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RESEARCH PROJECT WORK FORM 
1. Project information and team 
1.1 Project Information
	1.1.A. Project Title: Towards the Development of Pavement-Specific Structural Synthetic Fibers 
[bookmark: NeedStatementNumber]	1.1.B. MnDOT Or LRRB Need Statement Number:   NRRA Call for Innovation   
	1.1.C. LRRB Knowledge Building Priority Number:    NA	
[bookmark: ProjectBudget]	1.1.D. Total Project Budget:      $99,972
[bookmark: ProjectDuration]	1.1.E. Total Project Duration:     2 years
	1.1.F. Champion’s Name: S. David Lim, 
	1.1.G. Champion’s Public Agency/Organization: Caltrans, Pavement Program 
	1.1.H. Key Words for Cataloguing: Pavement, Structural Fibers, FRC, Concrete pavement, pullout, plastic elongation, load transfer
	1.1.I. Date Submitted:12/14/2020
1.1.J Justification for project duration longer than 24 months: NA 

1.2. Project Team
1.2.A. Principal Investigator
Name: Manik Barman, Ph.D.
Position Title: Associate Professor
Organization/University: University of Minnesota Duluth
Phone: (218) 726-6437
Email: mbarman@d.umn.edu
 
1.3.A. Industry Partner (if applicable):
Name: Mr. Gerald J. Welch
Position Title: Director of Engineering
Organization/University: FORTA Corporation
Phone: 724-458-5221
Email: gwelch@fortacorp.com

1.3.B. Industry Partner (if applicable):
Name: Clifford N. MacDonald, MSCE, FACI.
Position Title: President
Organization/University: Vigilant Enterprise LLC
Phone: 724-458-5221
Email: gwelch@fortacorp.com

2. Project Abstract and Objective(s)
The application of synthetic fibers can reduce the fatigue cracking and faulting of thin concrete pavements and overlays. Currently available synthetic fibers used in concrete pavements are mainly polyolefin-based. Previous studies suggest that any fibers can plastically elongate and pullout from the concrete when crack widths are wide enough, thus becoming ineffective in transferring wheel load across adjacent sawn or cracked slabs. The purpose and effectiveness of reinforcement is holding concrete across differing crack widths. The goal of this proposed study is to better understand existing polyolefin fiber performance against the abovementioned plastic elongation and pullout to eventually further increase the life of concrete pavements and overlays. This study will be conducted in two phases. This proposal is for the first phase, which has the two following objectives: (i) determining the forces induced on the fibers because of vehicular and environmental loads when used in concrete pavements; (ii) identifying those characteristics that can most easily be changed in both or either the concrete and fibers for the purpose of improved performance of thin concrete pavements and overlays. Once the first phase is completed, the next phase will deal with the designing and testing of the pavement specific concrete mixture and fibers. 
3. Research Strategic Priorities and benefits to taxpayers 
3.1 Strategic Priorities 
☒  Innovation & Future Needs: 
☐  Safety: 
☐  Advancing Equity: 
☐  Climate Change & Environment: 
☐  Asset Management: 
3.2. Benefits Description
Application of Fiber Reinforced Concrete (FRC) in constructing concrete pavement overlays and new
concrete pavements is gaining more momentum. To the cost standpoint, the inclusion of fibers increases the cost of the concrete, approximately equivalent to providing one extra inch of slab thickness, which is a substantial cost. This research project is a step in the forward direction to economize the concrete mixture by better understanding the needs of the concrete pavements to include fibers and especially from the fibers’ pull-out and plastic elongation behaviors. The successful completion of this project would provide guidance to adopt the needed modifications in the concrete mixtures or in fibers to economize the pavement-specific fiber reinforced concrete, which may decrease  the construction cost or the life cycle cost of the thin concrete pavements and overlays. 

 3.3. Expected Benefits 
☒  Construction Savings: 		 
☐  Decrease Engineering/Administrative Costs:
☐  Environmental Aspects:
☐  MnDOT Policy:
☐  Lifecycle:		   			
☐  Operations and Maintenance Savings:
☐  Reduce Risk: 		
☐  Reduce Road User Cost:
☐  Safety:				
☐  Technology: 
☐  Other, Please Describe: 
4. Summary of Research Methodology (Scope)
Polyolefin fibers used in civil engineering structures are classified by ASTM: (i) macro fibers (equivalent diameter > 0.012-inch), and (ii) micro fibers (equivalent diameter < 0.012-inch). Between these two fiber categories, the macro fibers are commonly used in concrete pavements because the dosage is greater and therefore carries more load. The macro polyolefin fibers are frequently called structural synthetic fibers or in context as structural fibers. According to Barborak (2011), structural fibers carry the load and minimize early and late age cracks. Structural fibers, depending on the meaning of the word structural, are commercially available in 4 different material compositions: glass, natural (organic or wood), steel and synthetic (polyolefin). The shapes of the cross sections and sides profiles vary greatly as well as the fiber lengths and aspect ratios (ratio of length to equivalent diameter), etc. The fiber material properties are also extremely diverse. 

Structural fibers improve the post-crack performance of concrete (Rollings 1986, Roesler et al. 2003, Mulheron et al. 2016) by keeping cracks tight and reducing fatigue cracks (e.g., longitudinal, corner, and transverse cracks). In the proper dosage, these fibers may increase the joint load transfer in concrete pavements (Barman 2014; Barman and Hansen, 2018; Roesler et al., 2019), and decrease joint deterioration and faulting. Compared to steel fibers, synthetic structural fibers have been predominantly used in pavements in the last few decades due to their ease of handling and resistance to corrosion. Photographs of some synthetic structural fibers are provided in Figure 1. Synthetic fibers are produced from a wide range of materials, such as acrylic, aramid, carbon, nylon, polyester, and polyolefins. Polyolefins are composed of polyethylene and polypropylene (PCA, 2015).
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Figure 1: Photograph of some commercially available synthetic structural fibers.

The polyolefin-based macro fibers are the commonly used synthetic fibers in concrete pavements. The macro fibers are drawn to reach a greater elastic modulus (~10 GPa, 1.45 x 106 psi). However, this results in low residual elastic strain to failure (typically < 20%). Because of this, polyolefin-based macro fibers across the pavement joints can experience plastic elongation when they get stretched due to many reasons (e.g. concrete temperature change, panel shrinkage). The other important issue is related to the micro scale interfacial bearing load transfer of fibers and concrete. The fibers could be pulled out of the concrete across the cracks or joints as a result of the expansion of the crack width, when the tensile stress induced in the concrete or fibers exceeds the interfacial bonding strength. 
In order to understand the pull-out and plastic elongation behaviors of synthetic fibers, a study was conducted at the University of Minnesota Duluth (UMD) (Crick and Barman, 2020). In this study, some pre-cracked fiber beams were held under a uniaxial tensile force for ten days to observe the crack width changes over time (Figure 2). The crack width change over a period of ten days of one of the beams tested is shown in Figure 3. It can be seen that the crack width gradually increased with time. When the axial tension was released after ten days, the crack width partially decreased (Cr, elastic recovery), but it did not go back to the initial crack width (Ci) at which the beams were first put under tension, leaving a permanent crack width increase. This permanent crack width increase is known as the crack creep (Cc) (Mackay and Trottier, 2004; Babafemi and Boshoff, 2015), because of the fibers’ plastic elongation and /or pullout. The influence of such crack creep is depicted in Figure 4; it can be seen that the group of beams that were subjected to crack creep exhibited lower load transfer efficiency (LTE) compared to the group of the beams not subjected to crack creeped. The LTE is an indicator of the joint performance for concrete pavements; the greater the LTE, the better the joint performance. Further, the initial crack width is another factor influencing the LTE, concrete, and fiber performance. It is believed that crack creep occurs in the concrete pavements as well. 
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Figure 2: FRC beams under tension for ten days to study the plastic elongation (or pullout) of fibers.
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Figure 3: Results showing crack creep of fiber reinforced concrete beams.
Further, all fiber behavior is extremely dependent on the concrete mixture proportions. To fully understand these two described behaviors, a much larger-scale and expensive research and developmental (R&D) work would need to be developed. Recognizing this challenge, especially in the current financial scenario, the immediate needed R&D work was divided into two phases (Phase 1 and 2). The tasks to be accomplished in the first phase (2-year long) of the study is the scope of research considered in this proposal. The goal of this phase is to identify the needed change in the physical and mechanical properties of the fibers and concrete mixture proportions [image: ]for specifically using in concrete pavements. Once this phase of the study is completed, the next phase will deal with the designing and testing of the pavement specific fibers and concrete mixture proportions.Figure 4: Influence of crack creep on the load transfer efficiency.


It is recognized that a productive collaboration between the university researchers and the fiber industry is a dire necessity to successfully complete this project. To this end, the University of Minnesota Duluth (UMD) has collaborated with the FORTA Corporation, and Vigilant Enterprise LLC, and jointly committed to a match (in-kind) of 32% (in-kind) of the total cost.  Some other fiber manufacturing companies have also assured help with supplying fibers for performing this study. The research work will be conducted through two separate tasks, as described in Subsections 5.2 and 5.3.

5. Task Descriptions, Durations, and Scheduled Dates
5.1 Required Task 1 Initial Memorandum on Expected Research Benefits and Potential Implementation Steps
(non-contractual task – work to be completed by the NRRA work team)
Anticipated Start Date: February 1, 2021 
Scheduled Date to Submit Draft Deliverable: March 31, 2021
Scheduled Date for Task Final Approval: May 31, 2021
Duration: 4 months
Deliverable: Task Report
5.2 Project Specific Tasks 2  
Title 2: Quantifying the forces on the fibers because of vehicular and environmental loads when used in concrete pavements
Description: [image: ]The objective of the Task 2 is to understand and quantify the forces exerted on to the fibers when used in pavements. This task will be performed with the help of the finite element modeling and field data (temperature gradient, environment-, and load-induced strains, crack width movement, falling weight deflectometer data) collected from the NRRA 2017 FRC pavement sections. Finite element models of thin concrete overlays and pavements will be developed to understand the forces induced on to the fibers because of the vehicular and environmental loads at different seasons. Figure 5 shows an example of a FEM model of short paneled thin concrete pavements. The distress data collected from the abovementioned project revealed that structural fibers can reduce faulting by increasing the load transfer between the slabs. The trends of joint faulting, International Roughness Index (IRI), and joint load transfer with respect to the ESAL for the abovementioned FRC project will be studied to determine the desired load transfer contribution of fibers so that the cumulative faulting at the design ESAL does not exceed the maximum allowable limit. It may be worth mentioning that the maximum allowable faulting for the short-paneled pavements and overlays will be less than that is recommended for the conventional pavements, because of a greater number of transverse joints in the former. The IRI data will be useful in determining the maximum allowable faulting for the short-paneled pavements and overlays. Figure 5. Example of a FEM model for short paneled concrete pavements developed at UMD




Anticipated Start Date: February 1, 2021 (or when the contract begins)
Scheduled Date to Submit Draft Deliverable: August 31, 2021
Scheduled Date for Task Final Approval: October 31, 2021
Duration: 9 months
Deliverable: Task Report
5.3 Project Specific Task 3
Title: Identifying the desired properties of fibers and concrete for pavement applications
Description: The objective of the Task 3 is establishing the desired properties of fibers and concrete for pavement applications. In this task, an ongoing laboratory investigation (at UMD) will be extended to understand the influence of fibers’ physical and mechanical properties on the behaviors of the fiber reinforced concrete (FRC). Fibers’ physical properties include equivalent diameter, length, geometry, aspect ratio, etc. The mechanical properties include the stress-strain behavior, elastic and plastic strains at failure, modulus of elasticity, and lateral stiffness, and pullout of individual fibers. A test setup will be built for testing individual fibers. Individual fiber’s properties will be correlated with the properties of the FRC produced with the respective fiber. Two types of tests will be conducted on the FRC: (i) post-crack tensile test, and (ii) joint performance test. Figure 6 shows a photograph of a test setup developed at UMD for studying the post-crack tensile behavior of FRC. Figure 6 also shows load vs. crack width plots for five different concrete mixes prepared with five structural synthetic fiber types, with varied geometries. It can be seen that the peak load, as well as the post-peak behaviors, varies with the fiber geometries, indicating the different crack creep and post-crack toughening behaviors. Figure 7 shows a photograph of the joint performance test. In addition to the fiber properties, the other significant variables for this test will be the crack creep, fiber distribution, and orientation. Commercially available fibers with various physical and mechanical properties will be considered for this task. However, as the currently available fibers probably exhibit limited residual elastic strain (< 20%), some correlations might necessarily be extrapolated. The base concrete mixture design for this task will be decided jointly by the PI, industry partners, and the technical advisory panel members emphasizing the required paste volume to coat the fibers and aggregates. However, working with the concrete mixture proportions at MnROAD would allow for some intended correlations between field observations and laboratory data. The work would establish a control FRC mixture compared to two or more mixtures changing the fiber length and dosage and changing the concrete mixture proportions. The outcome of this task will provide statistically verified correlations between the properties of fibers and concretes. These correlations will be useful to show other desired properties of fibers and concretes for pavement application. For example, these correlations will answer to the question like what optimum length and dosage affecting residual elastic strain do the fibers possess so that the plastic elongation and fiber pullout is less than a certain maximum allowable value which will ensure better post-crack and joint load transfer performances. 

	[bookmark: _Hlk39229433][image: C:\Users\UMD PAVE RESEARCH\AppData\Local\Microsoft\Windows\INetCache\Content.Word\IMG_0698.jpg](a)
	[image: ](b) 




Figure 6: (a) Post-crack tensile behavior testing setup for FRC. (b) typical axial load vs crack width relationship plots for a few FRC beams.
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Figure 7. UMD’s Joint performance test setup.

Anticipated Start Date: August 1, 2021
Scheduled Date to Submit Draft Deliverable: March 31,2022
Scheduled Date for Task Final Approval: May 31, 2022
Duration: 10 months
Deliverable: Task Report
5.4 Project Specific Task 4 (Draft Final Report) 
Task #:  Draft Final Report 
Description: The final Report will be a comprehensive report including the scope of the work, literature review, works completed in Tasks 5.2 and Task 5.3, conclusions and recommendations. The final report will be prepared, following MnDOT publication guidelines, to document project activities, findings and recommendations. This report will be reviewed by the Technical Advisory Panel (TAP), updated by the PI to incorporate technical comments, and then approved by the Technical Liaison before this task is considered complete. If possible, a TAP meeting will be scheduled to facilitate the discussion of the draft report.
Anticipated Start Date: June 1, 2022
Scheduled Date to Submit Draft Final Report for TAP review: September 30, 2022
Scheduled Date for Final Report Approval:November 30, 2022
Duration: 6 months
Deliverables: Draft final report
5.5 Project Specific Task 5 Editorial Review 
Task #: Editorial Review and Publication of Final Report
Description: During this task, the approved report will be processed by MnDOT’s contract editors. The editorial review will ensure it meets publication standards. The PI will work with the editor to address editorial comments, so this task must be finished while the contract is still active.
Scheduled Start Date:December 1, 2022
Scheduled End Date: January 31, 2023
Duration: two months (required)
Deliverables: Final Publishable Report that meets MnDOT’s Editorial Guidelines and standards
5.6 Review of Research Report and Development of an Implementation Plan 
(non-contractual task – work to be completed by the NRRA work team)
Task #: Benefits and Implementaion Plan
Description: Review of Research Report and Development of an Implementation Plan
Scheduled Start Date:  April 1, 2023
Scheduled End Date: June 31, 2023
Duration:  3 months
Deliverable:  Implementation Plan
6. Key Milestones
Table 1: Key Milestones
	Key Milestone
	Target Date
	Description

	1. Project Kick off meeting
	July 2020
	Work plan discussion

	2. TAP meeting
	August 2021
	Task 5.2 discussion

	3. TAP meeting
	February 2022
	Task 5.3 and final report discussion





7. Project Budget Details and Justification
7.1 Budget Details
Table 2: Budget Details
	Budget Line Items
	Description
	Budget Amount

	A. Salaries
	Total Salaries
	$56,779

	Manik Barman, PI
	100% FTE x 3 summer weeks
	$7,440

	Post-Doctoral Associate
	100% FTE x 4 months
	$16,648

	UMD Graduate RA
	50% FTE for 4 regular
and 1 summer semesters
	$29,691

	UMD undergraduate RA
	Lump-sum
	$3000

	B. Fringe Benefits
	Total Fringe Benefits
	$37,489

	Manik Barman, PI
	Fringe @36.5% for 3 summer weeks
	$2,714

	Post-Doctoral Associate
	Fringe @25.4%
	$4,228

	UMD Graduate RA
	Fringe benefit
	$30,547

	
	
	$

	C. Non-Salary	
	Total Non-Salary
	$5,524

	D. Equipment:
	
	$0

	E. Supplies:
	Lab supplies
	$2976

	F. Research Travel: 
	Local travels/ attending meetings
	$548

	G. Out of State Conference Travel:
	
	$0

	H. Other: (describe)
	Materials transportation
	$1,000

	
	Solid Waste Disposal
	$1,000

	I. Subcontractors*
	
	$0

	J. Total Direct Cost
	
	$99,792

	K. Indirect Costs 
	Indirect Cost Rate: 
	$0

	Project Total Cost
	Request from NRRA
	$99,792


* Total cost for academic and/or non-academic subcontractors shall not exceed 50% of the total proposal budget.
7.2 Budget Justification

Salary
Dr. Manik Barman will serve as the PI and will be responsible for the overall execution of the work to be conducted at the UMD. He will play the supervising role in developing the research plan, analyzing the test results, and writing the task reports. He will work for a total of 335 hours during the two academic years (2021-2022), which will cost the UMD a total of $18,315 for his salary. This amount is considered as the UMD’s cost share for this project. He will also work during the summers of 2021 and 2022, for which $7,440 is budgeted. This project involves extensive laboratory tests, data analysis, and task reports writing. One graduate student (50% FTE for 18 academic months and one summer) and one post-doctoral associate (100% FTE for four months) will work to perform these activities. An amount of $29,691 is budgeted for the graduate student, and an amount of $16,648 is budgeted for the post-doctoral associate’s salary. Undergraduate students will help with testing, and regular MS excel works towards data analysis and laboratory works. A budget of $3,000 is considered for this purpose.

Fringe Benefits and Graduate Student’s Tuition
The budget includes an amount of $6,685 for PI’s fringe benefit for his time during the academic year, which is considered as UMD’s cost share for this project. The fringe benefit for the three weeks' summertime is $2,714. A total amount of $30,547 is budgeted for the fringe benefits and tuition benefits for the graduate student. A total amount of $4,228 is budgeted for the fringe benefits for the post-doctoral associate.

Others
An amount of $2,976 is budgeted for different lab supplies for conducting tests at UMD, and $548 is budgeted for travel to TAP meetings. An amount of $1,000 is budgeted for the transportation cost of materials (aggregates, cement, fibers, etc.), and $1,000 for solid waste disposal.

FORTA Corporation (NRRA Associate Member), Grove City, Pennsylvania, has committed an in-kind match up to $20,000 towards the cost of the fibers and for their time to be spent in this project.

Mr. Clifford N. MacDonald of Vigilant Enterprise LLC (VELLC) will work as a consultant in this research project. He will attend project meetings and provide expert suggestions as required. The remuneration for his service is estimated at $2,000, which is considered as VELLC’s in-kind match for this project.
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mndot.gov/research
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8. Overview of Project Schedule and BudgeT
Figure 1: Gantt Chart One
	FY21 (7/1/20 – 6/30/21)
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Figure 2: Gantt Chart Two
	FY22 (7/1/21 – 6/30/22)
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	FY22 Total:
	$70,000



Figure 3: Gantt Chart Three
	FY23 (7/1/22– 6/30/23)
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	Task 6: Final Memo on Benefits
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	Y23 Total:
	$29,972

	Project Total
	$99,972


[bookmark: _9._Subcontractor_Information]9. Subcontractor Information
NA
10. Administrative Requirements 
MnDOT will issue a work order under the terms and conditions of the Master Contract between the State of Minnesota and the University
PIs shall prepare necessary documentation and information to facilitate meaningful project reviews
PIs shall make themselves available to meet with MnDOT Research Services staff and Technical Liaison if a project falls behind schedule


11. Matching Funds, In-Kind, or Other Contributions (if applicable)
If this section is not applicable, check the box and delete Table 3. ☐
Table 3: Matching Funds/In-kind Contributions
	Contribution Source
	Contribution Description
	Dollar Amount
	Cost Match 

	Manik Barman, PI (UMD)

	Salary @100% FTE for 335 hours during academic years (2021-2022)
	$18,315
	17.0%

	
	Fringe @36.5% for 335 hours during academic years (2021-2022)
	$6,685
	

	FORTA Corporation,
	Cost of fibers and time
	$20,000
	13.6%

	Vigilant Enterprise LLC
	Expertise and time
	$2,000
	1.4%

	TOTAL
	Cost Match
	$47,000
	32.0%


12. Intellectual Property/Trade Secret Information 
Check all that apply. This project will include: 
☐Intellectual Property					☐Trade Secrets				☐Lead to a Patent
☐Require Special Handling under Public Records Law				☒None of These
13. MnDOT or Other Agency Assistance MnDOT (if applicable)
If this section is not applicable, check the box and delete Table 4. ☒
14. INFORMATION TECHNOLOGY NEEDS (if applicable)
NA
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