Calibration Data – Provide Agency with documentation of the results and timing of the most recent metal and air calibration applied when calculating the reported dielectric values (this is automatically tracked in existing DPS software).

a. Delivery method: See “B” above.

4. Field Dielectric Quality Check Data – Provide Agency with dataset and corresponding documentation of periodic dielectric quality check datasets designed to allow the agency to evaluate the quality of the collected dielectric data.

a. Delivery method: See “B” above.

5. Field Routine Dielectric Data – Provide Agency with dataset designed to assess the overall mat and joint compaction level.

a. Delivery method: See “B” above.

6. Field Core Accuracy Check Data – Provide Agency with dielectric measurements at agency-determined mat locations that will be cored and measured for air void content.  These measurements are designed to assess the accuracy of the DPS air void assessment.

a. Delivery method: See “B” above.

7. Field GPS Accuracy Check Data – Provide Agency with static GPS coordinates from the DPS device at agency specified locations. 

a. Delivery method: See “B” above.

8. Laboratory Data Description – Submit information corresponding to the laboratory collected dielectric data.

a. Delivery method: See “C” above.

9. Laboratory Dielectric Data – Submit dielectric measurements of laboratory compacted specimens fabricated at the range of air void contents specified.

a. Delivery method: See “C” above.

10. Timing requirements – Collect data at the required timing after the final roller compactor pass and prior to trafficking and submit data within 4 days of data collection but ideally prior to paving the next day as defined in more details in item 10.

1. Pre-Paving Information 

To allow for dielectric measurements on the freshly paved mat directly behind the final roller compactor, the Maximum Density Core Location Sheet (MDCLS) must be determined prior to paving.  The Agency will be responsible for ensuring that the MDCLS core locations are marked after the final roller compactor, but prior to the DPS data collection so that the contractor can collect field core accuracy check data (see section 6).  For the Agency to accomplish this, the Contractor shall provide the Agency with the following information prior to paving each day:

1. Estimate of the planned max density tonnage for the day

2. Estimate of the planned stationing extents of the max density placed mat.

The Contractor shall notify the Agency if the plans change significantly.  The Agency will have discretion to re-run the MDCLS after the known tonnage and station extents have been paved.  For example, if the actual paved tonnage results in more lots than the pre-paving estimate identified, the agency has authority to re-run the MDCLS locations for the entire day of paving and disregard the core locations based on pre-paving estimations.

Pay Item Increment: Lump sum by-day for correctly provided pre-paving information. 

2. Field Data Description

The Contractor shall provide the Agency with information that associates the collected DPS data with the corresponding project information necessary for analysis and reporting.  The following information shall be reported along with each field dielectric measurement (note that DPS data collection software exists that stores all of the information given below to reduce the required inputs to only fields that change).  If collected correctly, this information shall be stored in the “Projects” folder copied into the cloud-based shared folder:

1. Project ID

2. Route Designation

3. Material Type

4. County

5. Date Paved

6. Lift #

7. Divided Highway

8. Lane Extents

9. Direction of Travel

10. Sensor ID

11. Sensor Lateral Offsets relative to reference line (centerline)

12. Station

13. Right Edge Type

14. Left Edge Type

15. GPS Position

DSPS Chapter 3, Sections 3.1.4 through 3.1.7 gives additional details about the data requirements along with protocols that can be used to track the necessary information using an example DPS system.  Table 3.1 of the DPSP information corresponding to the 15 items above with category, example, and description of the information required with each field dielectric measurement.

Pay item increment: None (data required as part of items 5 through 7 for payment).

3. Field Calibration Data

The Contractor shall conduct calibration that meets the vendor recommended procedures.  The contractor shall provide the Agency with the calibration documentation indicating the most recent calibration of the equipment.  These measurements (detailed in DPSP Chapter 3 Section 3.1.8) will include the value used for the “full reflection amplitude,” which is typically empirically obtained using a metal plate measurement, as well as the signal response from air calibration mode, used to mitigate structural noise from each signal (this information is automatically contained in the “Projects” folder from item “B” above).

Pay item increment: None (data required as part of items 5 through 7 for payment).

4. Field Dielectric Quality Check Data

The Contractor shall transfer field dielectric quality check data to the Agency, which will be used to indicate whether or not the dielectric results are of the necessary quality.  The Contractor shall conduct swerve tests or? line tests using the following procedure (the details of each swerve test and line test are given in DPSP Chapter 4 Section 4.2.1):

A. Conduct and evaluate a swerve or? line test at the beginning of data collection each day to ensure system is working properly

a. If either of the following criteria are met the test is successful and step A has been satisfied so and Step B is the only remaining field dielectric quality check data required for the day:

i. all 3 sensors of either test are within 0.08 of the middle (by dielectric magnitude) sensor 

ii. all 3 sensors of both tests are within 0.10 of the middle (by dielectric magnitude) sensor

b. Re-calibrate (detailed in item 3) and repeat if criteria not met

c. Contact Agency for guidance if multiple recalibrations do not result in all sensors within specification limits (call or email Kyle Hoegh at 507-398-2669 or kyle.hoegh@state.mn.us)

B. Conduct swerve test or line test throughout the day of testing to ensure data is continually in specification achieving each of the following minimum criteria:

a. 1 test at least every 4000 ft of collected data

b. 1 test at least every 4 hours

Note: The line test is preferrable if the middle (by sensor location not dielectric magnitude) sensor is the only sensor out of specification.  

Note 2: DPS software is available to indicate that quality assurance data is being collected allowing the user to indicate swerve or line tests to simplify this process.  

Pay item increment: None (data required as part of items 5 through 7 for payment).

5. Field Routine Dielectric Data

The goal is to collect data with 100% coverage.  However, there will be a limited amount of time and distance that the cart can collect dielectric data and a limited amount of data collection footprint (approximately 6 in. in diameter) of each DPS measurement.  All measurement passes shall be conducted with a 3 sensor arrangement at the vendor specified sensor height and 1.5 ft. spacing between sensors to allow for adequate coverage in a short amount of time.  Considering the amount of time available for data collection can be variable from project to project or within different sections of the project including factors such as traffic control arrangement (moving versus full closure, etc.) and arrangement of the DPS (walk behind vs. vehicle mounted),  the  “full-coverage” data collection is defined by sections, where 5 stations (500 ft centerline distance) constitutes 1 full section.  These sections are further categorized into centerline joint and mat categories.  For centerline joint assessment, the contractor shall be conducting continuous (6 in. spacing) measurements with the adjacent sensor centered 6 in. (+/- 2 in.) offset collecting parallel to the joint movement (see DPSP Chapter 5 Section 5.1.1).  For mat assessment, this shall be accomplished by conducting swerve passes (see DPSP Chapter 5 Section 5.1.2, and Chapter 4 Section 4.2.1), or two additional straight line passes (with middle sensor centered at 6 ft. and 10 ft from the centerline joint).  All passes shall be conducted at a 6 in or less data density with the following requirements met to be considered 100% complete datasets, respectively:

· A joint pass shall be considered fully executed if the centerline longitudinal joint has data collected at a 6 in. data density for a continuous 500 ft section.  

· A mat pass shall be considered fully executed if either of the following are completed

· A swerve pass is collected with a data density of 6 inches traveling with the outer sensor traveling up to but no closer than 1 ft from the lane extent on both sides in both the paving direction and opposite the paving direction.  Each swerve pass will be conducted individually.  For example, a swerve test conducted between stationing 105+00 and 110+00 will collect starting at stationing 105 and ending at stationing 110 and starting at stationing 110 and ending at 105 since it is collected in both directions (As noted above, software is available to indicate that a swerve pass is being conducted to simplify this process).

· Note: An added advantage of the swerve pass is that a single swerve pass can count as both dielectric quality check data as well as the mat assessment required in this section.  

· Straight passes at 2 ft, 3.5 ft, 4.5 ft., 6 ft., 7.5 ft, 8.5 ft, 10 ft., and 11.5 ft. from the centerline longitudinal joint

· Note: This can be accomplished with 2 passes in addition to the centerline joint pass.  The 2 ft. and 3.5 ft. offsets are already part of the joint data collection pass, so a pass centered at 6 ft., followed by a pass at 10 ft. will fill in all of the required offsets. 

While the goal is to have 100% complete sections as described above, the pay item increments are broken down in to 500 ft. sections to allow the contractor to focus on feasible to collect sections.  Also, ability to conduct joint only collections are available in cases where only a single pass is feasible.  Special requests for approval of less than the required percent complete can be made when extenuating circumstances occur that will be evaluated at the agency’s discretion (contact Kyle Hoegh at MRR).

Pay item increment: Provide cost per “full-coverage” 500 ft assessment ($/mat assessment and $/joint assessment)

6. Field Core Accuracy Check Data

The Contractor will provide dielectric measurements at placed mat locations that will be cored and measured for air void content.  These measurements will be used by the Agency to assess the accuracy of the DPS air void assessment.  The result of these tests will indicate whether or not the conversion from dielectric to AV% was done properly by evaluating how well the core measured AV% matches the laboratory produced model prediction. The Agency will mark quality assurance core location for the Contractor in a timely manner that allows the Contractor  to conduct the dielectric test.  A successful field dielectric measurement is defined by fulfilling the following measurements (note that existing software allows the user to specify the core verification modes given below for ease of use):

· Static measurement:  Measurements taken with a single sensor directly over the center (+/- 1 in.) of the core location (note that DPS collection sensors are available that project a laser to the portion of the pavement that is centered below the sensor)
· At least 200 dielectric measurements (ex. 5 seconds of data collection at a 40 hz rate)

· Distance measurement: Series of measurements taken with a single sensor spanning the longitudinal diameter of the core (DPS software exists that automatically performs this with the user specifying only when they start and end data collection)
· At least 16 dielectric measurements will automatically be measured by rolling the device 6 inches when in this mode.
· Document the sensor used and core identification number (DPS software exists that includes these as input fields that can be loaded prior to data collection).

While the goal will be collection at each quality assurance core location, a successful day of field validation information shall consist of at least 50% of the possible core locations (# cores tested/# cores possible *100%).  Possible core locations are defined as locations where the Agency identifies the core location after the final roller compactor is complete and prior to the Contractor DPS data collection moving at least 500 ft. past the marked location.  For example, assuming the paving is moving in the increasing stationing direction, if the agency marks a core location at stationing 45+62, but DPS data collection has already occurred at stationing 50+63 or higher, this will not count as a possible core location against the Contractor, but can only be counted toward a successful core verification data collection if the Contractor chooses to collect data at the core location.

Pay item increment: Provide cost per core location where dielectric measurement is taken (note: do not include cost of core as this core will be taken anyway as part of the MDCLS max density cores that are normally taken anyway.

7. Field GPS Accuracy Check 

Contractor shall provide field test data giving static GPS measurements at a location identified by the Agency. The Agency will use the quality assurance core locations as the GPS validation locations. Therefore, as long as the Contractor provides the GPS coordinates from the statis core verification locations described in item 6, the agency will have the necessary information to evaluate the GPS accuracy.   This test will ensure that the GPS information is of acceptable accuracy for use in reporting an evaluating the results.  The Contractor reported Lat/Lon coordinates shall match the known Agency corrected coordinates within 0.25 ft. to be considered acceptable.  Note that this accuracy is well within the achievable (~0.04 ft.) accuracy of the MnCORS network.  An example swerve data set is also given in Figure 1 to illustrate the importance of having an accurate GPS for field dielectric collection.  In the example, projection of the dielectric data to a map with the alignment file shows incorrect swerve data collection.  The operator exceeded the boundaries of accurate swerve data collection where low (blue) dielectrics occurred when the operator went into the shoulder and joint lane edge locations.  This type of assessment is only possible if the necessary accuracy of the GPS is reported.   
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Figure 1. Use of GPS to identify incorrect data collection pattern.

Pay item increment: Provide cost per day with GPS working within required accuracy.

8. Laboratory Data Description

The contractor will provide the information detailed in this section, allowing the agency to create prediction curves relating air void content (AV%) to dielectric measurements.  The contractor will provide the information detailed in Tables 1 and 2 for each puck dielectric measurement (existing DPS software for puck testing has input fields containing all of the necessary information).  DPSP Chapter 2 section 2.2 gives more detailed information.  The information is separated by “project level” or “file level” for ease of use since all of the project level inputs and many of the file level inputs will not change for each measurement.  The information given in bold text will be updated by the Contractor each puck test, while all other information remains constant or software is available that automatically updates the fields.  The contractor shall provide Agency with the puck thickness read-out on the gyratory compactor at the end of each puck fabrication.

Table 1. Required project level information for tracking dielectric results with mix characteristics.

	Category (MnDOT specific in parentheses)
	Example

	Road ID (TH ##, CSAH ##, etc.)
	TH 61

	Project ID (State Project #, etc.)
	SP7906-96

	Mix Type
	SPWEB440(B)

	Mix ID (Mix Design Report #)
	06-2019-060


	Field ID (Test Summary Sheet #)
	60-428

	Cumulative Daily Max Density Tonnage
	221

	Bulk Specific Gravity, Gmm
	2.500

	Temperature @ Gyration,
degrees Fahrenheit
	270

	Delrin Thickness, mm
	3.896

	Delrin dielectric
	2.88


Table 2. Required file level information for tracking dielectric results with mix characteristics.

	Category (MnDOT specific in parentheses)
	Example


	Puck Thickness, mm
	11.532

	Agency Lab ID
(Bituminous Mix #)
	BM-2019-0028

	Target Air Voids
	4%

	Sample ID (A, B, C, …)
	A

	Tested Side (T-Top, B-Bottom)
	T


	Sensor ID
	113

	Date Tested
	9/17/2019

	Time Tested
	1:35 PM

	Dielectric (Time-of-Flight)
	5.56

	Dielectric (Surface Reflection)
	5.61

	Air Void Content, %
	4.23%


Pay item increment: None.  Required for Item #9.

9. Laboratory Dielectric Data

The contractor will collect and provide dielectric measurements of quality control design void pucks along with medium and high air void pucks as defined in this section.  The contractor will conduct all dielectric measurements prior to submerging them in water.  The following laboratory dielectric tests will be conducted each day (software for puck testing is available that follows a 60 second procedure of how to obtain the puck dielectric):

1. Air void range testing

a. What – 3 pucks (design void, medium, and high air void content) will be fabricated by the contractor following the procedures described in DPSP Chapter 2 section 2.1 

b. Frequency – One set of 3 pucks per day.  The contractor can determine which 1000 tons ay

2. Design void monitoring

a. What – quality control design void pucks for each sample will be tested for dielectric prior to for one sample per day of paving.  

b. Frequency – The 60 second dielectric test should be conducted on the design void puck for every sample.

The agency will use this information to correlate dielectric to air void content for field measured compaction assessments. 

Pay item increment: Provide cost per puck measured for dielectric and cost per extra puck fabrication.

10. Timing Information

 Contractor will conduct all field dielectric measurements at the following timing:

· After the final roller compactor

· Before whichever comes first of the following events:

· 1 hour after the last final roller pass

· Pavement is opened to traffic (not including construction vehicles)

Contractor will provide Agency with item A given above prior to the next day of paving.  It is ideal for the contactor to provide items B and C listed above each night after data collection is complete, but no later than 4 days after the day of data collection.  Note that earlier data transfer will allow the agency to evaluate the quality of the dielectric measurements and accuracy of the air void predictions in time to make any necessary adjustments.  Contractor shall notify Agency (MRR personnel) if circumstances do not allow for timely data transfer as soon as the problem is apparent.
Pay item increment: None.  Required for payment of above items.  

Task 3: Precision and Bias Testing
· Funding Snapshot

· Current Budget: $160,000
· Dollars Committed (encumbered + planned): $157,109 (98.2%)

· Encumbered: $132,145 (82.6%)

· Expended: $70,556.22 (44.1%)

· Progress relative to Schedule: On time. NCAT has requested a no-cost time extension, but this is not anticipated to affect the overall timing of the task delivery by the project end date.  
· Percent of work completed: 50% 
· Progress has been made on all 4 subtasks, but none are finalized to date.
· General description of current status:  This work has consisted of continued field trials by MnDOT and other states as well as some controlled testing by MnDOT and NCAT.  The field trials show the following trends:

· Extremely precise (<0.05 dielectric) puck dielectric measurements

· Ability of the puck method to accurately account for changes in the mix

· Good agreement between puck calibration and field core evaluation of accuracy in most cases, but not enough to justify use for density acceptance at the moment.
· Occasional and sometimes systematic bias between puck developed dielectric to air void correlation with core accuracy check measurements.
· Effect of water if there is a rain event the day prior to field testing (if testing the previous day’s paving)

· Over 200 pucks with corresponding dielectrics and air voids tested and analyzed by MnDOT 2021 Q2.

· Over 100 cores with corresponding dielectrics and air voids tested and analyzed by MnDOT 2021 Q2.

· Occasional scatter of core dielectric and air void relationship (indicating imprecise dielectric measurements in the field)

· Occasional bias between the sensors (also reported by NY DOT)

· Observed by swerve or line test data, but not always frequent enough to catch apparent biases (hard to know if it is a bias in the sensor or actual increase or decrease in dielectric/density).

· Potential effect of underlying layer (observed better accuracy of puck predictions in 2nd lift as compared to 1st lift in projects ranging from mill and overlay to 2 in. lift placed on top of a reclaim)

· Need for continued analysis of the source of bias between cores and predictions from production mix pucks (UNH study will address this need).
The controlled tests by MnDOT and NCAT show some of the same trends:

· Slab tests

· Large effect of underlaying layer when comparing concrete or metal (most severe case) to asphalt underlying layer

· Effect of underlying layer even observed up to 2 inch lift

· Additional testing underway to validate this finding

· New slabs with tests in the middle

· Add less severe comparison that better matches field conditions (similar AC underlaying layer).

· Less precision than puck measurements

· Puck tests

· Both MnDOT and NCAT puck testing showed good agreement between laboratory curves for different sensors indicating lack of sensor bias observed in field testing

· MnDOT showed good agreement between Gyratory reported specimen height and high precision height gage trialed as part of this study.

· MnDOT shipped height gage along with pucks to NCAT and along with the round robin testing to validate this finding

· Important to have accurate height (1 mm precision = ~1% AV prediction)

· NCAT performed sensitivity confirming the necessary precision

· NCAT observed lower precision for the very high void pucks (>11% voids) and proposed developing a curve with lower voids only to avoid imprecision of higher void measurements from affecting lower void predictions.
· MnDOT controlled tests

· Footprint evaluation by taking measurements close to metal plate confirmed approximate 4 in. radius of influence although up to 5 in. radius caused slight change (note metal test is the most extreme reflector so most of the influence is well within 5 in.).  This test was also confirmed by NCAT with slab testing.
· Moisture tests 

· A moisture meter was determined to be too sensitive to temperature as compared to moisture for field application.  The research team is working on another solution

· The Ingios solutions moisture meter is apparently not ready for demonstration

· The research team is looking into other moisture meters (Rich Geissel suggested a Gaan meter being used in Sweden), for procurement and trials.  Initial trials suggest this Gaan meter does not have the necessary sensitivity to changes in moisture and is too dependent on temperature.
· Puck tests show little affect of moisture for low void (~4%) specimens on dielectric, but a large effect on high void speciments (>7%)

· Field controlled tests with water show a large effect of surface moisture.

· Temperature 

· Initial trials of field and puck testing shows an insignificant effect of temperature on dielectric within the levels of moisture seen in practice.  

· Height

· Initial testing shows a significant effect of height.  This is currently output with each dielectric measurement, which will be helpful in determining potential causes of bias in the field.
· Barriers to overcome: There are no anticipated barriers to completing this task on-time.    

· Additional resources to add value to this task:  No currently identified additional resources required, although additional studies of precision and bias from additional regions would be useful for a more complete analysis.
Subtask 3a: Communicate equipment and data needs with partnering agencies and develop detailed work plan for equipment, personnel, and data transfer
· Percentage Complete: 70%

· Ahead or Behind Schedule: On Schedule

Between MnDOT and NCAT (through the FHWA loan program and Mississippi DOT), the research team has been able to secure enough equipment to perform the minimum ASTM required number for inter-operator interlaboratory equipment comparison.  NCAT is close to completing the comparison for the equipment they have been able to obtain for NCAT testing, then will combine with the equipment testing for both laboratory and field testing at MnDOT.  This included shipping pucks to MnDOT and back.  Depending on the results of the initial testing FHWA Turner Fairbanks and some other States have been identified as potential partners to build out the necessary equipment and data collection needs.  The Fall or Winter of 2021/2022 is targeted for additional agencies if need be.  
Subtask 3b: Dielectric to AV% testing protocol and performance measures
· Percentage Complete: 50%

· Ahead or Behind Schedule: On Schedule

As will be described more in subtask 3d, the puck protocol for dielectric to density conversion has proven to be extremely precise (<0.05 dielectric difference in over 90 percent of the measurements).  2 seasons of project trials have shown the ability of the puck method to accurately account for changes in the mix, especially aggregate changes such as limestone swapped for granite.  The is also generally good agreement between puck calibration and field core evaluation of accuracy in most cases, but not enough to justify use for density acceptance at the moment.  The occasional and sometimes systematic bias between puck developed dielectric to air void correlation with core accuracy check measurements is currently being evaluated versus water (rain events) and other mix dependent factors.  Over 200 pucks with corresponding dielectrics and air voids tested and over 100 cores with corresponding dielectrics and air voids tested provide a significant dataset to conduct these evaluations.  
The importance of having an accurate height (1 mm precision = ~1% AV prediction) lead to the development of a method for evaluating the accuracy of the puck thickness which is necessary for the dielectric calculation.  Figure 3b.1 shows a picture of the height gage setup which incorporates a touch probe to mitigate user bias observed when using hand pressure calipers, along with other steps (click here for additional pictures) taken to ensure an accurate height measurement.  Figure 2b.1 shows the touch probe setup used to reduced user bias by automatically recording the value, rather than relying on a user to determine when the caliper is at the correct position (which is sensitive to pressure).  Initial tests show that the gyratory readout of design void specimens are accurate enough for use and likely not the source of observed bias.
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Figure 3b.1.  Use of a touch probe to automatically record the measurement.

Subtask 3c: Field dielectric testing protocol and performance measures
· Percentage Complete: 55%

· Ahead or Behind Schedule: On Schedule

Field dielectric testing to date has shown occasional scatter of core dielectric and air void relationship (indicating imprecise dielectric measurements in the field), bias from time to time between the sensors (also reported by NY DOT) accurately monitored by swerve and repeat line tests, potential effects of underlying layers based on MnDOT field testing results from TH21, and a controlled laboratory experiment by NCAT.  Both MnDOT and NCAT experiments suggest an approximately 4 in. radius of influence below each dielectric measurement footprint.  Both NCAT and MnDOT suggests greater variability in dielectric precision in field tests than puck measurements.  
MnDOT conducted moisture (download here) and temperature tests (download here) to identify the effect of moisture on dielectric readings.  The moisture study concluded that neither moisture meter was sensitive enough to moisture changes as compared to the effect on the dielectric reading to be able to differentiate moisture from changes in actual density.  Additionally, the moisture meters were found to be sensitive to temperature changes.  The temperature study showed the dielectric to generally increase with increased temperature, but not significantly for the range of temperature changes expected in the field for DPS testing.  
Figure 3c.1 shows the general setup for the moisture testing experiment and example result summarizing the effect of moisture.  It can be observed that the sensitivity of changes in dielectric to moisture are similar to the sensitivity of the moisture meters as water was added then dried.  Additionally, the sensitivity of the moisture meters to changes in moisture required a change in moisture beyond the necessary precision to detect whether or not an increase in dielectric is cause by moisture or a change in density of asphalt.  This suggests the moisture meters are not a feasible option at the moment to detect field moisture.  
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Figure 3c.1.  Moisture testing setup and summary result of moisture and DPS dielectric testing.
Figure 3c.2 shows the general setup for the temperature testing and example results summarizing the effect of temperature.  Heat lamps were used to heat the pavement surface to over 200 degrees Fahrenheit (field testing typically does not occur over 150 degrees Fahrenheit), to ensure the full range of conditions were evaluated.  It can be observed that the dielectric increases with increased temperature, but the effect is relatively small for the range of temperatures likely to be observed in the field.  For most evaluated spots, the temperature would have to change over 100 degrees to cause a 0.1 change in dielectric.
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Figure 3c.2.  General setup for the temperature testing and example results summarizing the effect of temperature.

Additionally, in the research team put together a problem statement and UNH will perform the following tasks in their workplan which will support this subtask to improve ability to evaluate sensor consistency:
“In this task, acceptance criteria and checks to address sensor bias will be developed for field dielectric measurements throughout each day of testing.  The evaluation will be based on strategies such as swerve, transverse line and/or others identified in this task.  Based on the evaluation, appropriate changes to current protocols for field DPS measurements will be recommended.
A task report summarizing the evaluations and the resulting recommended changes to DPS field measurement protocols will be submitted. The research team will also present an update on project progress to date.” 
The UNH team will also conduct the following work which will support this subtask:

“In this task, variables that cause systematic differences in dielectric values measured in the field using the DPS equipment will be identified.  These include longitudinal versus transverse direction variability, mat versus joint locations, impact of underlying layers, effect of surface moisture or recent precipitation, sensor height, etc.  The analysis will determine which variables require categorization of data prior to analysis and determination of trigger points at which use of DPS is not appropriate and traditional approaches (e.g. coring) should be used. Further, field measured data will be analyzed using moving window averaging techniques and statistical testing to determine the suitable amount of testing need to provide reliable measurement for different purposes (minimal linear testing and sq. yard coverage per lane mile of pavement to get reliable dielectric measurement) and the associated uncertainty.  This task will also determine the appropriate frequency of accuracy checks (field cores) required to validate the field calibration curve based on the variability of field measurements. The deliverable for this task will be recommended changes to current protocols for field DPS measurements to make them well suited for adoption in agency QA processes.
A task report will be submitted that summarizes the analysis conducted in this task as well as the recommended changes to current DPS protocols.”

Subtask 3d: Develop specification for precision and bias: Use ASTM E691 “Standard Practice for Conducting an Inter-laboratory Study to Determine the Precision of a Test Method” as guidance
· Percentage Complete: 30%

· Ahead or Behind Schedule: On Schedule

The work described in subtasks 3a through 3c will be put in an ASTM format by the NCAT research team in this task.  Additionally, a spreadsheet tool is being developed to allow for calculation of precision and bias of new DPS equipment as it becomes available.
Task 4: Equipment and Operator Certification
· Funding Snapshot

· Current Budget: $160,000
· Dollars Committed (encumbered + planned): $140,988 (88.1%)

· Encumbered: $115,988 (72.5%)

· Expended: $5,000 (3.1%)

· Percent of work completed: 30% (All of the subtasks have begun but none are completed)

· Progress relative to Schedule: On time.

· General description of current status:  To a certain extent, the equipment and operator certification development depends on an the AASHTO protocol developed in Task 2.  The work on this task has focused on development of a scoring system that will allow the measured precision of the equipment and operator to be accepted or rejected based on actual effect on pavement performance.  Initially looking at the precision scoring methods, the cross-correlation method was evaluated in comparison to the root mean squared percentage error (RMSPE).  The RMSPE method was selected for use based on air-void profile analysis for agreement.  The Komogorov-Smirnov test was used to evaluate multiple measured air void profiles versus a reference profile.  To put the precision and comparison with the reference profile in context of actual effect on ability to judge pavement performance, the NCAT research team has run MEPDG analysis to identify scores that should be acceptable for equipment and operator certification.  In this case, when the equipment and operator certification data are collected they can be given a pass or fail based on these scores in the context of actual effect on pavement performance in addition to achievable limits determined by the equipment itself. 
· Barriers to overcome: Since the protocol is still under development and is subject to change as the research team continues lessons learned from data collection and analysis, the exact use of the DPS cannot be replicated in this task.  For example, if initial deployment of the technology is intended to give an absolute asphalt density assessment, certification of dielectric to air void conversion is required.  If the initial deployment is based on dielectric variability assessment, only the field dielectric measurement certification is required and it will not be related to the air voids MEPDG analysis.  NCAT will run the tests assuming DPS will be deployed for density when developing the tool.
· If additional resources needed to complete task list: The results of this task will provide an excel or other tool that can evaluate the DPS profiles for certification, but additional resources may be needed to make it software level that can be deployed.  
· Subtask 4a: Dielectric to AV% conversion certification
· Percentage Complete: 30%

· Ahead or Behind Schedule: On Schedule

The NCAT research team has put together slides and updated the research team on progress in this subtask.  A draft report is expected in December 2021 that will provide additional details to include in this workplan update.  Figure 4a.1 gives an example of the type of work conducted in this subtask showing the confidence intervals for various sensors and various mixes in puck fabricated dielectric to air void conversion curves.  It can be observed that there is a greater variation in larger aggregate mixes.  These types of data will allow for determination of achievable and acceptable limits to set levels that must be met for certification:
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Figure 4a.1.  Confidence Intervals for sensors 195, 206, and 207 for 19 mm and 9.5 mm maximum aggregate mixes.
· Subtask 4b: Field dielectric measurement certification
· Percentage Complete: 30%

· Ahead or Behind Schedule: On Schedule

The NCAT research team has put together slides and updated the research team on progress in this subtask.  A draft report is expected in December 2021 that will provide additional details to include in this workplan update.  Figure 4b.1 gives an example of the type of work conducted in this subtask showing the range for various sensors and various mixes in field surface reflection measurements on fabricated specimens.  It can be observed that there is a greater variation in larger aggregate mixes, but less dramatic than the puck influence.  These types of data will allow for determination of achievable and acceptable limits to set levels that must be met for certification.
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Figure 4b.1.  Sensor variability on multiple specimens with varying mix types at 4 locations per specimen. 

Task 5: Support Communication 
· Funding Snapshot

· Current Budget: $110,000

· Dollars Committed (encumbered + planned): $108,000 (98.2%)

· Encumbered: $8,000 (7.3%)

· Expended: $8,000 (7.3%)

· Progress relative to Schedule: Behind Schedule. CTC Associates are being contracted to help with support communications.  
· Percent of work completed: 30% 
· General description of current status:  This work has consisted of personal communication over phone and email supplementing bi-yearly events.  This will be ramped up as more and more experienced and new users of the technology are becoming part of the group.  Also, this allows for more frequent technical working group meetings to address specific issues necessary for advancement of the technology.  CTC Associates are being contracted to assist with this added effort to get this task on track.
· Barriers to overcome: Additional support communications staff is required to account for the increased needs as more users are added and more technical challenges need to be addressed with frequent meetings.   

· Additional resources to add value to this task:  Federal Highway contributed $99,000 in part to support communication.  This was sufficient to address this need.
Subtask 5a: Semi-annual User Group Webinars 
· Percentage Complete: 50%

· Ahead or Behind Schedule: Behind Schedule

The research team has kept the user group up to date with DPS state-of-the art with biannual events.  A TRB webinar would be an appropriate place to present this work also.  This will be proposed at the 2022 TRB at the construction quality assurance (AFH30) and asphalt pavement construction and rehabilitation (AFH60) committees.
Subtask 5b: Annual Face-to-Face TAC and User Group Meetings including invitational travel.
· Percentage Complete: 50%

· Ahead or Behind Schedule: On Schedule

The research team has planned to put on pooled fund group meetings annually.  To date, the pandemic has forced virtual meetings, but the first face-to-face meeting is planned for Spring 2022.  The following task in the CTC workplan will help keep this subtask on track:
“Task 1: Communication Coordination - Technical Advisory Committee Meetings

Since the success of the pooled fund program is dependent on the coordination and active involvement of participating members, meeting organization is vital to maintain communication. CTC & Associates will handle all aspects of coordination, planning, execution and documentation of technical advisory committee (TAC) meetings.

Note: At this time, it is unknown if these meetings will be in-person, virtual, or a hybrid of both formats.

· This proposal assumes a hybrid format, which would require the greatest number of hours; CTC will only bill for actual time spent. 

· Direct costs include travel for two CTC associates: one facilitator, and one note-taker; CTC assumes that all meeting costs for facilities, meals and pooled fund member transportation will be paid directly by MnDOT.

CTC will:

· Schedule, coordinate, facilitate and support two two-day meetings of the TAC, one in the spring and one in the fall.

· Coordinate all aspects of the agenda and materials, planning with the TAC on topical issues for presentations and discussions; guest presenters; and business to be addressed at meetings.

· Assist the pooled fund program chair in facilitating meeting discussions, manage online logistics, take detailed notes, record presentations if appropriate and collect all materials.

· Work with MnDOT research and contracting staff on travel logistics and purchasing.

· Within three weeks of each meeting, distribute meeting minutes, presentations and other collateral materials.

· Revise and finalize minutes based on requested client changes.”
Subtask 5c: Quarterly Conference call Updates with Interested Parties if necessary.
· Percentage Complete: 50%

· Ahead or Behind Schedule: On Schedule

The research team has conducted conference calls with FHWA, state agencies, and other interested parties as requested throughout the pooled fund.  
Subtask 5d: Quarterly Conference call with a Technical Advisory Team.
· Percentage Complete: 30%

· Ahead or Behind Schedule: Behind Schedule

Tot date this has consisted of individual meetings and phone calls.  Starting 2022 the research team believes there will be a large enough group with experience and DPS technical expertise to start hosting quarterly conference calls with a technical working group.  This will involve presentations and discussions to address technical challenges.  The following task in a contract with CTC Associates will help keep this task on track:

“Task 1: Communication Coordination - Technical Advisory Committee Meetings

Since the success of the pooled fund program is dependent on the coordination and active involvement of participating members, meeting organization is vital to maintain communication. CTC & Associates will handle all aspects of coordination, planning, execution and documentation of technical advisory committee (TAC) meetings.

Note: At this time, it is unknown if these meetings will be in-person, virtual, or a hybrid of both formats.

· This proposal assumes a hybrid format, which would require the greatest number of hours; CTC will only bill for actual time spent. 

· Direct costs include travel for two CTC associates: one facilitator, and one note-taker; CTC assumes that all meeting costs for facilities, meals and pooled fund member transportation will be paid directly by MnDOT.

CTC will:

· Schedule, coordinate, facilitate and support two two-day meetings of the TAC, one in the spring and one in the fall.

· Coordinate all aspects of the agenda and materials, planning with the TAC on topical issues for presentations and discussions; guest presenters; and business to be addressed at meetings.

· Assist the pooled fund program chair in facilitating meeting discussions, manage online logistics, take detailed notes, record presentations if appropriate and collect all materials.

· Work with MnDOT research and contracting staff on travel logistics and purchasing.

· Within three weeks of each meeting, distribute meeting minutes, presentations and other collateral materials.

· Revise and finalize minutes based on requested client changes.

· Deliverables: Meeting agenda, presentation materials, draft minutes, final minutes for two meetings
· Timeline: December 1, 2021 – November 30, 2022” 
Subtask 5e: Website Establishment and Maintenance.
· Percentage Complete: 70%

· Ahead or Behind Schedule: On Schedule

The research team has put together a website at the following url: https://www.dot.state.mn.us/materials/dps/index.html, and used this to maintain relevant information regarding the DPS method.  This includes tabs where the workplan, publications, training materials, AASHTO Specifications, Meetings, and Presentations can be accessed.  This also includes information about participating states and a link to the YouTube Channel with various DPS related videos.  
Subtask 5f: Support AASHTO and ASTM specification development, improvement and refinement.
· Percentage Complete: 30%

· Ahead or Behind Schedule: On Schedule

The research team has been developing technical content and draft specifications for various aspects of DPS methods.  The NCAT team has begun work putting together an ASTM specification for precision and bias.  The MnDOT team is reviewing the current draft equipment specification, and has begun work on a dielectric to density conversion, field data collection, and analysis specification.  
Task 6: Provide Training and Technical Assistance.
· Funding Snapshot

· Current Budget: $70,000

· Dollars Committed (encumbered + planned): $70,400 (100.6%)

· Encumbered: $28,000 (40.0%)

· Expended: $28,000 (40.0%)

· Progress relative to Schedule: On schedule.  
· Percent of work completed: 50% 
· General description of current status:  The research team has created YouTube videos and supporting documentation that can be used for training by DPS users.  The videos have been created to account for the lack of in-person meetings, but a training event is currently scheduled for Spring 2022 to get hands-on training.  The training has been updated as necessary when technology or methods are updated.
· Barriers to overcome: Lack of in-person meeting capability to date   

· Additional resources to add value to this task:  None at the moment.
· Subtask 6a: Detailed hands-on training on set up, calibration and operation.
· Percentage Complete: 50%

· Ahead or Behind Schedule: On Schedule

The research team has put together training videos to address this subtask (details given in task 2).
· Subtask 6b: Training on implementation strategies by an agency.
· Percentage Complete: 50%

· Ahead or Behind Schedule: On Schedule

The research team has put together training videos to address this subtask (details given in task 2).
· Subtask 6c: Executive level training.
· Percentage Complete: 50%

· Ahead or Behind Schedule: On Schedule

The research team has put together training videos to address this subtask (details given in task 2).
· Subtask 6d: Webinar training, help participants on training development, on-call technical assistance, etc.
· Percentage Complete: 50%

· Ahead or Behind Schedule: On Schedule

The research team has put together training videos to address this subtask (details given in task 2).  The team has also had email and on-call technical assistance to agencies and contractors collecting data with DPS technology.
· Subtask 6e: If needed, provide support to participating agencies in specification development.
· Percentage Complete: 10%

· Ahead or Behind Schedule: Behind Schedule

To date the technical challenges have been the focus of the specification development.  As the method gets closer to deployment-ready, specification development support will become more necessary.  The technical working group meetings discussed in task 5 will provide the medium to provide this type of support.
Task 7: Promote the technology
· Funding Snapshot

· Current Budget: $84,000

· Dollars Committed (encumbered + planned): $73.727.7 (98.3%)

· Encumbered: $10,000 (13.3%)

· Expended: $10,000 (13.3%)

· Progress relative to Schedule: Behind Schedule. CTC Associates are being contracted to help with support communications.  
· Percent of work completed: 30% 
· General description of current status:  In addition to the events described in Task 5, the research team and DPS Pooled Fund members have participated in various virtual events to present how to use DPS technology, and promote the use of the technology as a potential asphalt density tool that can improve reliability through increased pavement coverage and reduce destructive coring.  The contract with CTC and UNH will help the research team reach a wider audience with more materials that can be hosted on the website and distributed.
· Barriers to overcome: Additional staff and expertise required to created a marketing promotional package that will reach the right audience.   

· Additional resources to add value to this task:  Federal Highway contributed $99,000 in part to support promotion of the technology.  This was sufficient to address this need.
· Subtask 7a: Technology promotion and marketing to potential vendors.  
· Percentage Complete: 20%

· Ahead or Behind Schedule: behind Schedule

The research team has been in contact with multiple GPR vendors who are interested in, or have developed equipment for DPS use.  This includes marketing the potential of the technology in the paving industry as a way to encourage internal investment out of companies to produce a quality product.  
· Subtask 7b: Successful advancement needs GPR manufacturer participation and support.
· Percentage Complete: 20%

· Ahead or Behind Schedule: On Schedule

In addition to the advances detailed in task 1, the research team has organized a GPR manufacturer event Fall 2021 to communicate and potentially support these efforts.
· Subtask 7c: Technology promotion and marketing to other DOTs, local government, and other agencies, consultants and contractors.
· Percentage Complete: 20%

· Ahead or Behind Schedule: On Schedule

The research team has made power points presented and posted on the website.  To keep these efforts moving forward, UNH has been hired, including the following task to support this subtask:

“Task 6 Title: Development of Draft Specification and Implementation Materials

Description: A draft specification for the field measurement of dielectric values using the DPS equipment will be developed in this task. This will be based on the results of Tasks 1 through 5, along with coordination with the NCHRP IDEA project developing the LDMS protocols. The specification will include details on measurements, acceptance, and analysis of the data using the developed processing tool.  Materials to promote implementation of the DPS methods and protocols will also be developed in this task.  These may include 1-2 page technology briefs summarizing the technology and applications as well as a flowchart that shows the technology and methods as a system.  The implementation materials will be targeted to contractors and agencies of various levels.”

· Subtask 7d: Preparing technology promotion materials
· Percentage Complete: 20%

· Ahead or Behind Schedule: On Schedule

The research team has contracted CTC to assist with preparing promotion materials.  This includes the following tasks:

“Task 3: Development of Communication Brief Format and First Brief 

CTC & Associates will create a template for a communication brief and will create two-page editions of these briefs based on technical content and additional background information provided by MnDOT. This section outlines the steps that CTC will undertake to develop the format of the template and to write, edit and lay out the communication briefs. This proposal assumes there may be as many as six of these.

3.1. Preliminary scoping and project selection

MnDOT and CTC will continue discussion of MnDOT’s needs for this publication: target audience, communications approach, and desired components and features of the briefs. MnDOT will confirm the first product selected as the subject of the first brief. MnDOT will identify the agency advocate, the project manager, and the principal investigator for each product.

Duration: 1 week

3.2 Draft layout and format

CTC will design a two-page brief, incorporating logos, complementary graphic elements, and design features (images, quote boxes, contact information fields). CTC will submit two design options to MnDOT for review, comment, revision and selection.

Duration: 4 weeks, including review by MnDOT

3.3 Conduct interviews

CTC will review the technical content for each brief. For each brief, CTC will interview by phone the advocate, project manager, and/or the principal investigator to capture the practitioner benefits and key findings of each product. CTC will also request appropriate images if these are not available.

Duration: 2 weeks (concurrent with Task 2)

3.4 Draft briefs

CTC will write, edit, and submit to MnDOT a Microsoft Word draft of the briefs. Each document, in addition to the narrative of the brief, will include images, quotes, and any other content that will appear in the final document.

Duration: 3 weeks

3.5 MnDOT Review

MnDOT will review the first brief and advise any requested changes prior to layout.

Duration: 1 week

3.6 Lay out briefs

CTC will lay out the briefs in the format agreed upon in Task 2.2 and submit these in PDF format to MnDOT for review.

Duration: 1 week

3.7 Final review and deliver final briefs

CTC will deliver near-final PDFs for approval by MnDOT. Based on any remaining change requests, CTC will deliver the final approved PDFs.

Duration: 1 week

Deliverables: Communication brief format; one completed brief

Timeline: December 1, 2021 – February 28, 2022

Task 4: Creation of Additional Briefs 

Using the template developed in Task 3, CTC will create up to five more two-page editions of the communication briefs based on technical content and additional background information provided by MnDOT. The subtasks below are for each brief. 

4.1 Scoping and project selection

MnDOT will identify the topic, agency advocate, the project manager, and the principal investigator for each brief.

Duration: 1 week.

4.2 Conduct interviews

CTC will review the technical content for each brief. CTC will interview by phone the advocate, project manager, and/or the principal investigator to capture the practitioner benefits and key findings of each product. CTC will also request appropriate images if these are not available.

Duration: 2 weeks

4.3 Draft briefs

CTC will write, edit, and submit to MnDOT a Microsoft Word draft of the briefs. The document, in addition to the narrative of the brief, will include images, quotes, and any other content that will appear in the final document.

Duration: 3 weeks

4.4 MnDOT Review

MnDOT will review the first brief and advise any requested changes prior to layout.

Duration: 1 weeks

4.5 Lay out briefs

CTC will lay out the briefs in the prescribed format and submit these in PDF format to MnDOT for review.

Duration: 1 week

4.6 Final review and deliver final briefs

CTC will deliver a near-final PDF for approval by MnDOT. Based on any remaining change requests, CTC will deliver the final approved PDF.

Duration: 1 week

Deliverable: Up to 5 communication briefs

Timeline: April 1, 2022 – November 30, 2022”
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