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Advisor: Mojdeh A. Pajouh

Portable concrete barriers (PCBs) are segmented barriers made of precast concrete
units that are connected by various load-bearing hardware. PCBs are typically used to
shield work zones by redirecting errant vehicles upon impact with the barrier system.
Most commonly-available PCBs have demonstrated performance issues arising from the
sloped face of the barrier, which encourages vehicles to pitch and roll during impact,
potentially resulting in vehicle rollover. Concerns also exist regarding the large dynamic
deflections exhibited by these systems that can encroach upon the protected work zone or
require anchoring to prevent large displacements. In addition to these concerns, the
American Association of State Highway and Transportation Officials (AASHTO)
updated the Manual for Assessing Safety Hardware (MASH) in 2016, which improved
the criteria for evaluating roadside safety devices and required the re-evaluation of barrier
systems developed before the updated standards were published. Thus, an opportunity
existed to develop a next-generation PCB system capable of meeting the new MASH
2016 criteria while addressing the concerns of the current generation of PCBs.

The objective of this research effort funded by the Mid-America Transportation
Center (MATC) was to further develop and investigate PCB concept designs that were
brainstormed under a parallel research effort at the Midwest Roadside Safety Facility

(MwRSF) funded by the Wisconsin Department of Transportation. This research



consisted of the development of finite element models of the PCB design concepts for use
in LS-DYNA simulations, followed by the comparison of the simulation results to a
current PCB system that has been previously modeled and validated.

The simulation analysis identified three PCB concepts as viable designs, while
three other PCB concepts were not recommended based on the simulation performance.
Upon completion of the simulation analysis, the simulation results of the six PCB
concepts were presented to Midwest Pooled Fund Program member states. Finally, a
single concept, that used interlocking and staggered precast concrete segments without
the need for connection hardware, was selected for further design and full-scale crash

testing in the next phase of the research.



ACKNOWLEDGEMENTS

I would first like to acknowledge the Mid-America Transportation Center and the
Dwight D. Eisenhower Transportation Fellowship Program (DDETFP) for funding this
research effort. The member states of the Midwest Pooled Fund Program were also
instrumental in providing input and feedback throughout the project. This work was
completed utilizing the Holland Computing Center of the University of Nebraska, which
receives support from the Nebraska Research Initiative.

| would also like to sincerely thank my advisor, Dr. Mojdeh Pajouh, for providing
advice, encouragement, and troubleshooting assistance. Throughout the project, she
provided much needed simulation guidance and reviewed many report drafts with
detailed feedback. | am extremely grateful to have worked with you at MwRSF.

To Dr. Ronald Faller, thank you for your expert opinions and your support
throughout the project. | enjoyed our conversations regarding the inner workings of the
transportation research field. To Bob Bielenberg, thank you for your generous support in
creating the LS-DYNA models and your willingness to thoroughly answer questions
whenever | unexpectedly popped into your office. To Dr. Cody Stolle, thank you for
sharing your LS-DYNA knowledge as well as your mentorship. To the rest of the
MwRSF faculty, staff, and students, thank you for making my time here well worth it.

I would also like to thank my family and friends, especially my Mom and Dad.
The love, support, and encouragement that you provided helped me make it through any
challenges that | came across during graduate school. Lastly, to Bailee, thank you for
being there to give me the love and support | needed, and for always listening and

knowing exactly how to help me de-stress. | am truly blessed to have you on my side.



Table of Contents

(@8 T 1 g A [ 0o [0 od 1 o] SRS 1
1.1 BACKGIOUNT ...ttt 1

1.2 ODJECLIVES ...ttt et et e et e s re e nte e neenne e 3

1.3 RESEArCN APPIOACK ..ot 4
Chapter 2 LItErature REVIEW .........cuciiiieieciie ettt ste ettt sae e steeae e nne e 6
2.1 Existing Portable Concrete Barrier SYStemS........cccvvvvveereiie e 6

2.2 AITErNALIVE CONCIELES. ....ouviiiieitesie ettt 9

2.3 DESIGN CHIErIA SUIVEY ......ouiiiiiiiiieiieiieeeie ettt 10
Chapter 3 Development of DeSign CONCEPLS......ccvevveiieiieriieie e 12
3.1 DESIGN CHITEIIA ..vvueiieieeeete ettt bbbt 12

3.2 Portable Barrier Design CONCEPLS........civeieerieiieieeiie e ese e 13

3.3 Selected Concepts for SIMUIALION ...........cccoiiiiiiiiiieee e 22
Chapter 4 LS-DYNA Simulation of Preferred Design Concepts ........cccovevveveiievivennenne 24
4.1 Baseline Model of Midwest F-Shape PCB...........ccccooviiiiiiiencneseeeeeee, 24

4.2 Development of PCB Concept Models..........cccooviieiieiciieieeece e, 28

4.2.1 CoNCEPEINOD. 1 ..o 29

4.2.2 CONCEPLEIND. 2 .ottt 32

4.2.3 CoNCEPLINOD. 17 oo 36

4.2.4 CoNCEPEINOD. 18 .. .oeiiiiiiiiii e 39

4.2.5CoNCEPE NO. 19 ..o 42

4.2.6 CONCEPLEINOD. 16 ...uvviiiiiieiiii it 44

4.3 LS-DYNA Simulation RESUILS.........c.coveiiiiiiiee e 46

4.3.1 Baseline F-Shape RESUILS..........ccccoveiieiiiicsecce e 47

4.3.2 Concept NO. 1 RESUIES.......ooiiiiiiiecceee e 50

4.3.3 Concept NO. 2 RESUILS.......cooiieiiiiececc e 54

4.3.4 Concept NO. 17 RESUILS......ccoiiiiiiiiiieseeieee e 58

4.3.5 Concept NO. 18 RESUILS........ccveiiiiieiicie e 64

4.3.6 Concept NO. 19 RESUILS......ccoiiiiiiiiicreeieee e 68

4.3.7 Concept NO. 16 RESUILS........ccveiiiiieieciecc s 74

4.4 Summary of Viable CONCEPLS .......eiiriiiiieie i 80
Chapter 5 Selection of Preferred DeSIgN .........ccocoeviiiieieiieseece e 82
5.1 Comparison of Simulation RESUILS ..o 82

5.2 Survey to Midwest Pooled Fund Program Member States............ccccccveeveennen. 94

5.2.1 QUESEION NO. L .o 94

5.2.2 QUESHION INO. 2 ...ttt 95

5.2.3 QUESEION NO. 3.t 96

5.2.4 QUESHION NO. 4 ..ottt 97

5.2.5 QUESTION NO. 5 .viiciiciee e 98

5.3 Potential Implementation Considerations............cccccevvveiveiieciee e 101

5.4 DISCUSSION ...vetteieeieettestee e ite st e ste et e st e teaseessaesaeeseesseesaeeneesseesseeneesseeseaneennens 103
Chapter 6 Summary and CONCIUSIONS........ccoiiiiiiiiie e 104
R E =T =] 0TSSR 110

Appendix A Selection of Preferred PCB Concept Design SUrvey ........ccccccevveeveevineenne. 112



Vi
List of Figures

Figure 1. Initial PCB Design Concepts — Brainstormed from WisDOT Project................. 3
Figure 2. GM Shape PCB [9]....cuoiiiiiiiiiineeieee e 7
Figure 3. Typical PCB Shapes. (a) New Jersey, (b) F-Shape, (c) Single Slope, and (d)
VEIICAI [B] .ottt 8
o U T B 0 Tor=] 1 N [ Tt OSSPSR 14
FIQUre 5. CONCEPEINOD. 2 ...t 14
Figure 6. CONCEPL INO. 3. ettt reen e ne e ne e 15
FIgure 7. CONCEPEIND. 4 ...t 15
Lo U I T O Tor=] o1 N (o T PRSI 16
FIQUIe 9. CONCEPEINOD. B ..ot 16
Figure 10. CoNCEPE NO. 7. .eiieeiiee sttt et e e be e teenesne e re e 17
Figure 11. ConCePt NO. 8....c.ecieieieierie sttt 18
Figure 12. ConCePt NO. O ..ottt ae e re e 18
Figure 13. Concept NO. 15 VEISION L ......ccoiiiiiiieieiiesieieseses et 19
Figure 14. Concept NO. 15 VEISION 2 ......ooiieeieiie ettt 19
Figure 15. CONCEPL NO. L6.....cueiiiiiiiiiiiieitisieeee ettt 20
Figure 16. CoNCEPL NO. L7 ..c.veiii ettt et e re e 20
Figure 17. ConCept NO. L18.......ooiiiiiiiiitiiieee e 21
Figure 18. CoNCEPL NO. 19 uiiiiiieiiee et 22
Figure 19. ConCePt NO. 20 .....c.uciiieiiiteiiisii et 22
Figure 20. LS-DYNA Baseline Model of F-Shape PCB............cccccoceiieviiie i, 24
Figure 21. Element Mesh in Baseline F-Shape Model, Ground, PCB, and Connection
HAIOWETE ... bbbttt sttt n e ne e nens 25
Figure 22. Mesh for CONCEPE NO. 1 ......ooiiiiiiiiiieeee e 30
Figure 23. Concept No. 1 Parts - Isometric View (Top) and Section View (Bottom).......31
Figure 24. Mesh of Steel Feet Brackets for Concept NO. 2........cccooveiiiiiiiinininiceeee, 33
Figure 25. Discontinuity Issue with Original Connection Design of Concept No. 2 ........ 34
Figure 26. Concept No. 2 Parts - Isometric View (Top) and Section View (Bottom).......35
Figure 27. Discontinuity Issue with Original Feet Brackets in Concept No. 17 ............... 37
Figure 28. Concept No. 17 Parts- Isometric View (Top) and Section View (Bottom)......38
Figure 29. Concept No. 18 Parts - Isometric View (Top) and Section View (Bottom).....40
Figure 30. Mesh of Concept NO. 18.........coiiiiiiiiieiee e 41
Figure 31. Concept No. 19 Parts- Isometric View (Top) and Section View (Bottom)......43
Figure 32. Meshed View 0f Concept NO. 19 ..o 44
Figure 33. Concept No. 16 Parts - Isometric View (Top) and Section View (Bottom).....45
Figure 34. Meshed View 0f ConCept NO. 16 ........coceriiiriiiiiiniiiciese e 46
Figure 35. Cross Section of F-Shape PCB.........cccciiiiiiiii e 47
Figure 36. Sequential Images of Baseline F-Shape PCB Simulation.............ccccceevieinenne. 49
Figure 37. Cross Section of Concept NO. LA ......cooiiiiieiie e 50
Figure 38. Sequential Images of Concept No. 1 Simulation...........cccceveviiinininienicien, 52
Figure 39. Concept No. 1A (Left) and Concept No. 1B (Right) Pin Arrangements ......... 53
Figure 40. Cross Section of CONCEPE NO. 2 .....ooviiiiiiiiiiiiee e 55
Figure 41. Sequential Images of Concept No. 2 Simulation............ccccccecvevieiiieie e, 57

Figure 42,

Cross Section of CoNCEPt NO. 17 ....cveiiiiiiiiiiiieeee e 58



Vil

Figure 43. Concept No. 17 Snag Opportunity at Original Impact Point, 51 in. Upstream
L0 141000 [ | ST PR TSR 60
Figure 44. Concept No. 17 Snag Opportunity at 1/2-Barrier Impact Point....................... 61
Figure 45. Sequential Images of Concept No. 17 Simulation............cccceevevniiciiiiiniennn 63
Figure 46. Cross Section of Concept NO. 18 ........cccoiiiiiiiiiiie e 64
Figure 47. Sequential Images of Concept No. 18 Simulation............ccccoevcniiciiiicnenn 67
Figure 48. Cross Section of Concept NO. 19A.........coi i 68
Figure 49. Sequential Images of Concept No. 19A Simulation.............ccccvovivninieeicnennn, 70
Figure 50. Variations of Concept NO. 19......ccciiiiiiiiiiic e 72
Figure 51. Comparison of Tipping Behavior in Concept Nos. 19E (Left) and 19F (Right)
.................................................................................................................................... 74
Figure 52. Cross Section of Concept NO. 16A.........coiiiiiiiiiieieree e 75
Figure 53. Sequential Images of Concept No. 16A Simulation............c.cccccvevevveiecienenn, 77
Figure 54. Cross Sections of Concept NO. 16 Variations ............cccoeeereneneninienieeieeieene, 78
Figure 55. Recommended CoNncept DESIGNS........ccveiviiieiieiieiie e, 81
Figure 56. Not Recommended ConCePt DESIGNS ........ccvrviriiririiiieieie e 81
Figure 57. Visual Comparison of Design Concept Cross-Sections...........ccccevevverveireennenn, 82
Figure 58. Comparison of Maximum Lateral Barrier Displacement Observed in
SIMUIBLIONS ..o ettt 83
Figure 59. Comparison of Vehicle Roll Observed in Simulations ............cc.ccoceevvnviennnn 84
Figure 60. Comparison of Vehicle Pitch Observed in Simulations............c..cccocveveiieneen, 85
Figure 61. Comparison of Lateral OIV Observed in Simulations .............ccccoceeiviiinnnn 85
Figure 62. Comparison of Longitudinal OIV Observed in Simulations...............c........... 86
Figure 63. Comparison of Lateral ORA Observed in Simulations............cc.ccoceevivririnnnnn 86
Figure 64. Comparison of Longitudinal ORA Observed in Simulations..............c........... 87
Figure 65. Comparison of Bumper Climb Observed in Simulations............c.ccccceevvieinennn. 89
Figure 66. Comparison of Estimated Material Cost for PCB Concepts..........ccccevevvvennenn. 90
Figure 67. Comparison of Maximum Estimated Segment Weight for PCB Concepts......91
Figure 68. Comparison of Maximum Estimated Linear Barrier Weight for PCB Concepts
.................................................................................................................................... 92
Figure 69. Simulated Lateral Barrier Displacement Versus Linear Barrier Weight.......... 93
Figure 70. Survey Results for Ranking of PCB Concept Preference ...........cccoovvvvieinennn. 95
Figure 71. Survey Results for Equipment Used for Barrier Placement................ccc.......... 96
Figure 72. Survey Results for Minimum Radius of Curvature............c.ccocovevivneneciennennn. 97
Figure 73. Survey Results for Drainage ReqUIreMeNts ...........cccocvevveiieieeiesiese e, 98
Figure 74. Survey Results for Concern Regarding Increased Weight on Bridge Decks.101
Figure 75. Recommended Concept DESIONS ........cciveiiiiiiie et 108



viii

List of Tables
Table 1. Comparison of Full-Scale Crash Test No. 2214TB-2 and Simulation Results ...28
Table 2. Barrier Model Parts, Elements, and Materials...........ccccoocvviineinniencnin e 29
Table 3. Baseline F-Shape Barrier Data ...........cccccveveiieiiiie e 48
Table 4. Baseline F-Shape Simulation ReSUIES ..........cccovvrieiiiiiii e 48
Table 5. Concept NO. 1 Barrier Data ...........cceoiveieiiieiieie e 51
Table 6. Concept NO. 1 SImulation RESUILS........cccviieiieiiiieiieiece e 51
Table 7. Comparison of Pin Arrangement Simulation Results for Concept No. 1............ 54
Table 8. Concept NO. 2 BArrier DAta .........ccoovieeieiieiienieee e 56
Table 9. Concept NO. 2 Simulation RESUILS.........ccccveiieiiiieieese e 56
Table 10. Concept NO. 17 Barrier DAta ........ccccceveieeiieniene e 59
Table 11. Concept No. 17 Simulation ReSUILS.........c.cccveviiieiieie e 62
Table 12. Concept NO. 18 Barrier Data ..........ccoceieieriiiiienisieeeee e 65
Table 13. Concept No. 18 Simulation ReSUILS.........c.cccveviiieiieie e 66
Table 14. Concept NO. 19A Barrier DAt .........cccooveiieriiiiiiiisieeeiee e 68
Table 15. Concept No. 19A Simulation ReSUILS..........cccveieieeii i 69
Table 16. Concept No. 19 Variations Barrier Data Comparison .............ccocvvvrereeieeieennen, 72
Table 17. Comparison of Concept No. 19 Variations Simulation Results ........................ 73
Table 18. Concept NO. 16A Barrier Data .........cccooveeeiieieniesiese e 75
Table 19. Concept No. 16A Simulation ReSUILS...........ccvevieiieii i 76
Table 20. Comparison of Concept No. 16 Variations Barrier Data............c.cccecvveevveeenne 79
Table 21. Comparison of Concept No. 16 Variations Simulation Results ........................ 79
Table 22. Parametric Study for Bridge Deck Weight LImit.........ccccoceviiiiininiiniiienn 100



Chapter 1 Introduction

1.1 Background

Portable concrete barriers (PCBs) are segmented units which are attached end-to-
end by a load-bearing connection. PCBs are typically used to prevent errant vehicles from
leaving the roadway and to safely redirect vehicles that have impacted the barrier, often
where limited deflection is desired during vehicle impacts, such as on bridge decks and
within work-zones. In other cases, PCBs are used in long-term installations acting as a
median barrier and/or as a bridge rail. Most non-proprietary, portable barrier systems on
the nation’s highways consist of safety-shape or single-slope barrier segments fabricated
from reinforced concrete materials. Most current PCB designs face problems:

1. The sloped face of the barrier often allows impacting vehicles to pitch and roll as
they impact the barrier, often causing unstable vehicle behavior that can result in
vehicle rollover.

2. The segmented joints allow for significant rotation before transferring moment
across the joint, resulting in large lateral barrier displacements, ranging from 19 to
80 in. Where deflections must be limited, anchoring or pinning the barrier
segments to the pavement is required, which impedes installation and removal,
exposes workers to traffic hazards, and causes pavement or bridge deck damage.
Furthermore, the Federal Highway Administration (FHWA) and the American

Association of Highway and Transportation Officials (AASHTO) recently updated the
Manual for Assessing Safety Hardware (MASH) in 2016, which is the standard for the
evaluation of roadside safety hardware [1]. MASH 2016 includes implementation

guidelines that require devices installed on federal-aid roadways after sunset dates to be



evaluated under MASH 2016 criteria. December 31, 2019, was the sunset date for
temporary work-zone devices, including portable barriers, and any devices used on
projects after this date must have successfully passed MASH 2016 testing. However,
devices used on projects before this date and successfully tested under National
Cooperative Highway Research Program (NCHRP) Report 350 or the 2009 edition of
MASH, may continue to be used throughout their normal service lives [2, 3].

Thus, a critical need exists to develop a high-performance portable barrier system
that meets MASH safety criteria, while addressing the deflection, stability, and durability
concerns of current portable barrier designs. In 2016, this research need was raised by
roadside safety researchers at the Transportation Research Board (TRB) mid-year
meeting, sponsored by Committee AFB20, Roadside Safety Design [4].

An existing research effort at Midwest Roadside Safety Facility (MwRSF) had
been underway with the Wisconsin Department of Transportation (WisDOT) to develop a
non-proprietary, high-performance PCB capable of meeting the MASH Test Level 3 (TL-
3) safety requirements with reduced deflections and increased vehicle stability as
compared to existing, widely used PCB systems. At the time this Mid-America
Transportation Center (MATC) project began, the WisDOT effort had completed a
thorough review of existing portable barrier technology, developed design criteria,
partially investigated alternative materials to reinforced concrete, and drafted several
initial design concepts, as shown in Figure 1. Further design and crashworthiness analysis
of concept designs required advanced computer simulations.

This MATC research project aimed to further investigate potential PCB design

concepts through computational simulations using LS-DYNA [5], as a cost-effective



3
method of investigating potential modifications and discovering performance issues prior

to full-scale crash testing of the final design concept. The optimized design through

computer simulations will be recommended for full-scale crash testing to MASH 2016 in

subsequent research supported by the Midwest Pooled Fund Program.

I

Vertical PCB with Pin and Plate Connection

Vertical PCB with Pin and Plate Connection with Feet

I

Vertical PCB with I-Beam Connection

Staggered Vertical PCB Concept

Figure 1. Initial PCB Design Concepts — Brainstormed from WisDOT Project

1.2 Objectives

The objective of this MATC-funded research effort was to (1) analyze the

candidate PCB design concepts, including various shapes/profiles and joint systems, and



4
(2) to use computer simulations to evaluate crash performance and feasibility of concepts.

The optimized configuration(s) will be recommended for full-scale crash testing and
further development and implementation. This finite element simulation effort using an
advanced nonlinear LS-DYNA package critically assists the development and
implementation of high-performance PCBs as it represents a cost-effective and reliable
means of analyzing multiple design concepts and impact scenarios as compared to limited
full-scale crash testing.

A portable barrier system with a vertical or near-vertical front face would reduce
and/or eliminate the potential for vehicle instability, while a system with modified
connections could reduce dynamic barrier deflections. The new barrier system should
have a practical length and weight such that typical construction equipment can be used
for placement and, repositioning. The system should offer improved durability through
modifications to the barrier geometry, end-to-end connection, and structure.

1.3 Research Approach

As previously mentioned, a thorough literature review of existing PCB
technology has been executed as part of an ongoing project, and materials alternative to
reinforced concrete and initial design concepts were partially investigated. To continue
this comprehensive research effort, a series of activities were executed: (1) design
concepts were analyzed based on feedback from state departments of transportation
(DOTs), and (2) LS-DYNA computer simulations were conducted on candidate designs.
Throughout the project, feedback was incrementally sought from state DOT

representatives to guide and support the research developments. The design focused on a
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free-standing barrier, but recommendations are made for future studies on anchoring the

portable barrier and extending the PCB applications to median or permanent barriers.

In this report, the first chapter provides background information, project
objectives, and the research approach. Chapter 2 summarizes the literature review, which
consisted of a review of existing PCB systems and alternative concrete materials, as well
as an explanation of a survey sent to the Midwest Pooled Fund Program member states to
gather input for establishing PCB design criteria. Chapter 3 lists the design criteria for the
new PCB system, each of the brainstormed concept designs, and specifies which PCB
concepts were selected for further development and investigation. Chapter 4 details the
process of creating the LS-DYNA models for each concept design, as well as explains
several modifications made to the PCB concepts throughout the modeling process.
Chapter 4 also details the simulation results for all PCB concepts and their variations.
Chapter 5 shows direct comparisons for the simulation results in the form of bar plots and
documents the results of a second survey sent to the Midwest Pooled Fund Program
member states which clarified responses from the previous survey and ranked PCB
concepts by preference. Chapter 6 summarizes this research effort, details the

conclusions, and discusses plans for future work.



Chapter 2 Literature Review

A comprehensive literature review of existing PCB designs was conducted under
the related WisDOT project [6]. The literature review consisted of a summary of NCHRP
Report No. 22-36, titled Synthesis of the Performance of Portable Concrete Barriers,
which investigated PCB shapes, connections, anchorage, transportation, installation, and
durability [7]. MwRSF reviewed additional publications, including FHWA eligibility
letters, to investigate simulation and full-scale crash test results. Literature was also
gathered to explore alternative concrete materials for potential use in the PCB systems. In
addition to the review of existing literature, a survey was sent to the member states of the
Midwest Pooled Fund Program and several PCB fabricators and installers to identify the
design criteria for the next generation PCB system.

2.1 Existing Portable Concrete Barrier Systems

Many different designs for PCB systems are currently in use; however, these
designs vary in terms of shape, connection type, length, anchorage, and other
characteristics. Most PCB systems currently in use have evolved from the original GM
shape barrier into either vertical, single slope, or safety shape, which includes the New
Jersey shape and F-shape. The GM shape was developed by General Motors and has a
shallow lower slope and a steep upper slope, as shown in Figure 2. This shape allowed
vehicles impacting at slow speeds and low angles to climb the lower face and be
redirected, while limiting the amount of contact with the vehicle body, thus reducing
vehicle damage. Vehicles impacting at higher speeds and higher angles are redirected by

the steep upper slope of the barrier [8].
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Figure 2. GM Shape PCB [9]

Through crash testing, the GM shape was refined into the New Jersey shape by
the New Jersey Department of Transportation and featured a shorter lower slope. The
New Jersey shape was further refined into the F-Shape in order to reduce vehicle pitch
and roll during impact.

Vertical barriers do not have sloped faces, and thus result in only horizontal forces
exerted on impacting vehicles. This outcome has the benefit of reducing vehicle pitch and
roll, but increases peak lateral impact forces and creates potential for head slap against
tall barriers since the vehicle does not roll away from the barrier. Single-slope barriers
were developed to balance these benefits and disadvantages, which generally have a front
slope ranging between 9 and 11 degrees. Typical cross-sections of New Jersey, F-shape,

single slope, and vertical PCB shapes are shown in Figure 3.
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Figure 3. Typical PCB Shapes. (a) New Jersey, (b) F-Shape, (c) Single Slope, and (d)
Vertical [6]

Barrier connection types were also collected as part of the WisDOT literature
review and included pin and loop, cross-bolt, interlocking, and drop-key designs. Pin and
loop connections feature a pin that is dropped into loops extending from the ends of
adjacent barrier segments. Cross-bolt designs consist of two threaded rods connecting
adjacent segments, which result in lower deflections than systems with other connections
due to the ability to tighten the connection. Interlocking connections were considered a
connection between two adjacent segments that does not require external hardware.
Drop-key or key and keyway connections feature a key that is dropped or inserted into a
keyway cast into the ends of each segment. Pin and loop designs were the most popular,
representing about 60 percent of the barriers identified in the WisDOT study. Pin and
loop designs were followed in popularity by interlocking connections with about 20
percent, drop-key connections with about 14 percent, and cross-bolt connections with
about 6 percent of the identified barriers.

Other information gathered as part of the WisDOT literature review effort

included barrier segment length, which ranged from 10 ft to 30 ft, barrier cost, and the



details of any full-scale crash testing or simulation results that were available. Barrier
segment length heavily influences system deflection, since deflection tends to increase
with lower barrier mass and more connections, which are characteristic of shorter barrier
segment lengths. Barrier cost was investigated in a past Texas Transportation Institute
(TTI) study, which determined that the least costly barrier design in terms of fabrication,
installation, and maintenance costs consists of a PCB with 30-ft long segments and pin
and loop connections [10].

2.2 Alternative Concretes

Typically, PCB systems are made using ordinary Portland cement concrete.
Alternative concretes offer improved performance compared to normal concrete but come
at an increased cost. Alternatives include ultra-high performance concrete (UHPC), fiber
reinforced concrete (FRC), and polymer concrete (PC). The WisDOT literature review
detailed the advantages and disadvantages of each alternative concrete, as well as the data
available for each type [6]. Discussion regarding the alternative concepts concluded that
UHPC would not be recommended due to its high cost and complicated manufacturing
processes. Further study, including a cost-benefit analysis, was recommended regarding
the advantages that FRC and PC may provide when implemented into a PCB design.
Given the high cost associated with alternative concretes and lack of research in PCBs, it
was recommended that the new PCB system be designed using normal concrete, while
alternative concretes could be further investigated after the implementation of the new

design.
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2.3 Design Criteria Survey

As part of the WisDOT-funded research effort, a survey was distributed to
Midwest Pooled Fund Program member states and other state DOTSs to establish PCB
design criteria. The survey was also passed on to PCB fabricators, installers, and
consultants. In total, 31 respondents completed the survey, while 28 incomplete survey
responses were received. The incomplete responses were not included in the results. The
survey consisted of sections regarding cost, material, durability, installation, safety
performance, and anchorage. The complete survey and a breakdown of the results were
provided in the WisDOT report [6].

The primary takeaways of the design criteria survey were that cost, durability, and
ease of use were the most important concerns of the respondents. Respondents desired a
barrier that would be similar in cost to current barrier designs, but most were willing to
accommodate higher costs if it came with the advantage of a more durable barrier with
longer service life. Most respondents also preferred barriers that measured 10 to 14 ft in
length and weighed a maximum of 7,000 Ib. A 32-in. tall barrier was requested by most
respondents to simplify the transition to current barriers. Concrete barriers were
preferred, but steel or plastic designs would be acceptable. The exploration of alternative
concretes was also supported by most respondents. Respondents preferred free standing
PCB deflections of less than 3 ft.

The survey included several questions that did not receive clear responses,
including drainage needs, horizontal radius of curvature, and vertical curvature. The
research team decided on reasonable temporary values for the design criteria determined

by the unclear responses until further clarification could be gathered in a future survey.
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The survey ended with free-response questions, which allowed respondents to voice

concerns or provide other input that was not specifically requested. The free responses
included concerns about cost of adaptation and requests for improved barrier connections,
improved anchorage options, ease of inspection, and low dynamic deflection.
The primary design criteria identified from the survey are summarized below:
e Cost would be targeted to be $100 per linear foot or less with a focus on
increased durability.
e Barrier material would focus on standard concrete with the potential to
investigate alternative concrete materials in future phases of research.
Steel would be considered for use as well.
e Barrier connections would be designed to be easy to inspect and require
little to no tools to install.
e Maximum lateral barrier deflections would be limited to 36 in. or less.
e Barrier height would stay at 32 in., with segment lengths between 10 to 14
ft and a width of 24 in. or less.
e Barrier segment weight would be limited to 7,000 Ib or less for
accommodating lifting equipment restrictions.
e Designs would need to consider installation on curves with a radius
ranging from 100 ft to 770 ft.
e Designs would also need to consider potential methods of anchorage and
transition to other barrier systems, but these methods would not be fully

developed during the current phase of research.
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Chapter 3 Development of Design Concepts

3.1 Design Criteria

Design criteria for the development of a high-performance PCB concept were
based on an evaluation of current designs found in the literature review as well as the
feedback from the design criteria survey. These criteria served as guidance for
developing and evaluating PCB design concepts rather than strict requirements, and thus
any of the developed concepts may or may not meet each of the design criteria. However,
all the concepts were aimed at exceeding as many criteria as possible.

While the new system must meet MASH TL-3 test requirements, it must also
show improved vehicle stability. Concerns about vehicle instability due to the shape of
the existing safety shape concrete barriers led the team to focus on near-vertical shapes
for improvement in this area. The new barrier must also show reduced deflection
compared to the existing designs. Most survey respondents requested lateral deflections
below 3ft. Therefore, design concepts were aimed at having deflections no greater than
3ft or even lower, if possible.

The other design criteria detailed in the WisDOT project report included cost,
material preference, barrier durability, factors affecting installation, and several other
considerations. Criteria for the cost required that a new PCB system would need to be
either less expensive than current designs or have a longer service life than current
designs in order to rationalize the cost increase. Based on the survey information, the goal
for barrier cost was set as less than or equal to $100 per linear foot. Criteria for material
preference did not limit the system to any specific material; however, concrete was the

most preferred material in the survey, so the PCB concepts used concrete as the main
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material. Steel was also considered for its increased durability compared to concrete but

would require a much longer service life to make up for the increase in material cost.
Other factors included the ability to transport the barrier segments, segment weight and
length, and the ease of installation and inspection.

3.2 Portable Barrier Design Concepts

After the literature review was completed and the design criteria were defined, the
research team developed PCB design concepts. For the initial concept development,
complete structural design, as well as final details such as anchorage, lifting points, and
drainage, were not included since they would be designed during a later phase of the
project. However, the potential addition of these details was still considered, and the
barrier and connection design needed to be considered structurally sound and reasonable
to implement.

Around twenty PCB concepts were developed, but only sixteen were presented to
WisDOT due to some designs being considered infeasible based on internal discussions.
Concepts were numbered by the order in which they were brainstormed, and this
numbering system was not adjusted after the elimination of the infeasible concepts. Of
the sixteen concepts presented, fifteen concepts used concrete as the primary material,
and one used steel as the primary material with a concrete ballast. Most of the design
concepts used pins for connections, while some relied on their geometry to interlock with
adjacent segments. The sixteen concepts presented to WisDOT are shown in Figures 4
through 19.

Concept no. 1, shown in Figure 4, featured vertical concrete barrier segments

connected by two steel plates that slid horizontally into slots, with four pins dropped
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through holes and steel plates in the barrier. This design minimized the gap between

barrier segments while keeping a more traditional connection design through the use of

drop pins.

Figure 4. Concept No. 1

Concept no. 2, shown in Figure 5, featured a similar design to concept no. 1, but
the barrier segments were made narrower to reduce weight. Steel feet were added at the
bottom of the barrier to improve stability due to the reduced width while providing a
potential location for anchoring the PCB system. This concept used the same connection

hardware as concept no. 1.

Figure 5. Concept No. 2
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Concept no. 3, shown in Figure 6, was another variation of concept no. 1. It

featured the same width as concept no. 1 but relocated the upper connection plate to the
top face of the barrier. The connection hardware was otherwise identical to concept no. 1,

which required two steel plates and four steel pins per connection.

T

Figure 6. Concept No. 3

Concept no. 4, shown in Figure 7, featured concrete segments with vertical faces
and used a key and keyway connection with an I-shaped key. This connection design
reduced the number of pieces of connection hardware to only one piece per joint.
However, this concept was not expected to provide as much moment continuity between
segments as the previous concepts due to the single point of connection between adjacent

barriers compared to the multiple pins used in concept nos. 1 through 3.

Figure 7. Concept No. 4
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Concept no. 5, shown in Figure 8, featured a connection design consisting of two

rectangular steel tube sections inserted into recesses in the ends of barrier segments
which were connected by two drop-pins at each joint. However, due to the connection
design, this concept only allowed barriers to be placed horizontally, and slid into place to

accommodate the rectangular steel tube connection.

Figure 8. Concept No. 5

Concept No. 6, shown in Figure 9, featured an irregularly shaped barrier with
ends that inserted into adjacent segments. The barrier segments were connected using two
drop pins, a connection design that eliminated the use of additional connection hardware
such as plates or tubes. Several concerns with this concept included the concentration of
connection loads through a narrow section of concrete, the use of unsymmetric segments
that needed to be slid into place and oriented correctly, and the potential need for special

end sections to accommodate the irregular shape.
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Figure 9. Concept No. 6
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Concept no. 7, shown in Figure 10, featured two steel plates that were cast into

each end of a barrier segment. The ends of the barrier segments were chamfered to
expose holes in the corners of the steel plates, into which connected drop pins could be
inserted. A pair of drop pins were connected by welding a steel plate at the top, and a pair
of these connected drop pins were inserted on either side of the barrier connection. This
design posed concerns due to the number of connection pieces required and the load

transfer capacity of the connection.

Figure 10. Concept No. 7

Concept no. 8, shown in Figure 11, featured a T-shaped concrete barrier section
connected by two steel plates and four drop-pins per connection. One steel plate and two
pins were used on each side of the joint between barrier segments. Concerns with this
connection design stemmed from focusing the connection load through only the upper

portion of the T-shaped cross section.



Figure 11. Concept No. 8

Concept no. 9, shown in Figure 12, features an irregularly shaped barrier with
stepped ends that overlapped. The ends of the barrier segments were connected by two
drop-pins per joint. However, concerns existed regarding focusing the connection load
through a narrow barrier section and the potential need for special end sections to

accommodate the stepped ends of the barrier segments.
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Figure 12. Concept No. 9

Concept no. 15 had two versions. The first version of concept no. 15, shown in
Figure 13, was derived from concept no. 6 while the second version of concept no. 15,
shown in Figure 14, was derived from concept no. 1. These two versions updated
previous concepts to reduce the number of pieces of connection hardware. The
connection design for each concept only used one connection pin per joint. Concept no.

15 version 1 eliminated one of the pins and reduced the barrier width. Concept no. 15
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version 2 used two steel plates cast into one end of a barrier segment that were then

inserted into slots in the opposite end of the adjacent barrier during installation, after
which a pin was inserted to form the connection. However, reducing the number of pins
was expected to reduce the moment continuity of the joints, which would in turn result in

increased barrier deflections.

S N S N = 1]

Figure 13. Concept No. 15 Version 1

Figure 14. Concept No. 15 Version 2

Concept no. 16, shown in Figure 15, featured staggered and stacked barrier
segments which were offset ¥ of a barrier length longitudinally. The stacked segments
were connected with two drop pins inserted on either end of every joint between
segments, such that four pins were inserted through each top barrier segment, as shown.

This connection design was simple and was expected to result in high moment continuity.
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However, special end sections were likely to be needed for this concept due to the offset

created by staggering the barrier segments.

Figure 15. Concept No. 16

Concept no. 17, shown in Figure 16, featured solid concrete barrier segments
connected by steel base plate assemblies at the bottom of each joint. During the
installation process, the base plate assemblies would be placed on the roadway and the
barrier segments would be set into place. This connection method eliminated the need for
any other hardware or tools. However, the lack of shear transfer at the top of the barrier
led to concerns regarding potential vehicle snag if the segments displaced relative to one

another along the top of the barrier.

Figure 16. Concept No. 17

Concept no. 18, shown in Figure 17, was the only steel PCB due to the high cost

of steel compared to concrete. This concept consisted of an upper and lower rectangular
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steel tube welded to steel plates on either side of the barrier. The space between the steel

pieces was ballasted with concrete to increase barrier weight. The connection was formed
by inserting two short sections of rectangular steel tube into the ends of the upper and
lower tubes used to create the barrier segment, and a drop-pin was inserted from the top
through the nested steel tubes on each side of the joint. Concept no. 18 was initially
estimated to weigh roughly 3,500 Ib and cost $250 per linear foot, which raised concerns

regarding the effectiveness of the design due to its high cost and low weight.

Figure 17. Concept No. 18

Concept no. 19, shown in Figure 18, featured staggered and interlocking concrete
barrier segments. The bottom segments were an inverted T-shape, while the upper
segments were an inverted U-shape. These shapes allowed the barrier segments to
provide moment continuity throughout the length of the installation when longitudinally
staggered by ¥ of a segment length. This design also eliminated the need for external
connection hardware. However, the barrier was expected to require special end sections

to accommodate the staggering of the barrier segments.



Figure 18. Concept No. 19

Concept no. 20, shown in Figure 19, featured a similar staggered and interlocking
segment design as concept no. 19, however, the lower segment was not T-shaped, and the
upper U-shaped segment extended the full height of the barrier. These shapes were
expected to be easier to cast and reinforce, but there was concern regarding the lateral
flexural strength of the thin lower concrete section and its lack of visibility when installed

for inspection purposes.

Figure 19. Concept No. 20

3.3 Selected Concepts for Simulation

Upon presentation and discussion with the adjacent project sponsor, WisDOT,
five concepts were selected for further investigation through simulation as part of this

MATC-funded research effort. The five concepts selected for further development and
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investigation were concept nos. 1, 2, 17, 18, and 19. Concept nos. 1, 2, 17, and 19 were

concrete PCB systems, while concept no. 18 was a steel PCB system with a concrete
ballast.

Concept no. 1 and concept no. 2 were selected due to their similarity to current
PCB designs. Concept no. 17 was selected due to its simplicity, although there were
concerns about vehicle snag that needed to be investigated. Concept no. 18 was selected
because it was a steel concept that may prove to be more durable than other concrete PCB
concepts, although concerns remained regarding barrier weight and cost. Concept no. 19
was selected due to its elimination of connection hardware, and thus, it was expected to
be easier to install and inspect than other concepts. These selected concepts were
expected to be the best performing, the most feasible to implement, and had the fewest
points of concern as described above. The five selected concepts were then further

investigated through computer simulation.
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Chapter 4 LS-DYNA Simulation of Preferred Design Concepts

4.1 Baseline Model of Midwest F-Shape PCB

The five selected PCB concepts were evaluated using LS-DYNA finite element
software to evaluate the safety performance and identify possible concerns with each
design. The simulations for each of the concepts were compared to one another and a
baseline model of the Midwest F-shape PCB. After reviewing preliminary simulation
results, the research team decided to evaluate a sixth concept design that was expected to
have favorable performance.

A model of the Midwest F-shape PCB was used as a baseline for concept
comparison. This model was developed previously at MwRSF for determining the
deflection of tie-down F-shape barriers and has been used in multiple other studies [11].
The PCB model consisted of sixteen F-shape PCB segments, connected using standard
pin and loop connections, for a total length of approximately 200 ft. This PCB model
provided the foundation and methodology from which the models of the PCB concepts

were developed. An end barrier segment from this F-shape model is shown in Figure 20.

Figure 20. LS-DYNA Baseline Model of F-Shape PCB
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The body of the PCB segments was represented using Belytschko-Tsay shell

elements defined with a rigid material. The use of shell elements instead of solid
elements offered improved contact between the barrier segments and the vehicle and
made it easy to fillet the edges of the barrier. Since this essentially represented only the
outer shape of the barrier with a hollow interior, each barrier segment had mass and
rotational inertias defined at each segment’s center of gravity. Mass and rotational inertia
were determined from measurements taken in 3D-CAD software. The pin and loop
connections between the barriers were modeled using fully-integrated solid elements. The
loops were assigned a rigid material definition due to little to no deformation found in the
previous testing, while the pins were assigned MAT_PIECEWISE_LINEAR
PLASTICITY to appropriately represent the elastic behavior of A36 steel. All elements
within the model were meshed to achieve uniform element sizes such that the size of
most elements was approximately 0.4 in. x 0.4 in, except for the ground which was
meshed with approximately 2-in. x 2-in. square elements. The element mesh for the

ground, PCB, and connection hardware is shown in Figure 21.

Figure 21. Element Mesh in Baseline F-Shape Model, Ground, PCB, and Connection
Hardware
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Contact between the ground, barrier segments, and other barrier connection

hardware was defined using Automatic-Single-Surface contact. Since friction between
the barrier and ground is one of the mechanisms through which PCB systems resist
impact, an accurate representation of friction was necessary. A previous study at TTI
measured the kinematic friction coefficient for a concrete PCB segment sliding on a
concrete surface to be 0.40 [12]. This value was assigned to the contact between the
ground and the barrier segments within the model. The default friction coefficient for the
contact between other parts, including the pins, pin plates, and loops, was assigned a
value of 0.1 for both static and dynamic friction.

Contact between the barrier and the vehicle was also defined using Automatic-
Single-Surface contact but assigned coefficients of 0.2 for static friction and 0.15 for
dynamic friction. These values were the original values built into the vehicle model when
the F-shape PCB model was being developed. Since the development of the F-shape PCB
model, several newer versions of the vehicle model have been developed with slightly
lower barrier-to-vehicle friction coefficients of 0.1 for both static and dynamic friction.
These newer and lower friction values were not used for this study in order to maintain a
direct comparison between the simulated performance of the baseline F-shape PCB
model and the PCB design concept models that were to be created during this effort.
Once a concept would be selected for further investigation and development in a future
research project funded by the Midwest pooled Fund Program, then a newer Dodge Ram
vehicle model with the updated friction values was to be used for future simulations. The

use of a Dodge Ram vehicle model with updated friction values would be used to better
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represent any full-scale crash testing completed using a Dodge Ram due to vehicle

availability.

To avoid initial penetrations between the parts in the model, all barrier parts were
placed with vertical gaps of 4 x 107 in. above the ground so parts would fall and initiate
contact upon landing. This selection introduced vibration caused by the impact between
the rigid ground and the rigid barrier segments, so damping was applied to the barriers for
a short time until the contact forces normalized at the expected values of the barrier
weights. Barrier damping was then turned off just prior to vehicle impact so it would not
affect the barrier’s safety performance or displacement.

This baseline model was used to simulate MASH TL-3 test designation no. 3-11,
which consists of a 2270P vehicle impacting the barrier 51.2 in. upstream from the joint
between segments no. 8 and no. 9 at an angle of 25 degrees and a speed of 62 mph. The
vehicle model used was Version 3 of the Chevrolet Silverado model developed by the
National Crash Analysis Center (NCAC) and modified by MwRSF for use in roadside
safety applications. Consequently, each of the PCB concepts was simulated under the
same conditions.

Validation of the Midwest F-shape PCB model was completed during a previous
research effort using full-scale testing data reported in MWRSF report no. TRP-03-174-06
[13]. Crash test no. 2214TB-2 conducted as part of the report used a 2270P vehicle
impacting the barrier system at a speed of 61.9 mph and at an angle of 25.4 degrees. The

results of crash test no. 2214TB-2 are compared with the simulation results in Table 1.



Table 1. Comparison of Full-Scale Crash Test No. 2214TB-2 and Simulation Results

Evaluation Criteria

Test No. 2214TB-2

Simulation Results

n.

oIV Longitudinal 17.00 17.29

fit/s Lateral 17.28 17.81

ORA Longitudinal 7.17 7.58

g's Lateral 11.37 12.70
Maximum Lateral Dynamic

Barrier _Deflection 79.65 79.51

4.2 Development of PCB Concept Models

The models for the selected PCB concepts were created in succession from
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concept no. 1 to concept no. 19. This process prevented any issues found during the first

steps of modeling one concept from carrying over to another. Systematic construction of

concept models and a shared numbering system also added to the ease with which models

could be replicated to other concepts and shared issues could be identified and corrected

quickly across the models.

Element types and material models used across each model are provided in Table

2. Note that certain parts were not included in all concepts. For example, part nos. 44, 45,

46, and 47 were only used in the model for concept no. 18. Barrier parts for each concept

are shown in figures in the following subsections.



Table 2. Barrier Model Parts, Elements, and Materials

Part Description SIiDrZ'L‘JtIaI\tliooln El_ﬁ%znt Material

i | 1w | g
Connection Pins 40 Type 1 Solid LI* I\IYIIEQ-II-?__FI;IEXSE'IY\I/ (I:SI'EY
Connection Plates 41 Type 1 Solid LI* I\IIVIIEAA-IF-{__FI)DIEESE'\I'AI/ CI:SI'EY
Barrier Feet 42 Type 2 Shell LI* I\IYIIEQ-II-?__FI;IEXSE'IY\I/ (I:SI'EY
Barrier Feet Bolts 43 Type 2 Shell LI* I\I}/IIEAAL__FI;IEESE'\I'AI/ (I:SI'EY
Connection Tubes 44 Type 2 Shell LI* I\IYIIEAA-II;__FI’DIEXSE'IY\II (I:SI'EY
Barrier Tubes 45 Type 2 Shell LI* I\I}/IIEAAL__FI;IEESE'\I'AI/ (I:SI'EY
Barrier Side Plates 46 Type 2 Shell LI* I\IYIIEAA-II;__FI’DIEXSE'IY\II (I:SI'EY
Barrier End Plates 47 Type 2 Shell LI* I\IYIIEAA-II;__FI;IEAC\SE'\I'AI/ (I:SI'EY
SN | as | ezsien | WATPIECEWSE
el N e I

Ground 50 Type 2 Shell *MAT_RIGID

FIn concept no. 18, the concrete ballast was modeled using solid elements.

4.2.1 Concept No. 1

Concept No. 1 consisted of PCB segments that were 12.5 ft long, 32 in. tall, and
16 in. wide at the base, with a near-vertical face that was sloped at 2.4 degrees to aid
form release during construction. The barrier segments were connected with four 1¥s-in.
diameter steel pins inserted through the ends of the barrier segments and two steel plates
that were % in. thick. A single barrier segment including connection hardware weighed
approximately 5,980 Ib or 480 Ib/ft.

The model for concept no. 1 used the baseline F-shape PCB model as a guide.

Each concrete barrier segment was modeled using Belytschko-Tsay shell elements with a
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rigid material model, and all were assigned mass and moment of inertias, as calculated in

a 3D-CAD model. The use of a rigid material to model concrete was based on the
expectation of no significant damage to the concrete. The sixteen barrier segments were
assigned separate part numbers from 1 to 16, with barrier no. 1 at the upstream end of the
model and barrier no. 16 at the downstream end. The ground (part no. 50) was also
modeled using shell elements with a rigid material model, similar to the concrete barrier
segments. However, the rigid shell representing the ground was held fixed in place and
thus, acted as a rigid wall. The element mesh for the connection hardware and barrier

segments is shown in Figure 22.

Figure 22. Mesh for Concept No. 1

The steel plates (part no. 40) and the connection pins (part no. 41) used in the
joints between barriers were modeled using fully-integrated solid elements. Originally,
the steel plates (part no. 48) welded to the top of the connection pins were modeled with

solid elements and connected to the shaft of the connection pins using constrained nodal
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rigid bodies to represent the welds. However, this modeling strategy caused instability

issues in early simulations, so the steel pin plates were changed to shell elements, and the
constrained nodal rigid bodies were removed. The weld between the shaft and the plate of
the connection pin was represented by merging the nodes between the two parts, which
creates behavior similar to a weld without failure. Barrier parts used in the model for

concept no. 1 are shown with labels in Figure 23.

50 (Ground)

Isometric View

48 (Pin Plates)

40 (Pins)

41 (Connection Plates)

1-16 (Barriers)

50 (Ground)

Joint Section View

Figure 23. Concept No. 1 Parts - Isometric View (Top) and Section View (Bottom)
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4.2.2 Concept No. 2

Once stable models of concept no. 1 were created, concept no. 2 was modeled
using the same process, implementing stability fixes from later revisions of concept no. 1.
Concept no. 2 was nearly identical to concept no. 1, however, concept no. 2 incorporated
a reduced width — and therefore a reduced segment weight — with the addition of six feet
brackets on each barrier segment. The width of the barriers was reduced from 16 in. to 11
in. at the base, with the same vertical slope of 2.4 degrees. When the steel feet on either
side of the barrier were included, the total width was 19.15 in. The weight of a single
barrier segment was approximately 4,260 Ib, or 340 Ib/ft, which was a reduction of about
71 percent compared to concept no. 1. The purpose of the steel feet was to provide
stability for the barrier with reduced width while adding an easy location for anchoring
the barrier, should it be desired in the future. The steel feet were modeled using shell
elements and the same material properties as the other steel parts in the model. Bolt holes
in the feet were modeled so that the mesh would not need to be adjusted to investigate
anchorage in the future. The feet brackets were attached to the barrier segments by
moving the elements where the holes were located on the vertical face of the feet to the
attached barrier part. The feet brackets were not anchored to the ground in the simulation,
but this could have been achieved in a similar manner. A simplified anchorage
representation would have been created by moving the elements where the holes were
located on the horizontal face, shown in yellow in Figure 24, to the ground part ID. Since
the barrier segments were modeled with a rigid material definition, this method of
connection was considered adequate for keeping the feet attached to the barrier. A view

of the mesh of the steel feet brackets is shown in Figure 24.



Figure 24. Mesh of Steel Feet Brackets for Concept No. 2

The original design for concept no. 2 used a single connection pin on either side
of the joint between barriers, for a total of two connection pins per joint. Preliminary
simulations with this pin clearly showed that the use of two pins per joint was not
sufficient to maintain continuity between barrier segments. The discontinuity at the joint
directly downstream from the impact point during the initial simulation is shown in
Figure 25. Note that the pickup model has been hidden so that the translation of the

barriers is more easily visible.



Figure 25. Discontinuity Issue with Original Connection Design of Concept No. 2

To address the discontinuity, a second connection pin was added on either side of
the joint, for a total of four pins per joint. Adding a second pin resulted in a joint design
that was very similar to concept no. 1; however, the arrangement of the connection pins
was in a longitudinal orientation instead of a lateral orientation, as in concept no. 1. This
adjustment was required because the pins would not have adequate clearance in a lateral
orientation with the reduced barrier width. The adjusted pin arrangement, as well as the

labelled barrier parts in the model for concept no. 2, are shown in Figure 26.
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50 (Ground)
42 (Steel Feet)

41 (Connection Plates)

43 (Bolts)

Isometric View

48 (Pin Plates)

40 (Pins)

41 (Connection Plates)

42 (Steel Feet)
50 (Ground)

Joint Section View

Figure 26. Concept No. 2 Parts - Isometric View (Top) and Section View (Bottom)
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4.2.3 Concept No. 17

Concept no. 17 featured similar geometry to concept no. 2, with the primary
difference in the connection design. In concept no. 17, barrier segments sat within steel
feet brackets to transfer forces from impact to adjacent barrier segments and the pins and
pin plates were removed. The concrete barrier segments were 11 in. wide, but the feet
brackets increased the total width to 19.25 in. Each barrier segment weighed
approximately 4,430 Ib, or 350 Ib/ft, including connection hardware. Since the concrete
barrier segments sat on top of the steel feet, the overall height was 32.5 in., which was 0.5
in. higher than the other concepts.

Creating the barrier model for concept no. 17 followed the same process as
concepts no. 1 and no. 2, but concept no. 17 only consisted of the concrete barrier
segments and steel feet brackets located at each joint. Both the barrier segments and feet
were modeled with shell elements similar to previous design concepts. The only major
adjustment made for this concept was the contact friction between the ground, steel feet,
and barrier segments. Previously, the barrier segments were in contact with the ground.
For concept no. 17, friction was defined between the barrier segments and the steel feet,
and then the steel feet and the ground. Both interactions were assigned static and dynamic
coefficients of 0.4 to remain consistent with the other PCB concepts.

Similar to concept no. 2, concept no. 17 experienced continuity issues between
barrier segments. Analysis of the preliminary simulation found that the steel feet bracket
was not tall or strong enough to prevent the top of the barrier segments from tilting back
upon impact and creating a snag opportunity on the adjacent downstream segment. This

discontinuity issue is shown in Figure 27, where the pickup model has been hidden. The
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element mesh is shown to help illustrate that the upstream barrier on the left tilted back

due to vehicle impact, while the downstream barrier on the right tilted forwards due to

inertia as the feet bracket pushed the bottom of the barrier back.

Figure 27. Discontinuity Issue with Original Feet Brackets in Concept No. 17

The changes implemented to the connection design to alleviate the continuity
issues consisted of a new feet bracket design. The new steel feet were 60 in. long, 19.25
in. wide, 10 in. tall, and would be built up from welded plates that were ¥ in. thick,
except for the vertical center plate which was % in. thick. These new measurements were
a large increase from the original feet, which were 36 in. long, 19.25 in. wide, 6 in. tall,
and made up of L6x4x% steel angles welded to ¥&-in. thick plates. The welded plates
were modeled by merging nodes along shared edges to replicate the weld behavior.

Simulations with the larger steel feet still demonstrated some amount of
discontinuity that was enough to snag the vehicle and terminate the simulations, but it
was found that moving the impact point farther upstream to the upstream quarter point of
the barrier segment, approximately 61.3 in. upstream from the original impact location

did not cause the simulation to terminate. Although this different impact location would
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not result in truly direct comparison, the simulation with impact at this location was used

for comparison to the other PCB concepts. It was determined that this concept would

need significant modification to create a viable design, so no further investigation was

conducted. The barrier parts for concept no. 17 are labelled in Figure 28.

50 (Ground)

42 (Steel Feet)

Isometric View

1-16 (Barriers)

42 (Steel Feet)

50 (Ground)

Joint Section View

Figure 28. Concept No. 17 Parts- Isometric View (Top) and Section View (Bottom)
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4.2.4 Concept No. 18

Concept no. 18 was unlike the other previous PCB concepts, such that it consisted
of barrier segments with vertical faces and used steel as the primary material. Concept
No. 18 consisted of two steel plates and two rectangular HSS tubes encasing a concrete
ballast that was kept in place by small steel plates at either end of the barrier segment.
The segments were connected using rectangular HSS tubes that nested inside the HSS at
the top and bottom of the barrier segments. The nested HSS tubes were connected using
1.5-in. diameter steel connection pins, similar to the 1.25-in. diameter steel pins used in
the previous PCB concepts. Each barrier segment measured 12.25 in. wide, 32 in. tall,
12.5 ft long, and weighed approximately 3,140 Ib, or 250 Ib/ft. Concept No. 18 is shown

with parts labeled in Figure 29.
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50 (Ground)
46 (Side Plates)

Isometric View

45 (Barrier Tubes) 48 (P Plates)
44 (Connection Tubes)
46 (Side Plates)
47 (End Plates)
1-16 (Concrete Ballasts)
40 (Pins)

50 (Ground)

Joint Section View

Figure 29. Concept No. 18 Parts - Isometric View (Top) and Section View (Bottom)

The method for modeling concept no. 18 needed to be slightly adjusted, since this
concept represented a steel barrier design concept that was ballasted with concrete rather
than a traditional concrete barrier. All the steel parts of concept no. 18 were modeled with

shell elements, with the exception of the connection pins, which were modeled as solid
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elements. Most of the steel barrier parts that would be welded together were represented

in the model by merging nodes at the weld locations. However, this was not ideal for the
welds between the side plates and the barrier HSS tubes, so constrained nodal rigid
bodies were used to connect these parts.

The concrete ballasts were modeled with solid elements with a rigid material
definition. Solid elements were used so that damage to the concrete ballast could be
investigated if necessary in later simulations without needing to adjust the model
geometry. Element sizes for the concrete ballast were approximately 1.2 in. x 1.2 in.,
which were larger than the typical element size to save computation time added by the

solid element formulation. The element mesh for the parts in concept no. 18 is shown in

Figure 30, below.

Figure 30. Mesh of Concept No. 18
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4.2.5 Concept No. 19

Concept no. 19 consisted of staggered halves of PCB segments that interlocked
when stacked on top of each other. The bottom half of the barrier was shaped like an
inverted T, and the top half was shaped like an inverted U. When the top halves were
stacked on top and staggered at half of the length of the barrier segments, the segments
interlocked and created a very strong connection with excellent continuity. The first
version of concept no. 19 measured 24 in. wide and 32 in. tall when the barrier segments
were stacked as they would be during installation. The bottom half of the barrier
segments weighed approximately 4,500 Ib, and the top half weighed approximately 4,450
Ib, for a total weight of 8,950 Ib, or 716 Ib/ft. The labeled parts for the concept no. 19

model are shown in Figure 31.



30 (Ground) 17-33 (Lower Segment)

Isometric View

1-16 (Upper
Barrier Segment)

17-33 (Lower
Barrier Segment)

50 (Ground)

Joint Section View

Figure 31. Concept No. 19 Parts- Isometric View (Top) and Section View (Bottom)

Since concept no. 19 does not require any connection hardware and solely
consists of the two barrier halves, the model for this concept was very straightforward.
The concrete barrier halves were modeled using rigid shell elements and then assigned
mass and moments of inertia, similar to the other models. The contact between the PCB

sections and the ground was defined with Automatic-Single-Surface contact, which was
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also used to define the contact at the interface between individual barrier sections.

Element sizes were meshed to be approximately 0.4 in. x 0.4 in. for the concrete barrier

segments, which can be seen relative to the model parts labeled in Figure 32.

Figure 32. Meshed View of Concept No. 19

4.2.6 Concept No. 16

After discussing preliminary simulation results from concept nos. 1, 2, 17, 18, and
19, the research team decided to investigate a sixth design concept that shared features of
the concepts that performed well. That design, concept no. 16, consisted of staggered
concrete blocks, similar to concept no. 19, except instead of using interlocking shapes,
concept no. 16 used drop-pins to connect the barrier segments at each end and the
midpoints. When looking at the barrier cross section end-on, the faces of the barrier had a
slight hourglass shape to prevent vehicle climb. This design also allowed for a single
casting shape for the barrier segments that could be installed either on the top or the

bottom and was not restrictive with segment orientation. The first version of concept no.
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16 measured 18 in. wide and 32 in. tall when the barrier segments were stacked as they

would be during installation. Each of the barrier segments weighed approximately 3,575
Ib, for an installed linear weight of 576 Ib/ft. The labeled parts for concept no. 16 are

shown in Figure 33.

50 (Ground)

Isometric View

40 & 48
(Pins and Plates)
1-16 (Upper
Segments)
__17-33 (Lower
Segments)
50 (Ground)

Joint Section View

Figure 33. Concept No. 16 Parts - Isometric View (Top) and Section View (Bottom)
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The model for concept no. 16 used similar techniques to concept nos. 1 and 19.

The concrete barrier segments were modeled with rigid shells elements and then assigned
mass and moments of inertia calculated using 3D-CAD software. The drop-pins were
modeled using deformable solid elements for the shaft and shell elements for the pin plate
similar to concept no. 1. Contact in the model used the Automatic-Single-Surface

definition, and the element sizes were kept consistent with previous concept simulations.

A view of the mesh used for concept no. 16 is shown in Figure 34.

Figure 34. Meshed View of Concept No. 16

4.3 LS-DYNA Simulation Results

Multiple simulations were run for each design concept so that modeling errors and
issues could be corrected and to investigate slight modifications to each concept. Each
simulation was conducted to match MASH test designation no. 3-11 using a modified
Chevrolet Silverado model impacting the PCB system at a speed of 62 mph and at an

angle of 25 degrees. Each of the PCB concepts was modeled with an installation length of



47
roughly 200 ft or sixteen 12.5-ft long barriers. For most concepts, the impact point was

51.2 in. upstream from the central PCB joint similar to the baseline model, and for
concepts with staggered segments, the impact point was 51.2 in. upstream from the
central joint in the upper segments.
4.3.1 Baseline F-Shape Results

The F-Shape PCB model that was used as a baseline for comparison to the PCB
design concepts was validated with full-scale crash testing under previous research
efforts [11]. This F-shape barrier used 12.5-ft. long segments that measure 22.5 in. wide
by 32 in. tall and had a linear weight of approximately 400 Ib/ft. The barrier cross section
is shown in Figure 35, and barrier data is tabulated in Table 3. Although previous
simulation results existed from the 2007 research, the simulation was conducted again to
verify that the model still behaved accurately with updated computer hardware and
software. The new simulation behaved as expected, and the results of the MASH test
designation no. 3-11 simulations are tabulated below in Table 4, while sequential images

from the simulation are shown in Figure 36.

Figure 35. Cross Section of F-Shape PCB



Table 3. Baseline F-Shape Barrier Data

Barrier Data

Height (in.) 15.8
Width (in.) 20.2
Segment Length (ft) 16.9
Total Segment Weight (Ib) 4,986
Linear Weight (Ib/ft) 399
Connection Type Pin & Hook

Table 4. Baseline F-Shape Simulation Results

Evaluation Criteria

Simulation Results

(in.)

Max. Vehicle Roll (deg.) 15.8
Max. Vehicle Pitch (deg.) 20.2
Max. Bumper Climb (in.) 16.9
oIV Longitudinal 17.3
(fts) Lateral 17.8
ORA Longitudinal 7.6
@'s) Lateral 12.7
Barrier Knee Angle (deg.) 22.6
Maximum Lateral Dynamic
Barrier Deflection 79.5
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Figure 36. Sequential Images of Baseline F-Shape PCB Simulation
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4.3.2 Concept No. 1 Results

The first successful simulation of concept no. 1 featured the PCB design
described in the earlier section which measured 16 in. wide by 32 in. tall and had a linear
weight of about 480 Ib/ft. A cross section view is shown in Figure 37, and these details
are tabulated in Table 5. This version of the concept was labelled concept no. 1A so that
future modifications to this concept could be compared and labelled with increasing
letters. Concept no. 1A had a maximum lateral barrier displacement of 35.1 in. and did
not exceed any MASH safety criteria. Detailed results of concept no. 1A simulation are

tabulated in Table 6 and followed by sequential images in Figure 38.

Figure 37. Cross Section of Concept No. 1A



Table 5. Concept No. 1 Barrier Data

Barrier Data
Height (in.) 32
Width (in.) 16
Segment Length (ft) 12.5
Total Segment Weight (Ib) 5,982
Linear Weight (Ib/ft) 479
Connection Type Pin & Plates

Table 6. Concept No. 1 Simulation Results

Evaluation Criteria Simulation Results
Max. Vehicle Roll (deg.) 18.1
Max. Vehicle Pitch (deg.) 4.8
Max. Bumper Climb (in.) 3.0

oIV Longitudinal 13.9

(fts) Lateral 19.0

ORA Longitudinal 7.2

@'s) Lateral 12.1
Barrier Knee Angle (deg.) 7.4

Maximum Lateral Dynamic
Barrier Deflection 35.1
(in.)

o1
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Figure 38. Sequential Images of Concept No. 1 Simulation
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A modified version of concept no. 1A, labelled concept no. 1B, utilized a

longitudinal pin arrangement, as shown in Figure 39 (Right), instead of a lateral pin
arrangement, as shown in Figure 39 (Left). Concept no. 1B was simulated to MASH test
designation no. 3-11 and the results were within roughly 5 percent error of the results of
concept no. 1A, so the pin arrangement was determined to be insignificant to barrier

safety performance. The results of concept nos. 1A and 1B are compared in Table 7.

Figure 39. Concept No. 1A (Left) and Concept No. 1B (Right) Pin Arrangements
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Table 7. Comparison of Pin Arrangement Simulation Results for Concept No. 1

Evaluation Criteria Lateral Pins (1A) | Longitudinal Pins (1B)
Max. Vehicle Roll (deg.) 18.1 19.3
Max. Vehicle Pitch (deg.) 4.8 4.8
Max. Bumper Climb (in.) 3.0 2.9

oIV Longitudinal 13.9 13.2

(fts) Lateral 19.0 18.8

ORA Longitudinal 7.2 6.9

@'s) Lateral 12.1 12.6
Barrier Knee Angle (deg.) 7.4 7.8

Maximum Lateral Dynamic
Barrier Deflection 35.1 36.2
(in.)

Overall, both versions of concept no. 1 resulted in acceptable safety criteria.
Concept No. 1A had a lower maximum lateral barrier deflection of 35 in., which was
below the design criteria of 36 in. The performance of the two versions of concept no. 1
was nearly identical. However, the concept no. 1A deflection was more favorable, so the
decision was made to move forward with concept no. 1A with the lateral pin
arrangement. Therefore, any references to the concept no. 1 design refer to the pin
arrangement used in concept no. 1A. Concept No. 1 was slightly heavier than the F-shape
PCB, weighing nearly 6,000 Ib, which reduced barrier deflection. Since concept no. 1
performed acceptably, it was recommended as a viable design concept.

4.3.3 Concept No. 2 Results
Concept no. 2 was a barrier design similar to concept no. 1B but incorporated a

slimmer segment and steel feet at the bottom of the barrier to provide stability. These
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changes to the design were made to keep overall barrier behavior while reducing the

barrier weight. Concept no. 2 was 11 in. wide by 32 in. tall and weighed approximately
340 Ib/ft. A cross section view is shown in Figure 40, and design details are provided in
Table 8. Concept no. 2 resulted in acceptable MASH safety criteria, but the PCB had a
maximum lateral barrier displacement of 62.9 in., which exceeded the design goal of 36
in. The complete simulation results are listed in Table 9, and the sequential images from
the simulation are shown in Figure 41. Due to the excessive barrier deflection compared
to the design goal and concept no. 1, concept no. 2 was not recommended as a viable

design.

Figure 40. Cross Section of Concept No. 2



Table 8. Concept No. 2 Barrier Data

Barrier Data

Height (in.) 32
Width (in.) 11
Segment Length (ft) 12.5
Total Segment Weight (Ib) 4,256
Linear Weight (Ib/ft) 340
Connection Type Pin & Plates

Table 9. Concept No. 2 Simulation Results

Evaluation Criteria

Simulation Results

(in.)

Max. Vehicle Roll (deg.) 15.0
Max. Vehicle Pitch (deg.) 6.6
Max. Bumper Climb (in.) 2.8
oIV Longitudinal 13.4
(fts) Lateral 18.6
ORA Longitudinal 4.8
@'s) Lateral 13.6
Barrier Knee Angle (deg.) 13.9
Maximum Lateral Dynamic
Barrier Deflection 62.9
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Figure 41. Sequential Images of Concept No. 2 Simulation
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4.3.4 Concept No. 17 Results

Concept no. 17 consisted of barrier segments that were the same size as concept
no. 2 but were set into steel feet that spanned the joint between segments. This PCB
concept aimed to simplify installation and inspection. The barrier cross section is shown
in Figure 42, and the dimensions and weights for concept no. 17 are listed in Table 10.
This concept was slightly lighter than the F-shape PCB and was expected to be easy to

reinforce and anchor.

Figure 42. Cross Section of Concept No. 17
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Table 10. Concept No. 17 Barrier Data

Barrier Data
Height (in.) 32
Width (in.) 11
Segment Length (ft) 12.5
Total Segment Weight (Ib) 4,428
Linear Weight (Ib/ft) 354
Connection Type Steel Feet

The first simulation for concept no. 17 terminated due to numerical instabilities
caused by vehicle snag at the first joint downstream from impact. Since this concept did
not have a connection that could transfer shear at the top of the barrier segments, the
impacted barrier segment tipped away from impact, while the downstream segment did
not tip. The uneven barrier faces presented a large discontinuity where the vehicle

snagged, as shown in Figure 43.



Figure 43. Concept No. 17 Snag Opportunity at Original Impact Point, 51 in. Upstream
from Joint

To test the severity of this issue, concept no. 17 was simulated with impact points
at approximately half of a barrier length, or 75 in. upstream from the joint. Compared to
the original impact location at roughly 51 in. upstream, this location was expected to
decrease the amount of vehicle snag. However, this impact location did not remove the

vehicle snag, shown in Figure 44, and the simulation terminated due to numerical errors.



Figure 44. Concept No. 17 Snag Opportunity at 1/2-Barrier Impact Point

A third impact location at three quarters of a barrier length, or 112.5 in. upstream
from the joint was also tested to check for vehicle snag. This impact location still created
some vehicle snag due to barrier discontinuity, but the simulation did not terminate early
due to errors. The safety criteria were evaluated and showed that the concept nearly
reached the maximum MASH limit for lateral occupant ridedown acceleration of 20.49 g.
The safety criteria and barrier deflection are listed in Table 11 and sequential images
from the simulation are shown in Figure 45. Due to the barrier displacement exceeding
the design goal of 36 in., and the propensity for vehicle snag indicating a need for

connection improvements, concept no. 17 was not recommended as a viable design.



Table 11. Concept No. 17 Simulation Results

Evaluation Criteria

Simulation Results

(in.)

Max. Vehicle Roll (deg.) 14.1
Max. Vehicle Pitch (deg.) 23.0
Max. Bumper Climb (in.) 4.2
oIV Longitudinal 12.3
(fts) Lateral 16.9
ORA Longitudinal 6.3
g's) Lateral 19.0
Barrier Knee Angle (deg.) 8.7
Maximum Lateral Dynamic
Barrier Deflection 57.4
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Figure 45. Sequential Images of Concept No. 17 Simulation
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4.3.5 Concept No. 18 Results

Concept no. 18 was the only concept selected to evaluate the performance of the
barrier that used steel as the main structural component. The advantages of this design
were that it was much lighter than the traditional F-shape PCB, used strong connections
at the joints that could effectively transfer moment, and the steel face was expected to
decrease damage upon impact as compared to a PCB with a concrete face. This PCB
concept measured 12.25 in. wide by 32 in. tall and weighed roughly 250 Ib/ft. The full

details of the barrier are tabulated in Table 12.

Figure 46. Cross Section of Concept No. 18



Table 12. Concept No. 18 Barrier Data

Barrier Data

Height (in.) 32
Width (in.) 12.25
Segment Length (ft) 12.5
Total Segment Weight (Ib) 3,139
Linear Weight (Ib/ft) 251

Connection Type

Nested HSS & Pins

Concept no. 18 exhibited acceptable MASH safety performance, but the
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maximum lateral barrier displacement was 67.1 in., far exceeding the design goal of 36

in. The simulation results are provided in Table 13, and sequential images of the

simulation are shown in Figure 47. Due to the exceedingly large barrier deflection and

the expected cost of the steel used in the barrier, concept no. 18 was not recommended as

a viable design.



Table 13. Concept No. 18 Simulation Results

Evaluation Criteria

Simulation Results

(in.)

Max. Vehicle Roll (deg.) 11.6
Max. Vehicle Pitch (deg.) 3.6
Max. Bumper Climb (in.) 1.5
oIV Longitudinal 12.8
(ft's) Lateral 18.1
ORA Longitudinal 3.0
(g's) Lateral 14.5
Barrier Knee Angle (deg.) 7.3
Maximum Lateral Dynamic
Barrier Deflection 67.1
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Figure 47. Sequential Images of Concept No. 18 Simulation
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4.3.6 Concept No. 19 Results

Concept no. 19 was meant to simplify the installation and inspection process by
consisting of only concrete barrier segments and no connection hardware. The barrier
segments were connected by simply staggering the placement of the top and bottom
segments. The first version of the concept, concept no. 19A, measured 24 in. wide by 32
in. tall and weighed 716 Ib/ft. The barrier cross section is shown in Figure 48, and

measurements are listed in Table 14.

Figure 48. Cross Section of Concept No. 19A

Table 14. Concept No. 19A Barrier Data

Barrier Data
Height (in.) 32
Width (in.) 24
Segment Length (ft) 12.5
Total Segment Weight (Ib) 8,950
Linear Weight (Ib/ft) 716
Staggered &
Connection Type Interlocking
Segments
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The advantages of this barrier concept included the low cost due to the

elimination of connection hardware and the expected ease at which drainage, lifting
points, and anchorage could be implemented. The disadvantages were that the barrier
would require two casting shapes and unique end sections to fill the half-segment gap due
to the staggered segments, and a large width would be needed to fit reinforcement,
resulting in a heavy barrier. Concept 19A resulted in acceptable safety criteria and a
maximum barrier displacement of 8.4 in. The simulation results are provided in Table 15,

and the sequential images of the simulation are shown in Figure 49.

Table 15. Concept No. 19A Simulation Results

Evaluation Criteria Simulation Results
Max. Vehicle Roll (deg.) 21.8
Max. Vehicle Pitch (deg.) 7.6
Max. Bumper Climb (in.) 2.1

oIV Longitudinal 15.1

(fts) Lateral 22.3

ORA Longitudinal 5.2

@'s) Lateral 16.7
Barrier Knee Angle (deg.) 0.6

Maximum Lateral Dynamic
Barrier Deflection 8.4
(in.)
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After internal discussions with members of the MwRSF research team, five

additional versions of concept no. 19 were modeled to further investigate how
modifications of the original concept no. 19A design could take advantage of the very
low PCB displacement while improving other characteristics such as the weight and slope
of the barrier face. Concept no. 19B featured an inverted slope to further decrease bumper
climb and vehicle roll. Concept no. 19C featured a revised stub shape to allow for easier
reinforcement design. The stub shape was revised from the original stub shape of roughly
10 in. wide at the stub base by 12 in. tall with a 1:12 taper to a new shape of roughly 9 in.
wide at the base by 12 in. tall with a 1:6 taper. It also used a larger gap for construction
tolerance around the interlocking stub of %2 in. compared to ¥4 in. with concept nos. 19A
and 19B. Concept no. 19D featured a reduced-width cross-section of only 18 in. wide
compared to the original 24 in. in order to reduce barrier weight and footprint. The gap
size in concept no. 19D was reduced to 3 in. in order to balance construction tolerance
and the expected barrier deflection due to extra movement resulting from a larger gap.
The stub dimensions were decreased to 6 in. wide at the base by 12 in. tall with a 1:12
taper to fit within the smaller cross section. Concept no. 19E consisted of the same cross-
section as concept no. 19D with 8-ft long segments instead of 12.5-ft long segments.
Concept 19F used the same 18-in. wide and 8-ft long segments as concept no. 19E, but
featured a shortened stub to reduce the reinforcement needed in the connecting stubs of
the barrier. The stub height was shortened from 12 in. tall to 6 in. tall but kept the same
6-in. width and taper. The different versions of concept no. 19 are shown in Figure 50,

and design details are provided in Table 16.
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Figure 50. Variations of Concept No. 19
Table 16. Concept No. 19 Variations Barrier Data Comparison
Barrier Data
Concept No. 19A 19B 19C 19D 19E 19F
Height (in.) 32 32 32 32 32 32
Width (in.) 24 24 24 18 18 18
Segment Length (ft) 125 12.5 125 125 8 8

Top Segment Weight (Ib) | 4,452 4,729 4,746 3,516 2,250 2,166

Bottom Segment Weight

(Ib) 4,498 | 4,222 | 4,143 3,018 1,943 2,101

Linear Weight (Ib/ft) 716 716 711 523 524 533

The results of each of these concepts are listed in Table 17. Overall, concept nos.
19A, 19B, and 19C experienced smaller deflections due to the large barrier weights,
however, concept no. 19C experienced more deflection than concept nos. 19A and 19B
due to the larger gap in between the interlocking stubs. Concept nos. 19D and 19E were

lighter than the first three variations, and experienced higher displacements due to the
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decreased weight. However, the displacements were still well below the design goal of 36

in. Excessive tipping behavior was observed in the simulation for concept no. 19F, and it
was determined that the shortened stub allowed barrier segments to rotate and lift
adjacent segments. The larger stub heights in the previous concept no. 19 variations did
not experience this behavior since the stub was tall enough to restrain the tipping motion
and improve continuity between adjacent segments. A comparison of the tipping behavior

between concept nos. 19E and 19F is shown in Figure 51.

Table 17. Comparison of Concept No. 19 Variations Simulation Results

Concept No. 19A 19B 19C 19D 19E 19F
Max. Vehicle Roll (deg.) 21.8 19.9 19.8 19.3 16.1 16.4
Max. Vehicle Pitch (deg.) 7.6 6.5 7.5 7.2 6.4 8.6
Max. Bumper Climb (in.) 2.1 1.2 3.5 2.0 2.4 2.5
o Longitudinal | 15.1 16.6 15.8 14.8 143 145
(ftfs) Lateral | 223 | 208 | 21.8 | 215 | 202 | 201
ORA Longitudinal | 5.2 4.0 5.2 4.1 5.3 5.4
@'s) Lateral | 167 | 160 | 157 | 160 | 162 | 151
Barrier Knee Angle (deg.) 0.6 0.6 1.5 1.0 1.6 1.7
Maximum Lateral Dynamic
Barrier(iae)flection 8.4 8.8 13.2 15.0 | 240 29.0




74

Figure 51. Comparison of Tipping Behavior in Concept Nos. 19E (Left) and 19F (Right)

To avoid this tipping behavior, modification to the size and shape of the
interlocking stub would be needed and could be conducted in future phases of the
research. However, the general design of concept no. 19 was acceptable and resulted in
displacements that were much less than the design goal of 36 in. Specifically, concept
nos. 19A, 19C, 19D, and 19E were recommended as viable designs due to the low
simulated displacements.

4.3.7 Concept No. 16 Results

After analyzing the first five design concepts, a sixth concept was investigated.
Concept no. 16 was selected as the sixth design due to its resemblance to concept no. 19
and the ability to use identical barrier segments on the top and the bottom. The first
version of concept no. 16 measured 18 in. wide by 32 in. tall and weight approximately

580 Ib/ft. The barrier cross section is shown in Figure 52, and barrier details are listed in
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Table 18. The results for the first variation of the concept, concept no. 16A, are provided

in Table 19, with sequential images of the simulation shown in Figure 53.

Figure 52. Cross Section of Concept No. 16A

Table 18. Concept No. 16A Barrier Data

Barrier Data
Height (in.) 32
Width (in.) 18
Segment Length (ft) 12.5
Total Segment Weight (Ib) 7,200
Linear Weight (Ib/ft) 580
Connection Type Staggéegeg(rjncgcntPsinned




Table 19. Concept No. 16A Simulation Results

Evaluation Criteria

Simulation Results

(in.)

Max. Vehicle Roll (deg.) 18.5
Max. Vehicle Pitch (deg.) 6.6
Max. Bumper Climb (in.) 2.1
oIV Longitudinal 15.8
(fts) Lateral 20.1
ORA Longitudinal 4.4
g's) Lateral 15.3
Barrier Knee Angle (deg.) 1.0
Maximum Lateral Dynamic
Barrier Deflection 13.3
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Due to the barrier tipping observed in the simulation of concept no. 16A, shown

in the sequential images above, two variations of concept no. 16 were simulated to reduce
or eliminate the tipping behavior. Concept no. 16B featured a width reduced to 16 in. and
larger, 1.75-in. diameter drop pins. These changes were made to reduce the barrier weight
and decrease the bending in the drop pins, which was allowing separation between the
top and bottom barrier segments. Concept no. 16C featured an 18-in. width and the
larger, 1.75-in. diameter drop pins. The width was increased back to 18 in. after tipping
was still observed in the simulation for concept no. 16B. There was still some tipping
behavior observed in the simulation for concept no. 16C, but it was reduced compared to
concept nos. 16A and 16B and considered acceptable. Cross sections for the barrier
variations are shown in Figure 54. The measurements for the three variations of concept

no. 16 are listed in Table 20, and the simulation results are compared in Table 21.
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Figure 54. Cross Sections of Concept No. 16 Variations



Table 20. Comparison of Concept No. 16 Variations Barrier Data
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Barrier Data

Concept No. 16A 16B 16C
Height (in.) 32 32 32
Width (in.) 18 16 18
Segment Length (ft) 125 125 125
Total Segment Weight (Ib) 7,200 6,400 7,200
Linear Weight (Ib/ft) 580 513 580
Table 21. Comparison of Concept No. 16 Variations Simulation Results
Evaluation Criteria Simulation Results
Concept No. 16A 16B 16C
Max. Vehicle Roll (deg.) 18.5 18.4 19.1
Max. Vehicle Pitch (deg.) 6.6 6.4 6.8
Max. Bumper Climb (in.) 2.1 1.9 1.6
oV Longitudinal 15.8 16.4 16.2
(ftfs) Lateral 20.1 20.2 20.0
ORA Longitudinal 4.4 4.17 3.96
(9's) Lateral 15.3 15.0 155
Barrier Knee Angle (deg.) 1.0 0.9 0.9
Maximum Lateral Dynamic
Barrier Deflection 13.3 15.6 12.4

Based on the results observed during the simulations for concept no. 16, all the

variations met the displacement goals and did not exceed any MASH safety criteria.
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Since concept no. 16C resulted in the best performance and minimized the tipping

behavior, this variation was recommended as a viable design.

4.4 Summary of Viable Concepts

Each PCB concept was judged based on vehicle safety and barrier performance.
PCB concepts that met or exceeded the design criteria and passed MASH test designation
no. 3-11 safety criteria were recommended as viable designs. Those that did not meet the
criteria were not recommended. For concept nos. 1, 16, and 19, variations of the original
concept design were simulated in order to further investigate the performance
improvements based on slight modifications. These variations offered additional data that
showed why certain concepts were more viable designs and how their performance could
be improved through future development efforts.

Concept nos. 2, 17, and 18 were not recommended as viable PCB designs.
Concept no. 2 exhibited barrier displacement of 62.9 in., which exceeded the design goal
of 36 in. Modifications necessary for improving the performance would result in a design
similar to concept no. 1, so no further investigation was done with this design. Concept
no. 17 showed high potential for vehicle snag due to discontinuity between the tops of
adjacent barrier segments, and simulations resulted in barrier displacement that exceeded
the design criteria. Thus concept no. 17 was not recommended, and it would need
additional modification to address these issues. Concept no. 18 was not recommended
due to excessive barrier displacement and expected high manufacturing cost from the
amount of steel used in the barrier

Concept nos. 1, 16, and 19 were recommended as viable PCB designs while some

of their respective variations were not recommended. Concept no. 1A and Concept no.
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1B both showed acceptable safety performance, however concept no. 1A had slightly

lower barrier displacement than concept no. 1B. Since the difference between the two
variations was only the pin arrangement, the general design of concept no. 1 was
recommended as a viable design. Concept nos. 16A and 16B showed issues with barrier
segments tipping upon impact, while concept no. 16C improved this behavior. Thus,
concept no. 16C was recommended as a viable design, and concept nos. 16A and 16B
were not recommended. All six variations of concept no. 19 demonstrated acceptable
safety and barrier performance, however, concept no. 19B did not show improvement
over concept no. 19A, and concept no. 19F showed issues with tipping. Thus, these two
variations were not recommended, while concept nos. 19A, 19C, 19D, and 19E were
recommended as viable designs. The concepts that were recommended are shown in

Figure 55, while the concepts that were not recommended are shown in Figure 56.

il = a

Concept 1 16C 19A 19C 19D & E*

Figure 55. Recommended Concept Designs
(*8-ft segment lengths)

Concept 2 16A 16B 17 19B 19F*

Figure 56. Not Recommended Concept Designs
(*8-ft segment lengths)
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Chapter 5 Selection of Preferred Design

5.1 Comparison of Simulation Results

Once all simulations were completed and the results were individually analyzed,
bar plots were created to easily compare each of the design concepts and their variations.
These plots were analyzed by MwRSF team members and later presented during a
meeting to Pooled Fund Program member states to illustrate the differences between the

design concepts. Figure 57 shows a comparison of the cross-sections of all the design

1

concepts.

Baseline  Concept 1 2 16A & C*
19A 19B 19C

Figure 57. Visual Comparison of Design Concept Cross-Sections
(*Uses larger pins, **8-ft segment lengths)

The first measurement for comparison between the barriers was the maximum
amount of dynamic deflection that occurred during the impact. This displacement was
only measured laterally, as any longitudinal displacement was insignificant. The
maximum lateral barrier displacement is shown in Figure 58. In the following bar plots,
the orange dashed line represents the results from the baseline simulation and is extended

across the plot for easy comparison to the PCB concept results.



83
Maximum Lateral Barrier Displacement
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Figure 58. Comparison of Maximum Lateral Barrier Displacement Observed in
Simulations

The baseline F-shape barrier resulted in nearly 80 in. of barrier displacement,
while all the concept designs showed reduced displacement. However, concept nos. 2, 17,
and 18 did not meet the design criteria limit of 36 in. Concept nos. 1, 16, and 19 resulted
in displacements ranging from 8 in. to 35 in., all below the design criteria. Thus, concept
nos. 1, 16, and 19 were further investigated with slight modifications to the designs
discussed in previous sections, which still resulted in displacements below the design
criteria.

MASH has specific safety criteria for test designation no. 3-11 impacts, which
include vehicle roll, vehicle pitch, lateral and longitudinal Occupant Impact Velocity
(O1V), and lateral and longitudinal Occupant Ridedown Acceleration (ORA). MASH sets

maximum limits for both vehicle roll and pitch to 75 degrees. Lateral and longitudinal
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OIV have a preferred limit of 30 ft/s and a maximum limit of 40 ft/s. Lateral and

longitudinal ORA have a preferred limit of 15 g’s and a maximum limit of 20.49 g’s [1].
The simulation results for these criteria are shown in Figures 59 through 64. In the
following bar plots, the grey line represents the maximum limit in MASH for the given
measure. If that maximum limit was within the range of the simulation results, it is

present in the graph, and if the limit was not within range, it was not shown.
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Figure 59. Comparison of Vehicle Roll Observed in Simulations



Vehicle Pitch
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Figure 60. Comparison of Vehicle Pitch Observed in Simulations

Lateral Occupant Impact Velocity
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Figure 61. Comparison of Lateral OIV Observed in Simulations
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Longitudinal Occupant Impact Velocity
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Figure 62. Comparison of Longitudinal OIV Observed in Simulations

Lateral Occupant Ridedown Acceleration
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Figure 63. Comparison of Lateral ORA Observed in Simulations
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Longitudinal Occupant Ridedown Acceleration
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Figure 64. Comparison of Longitudinal ORA Observed in Simulations

As shown in Figure 59, vehicle roll tended to vary among the design concepts but
was within 5 degrees of the baseline F-Shape PCB. None of the PCB systems exceeded
the MASH maximum limit of 75 degrees. Three PCB concepts resulted in lower vehicle
roll than the baseline, which were concept nos. 2, 17, and 18. However, these concepts
were the designs that resulted in excessive barrier displacement, indicating that there is an
inverse relationship between vehicle roll and barrier displacement. Since vehicle roll for
all the simulations was well below the MASH maximum limit, this measure did not pose
a concern. Vehicle pitch was shown to be greatly reduced in most of the design concepts
compared to the baseline F-Shape, except for concept no. 17 which resulted in an
increase in vehicle pitch. As discussed in the results section, concept no. 17 had issues

related to vehicle snag that caused excessive vehicle instability.
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For the occupant safety criteria measurements, OlV and ORA, none of the

simulations resulted in values that exceeded MASH maximum limits. The resulting
values for lateral OIV and ORA were mostly consistent with or slightly increased
compared to the value from the baseline F-Shape simulation. Values for longitudinal OIV
and ORA were slightly reduced compared to the F-Shape. It was theorized that the lower
longitudinal values were due to the PCB concepts having more continuity between barrier
segments compared to the pin and loop connections of the F-Shape PCB, resulting in
lower knee angles between segments and creating a smoother interface for the vehicle.
The bumper climb was an additional concern regarding vehicle behavior with the
F-Shape PCB. The simulation for the F-Shape PCB resulted in roughly 16 in. of the
climb. This was measured by selecting the first point of contact between the vehicle
bumper and the barrier and recording its vertical displacement throughout the impact
event. All the PCB design concepts had greatly decreased bumper climb below 5 in., as

shown in Figure 65.
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Figure 65. Comparison of Bumper Climb Observed in Simulations

Several other design criteria were identified as part of the survey distributed to
Midwest Pooled Fund Program members, including PCB weight and cost. Both
characteristics were estimated for each concept based on preliminary designs and did not
include consideration of any finalized reinforcement design. However, while the weight
or cost of any finalized design may vary from the conceptual design, the approach was
considered acceptable to compare the F-Shape PCB and design concepts during the
current research phase. Weight was estimated by measuring the volume of each
component multiplied by an estimate of material density. The cost was estimated by
multiplying the weight of materials used in the barrier by an estimate of the material cost

per unit weight. The comparison for the estimated barrier cost is shown in Figure 66.
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Figure 66. Comparison of Estimated Material Cost for PCB Concepts

Material costs for all PCB concepts showed an increase compared to the baseline
F-Shape PCB. This is primarily due to the light weight of the F-Shape PCB and its
connection hardware, which weighed approximately 5,000 Ib per 12.5-ft segment. While
several barriers had total weights similar to the F-Shape, the major difference was in the
weight of the steel connection hardware. The connection hardware for the F-Shape PCB
weighed less than 20 Ib, while the connection hardware for concept no. 17, for example,
weighed nearly 300 Ib. It should also be noted that the cost for concept no. 18, the steel
PCB concept, is not included in Figure 66, since its estimated cost of roughly $243 per
foot greatly exceeded the range of the bar plot for the other concepts. Concept nos. 19-D,
19-E, and 19-F had similar costs to the F-Shape barrier, which resulted from the roughly
130 percent increase in weight compared to the F-Shape offsetting the cost decrease due

to the lack of steel connection hardware in the variations of concept no. 19.
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Barrier weight was a concern since the PCB system would need to be lifted during

transportation and installation. The design criteria identified from the survey required that
segment weight be limited to less than 7,000 Ib for this reason. However, since concept
nos. 16 and 19 consisted of multiple segments stacked together to form the full barrier
cross section, they could be lifted separately during installation. As shown in Figure 67,
only concept no. 1 had a higher segment weight than the baseline F-Shape PCB. All the
other PCB concepts had lower maximum segment weights, indicating they could be lifted

by equipment used to install the F-Shape PCB system.
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Figure 67. Comparison of Maximum Estimated Segment Weight for PCB Concepts

While this method of comparison was acceptable for considering the lifting

weight limit, it was not a true comparison of the total weight of the PCB concepts. PCB
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systems can be installed on bridge decks, where the total weight of the PCB system is the

primary concern rather than the maximum weight of individual segments. Most of the
PCB concepts measured 12.5 ft in length, but concept nos. 19-E and 19-F were only 8 ft
long. Therefore, to make a direct comparison, the estimated weights were normalized into
linear weight. Figure 68 shows the linear weight for all the concepts compared to the

baseline F-Shape PCB.

Maximum Barrier Linear Weight

NDOT Baseline e

Concept 1 eSS E—

Concept 2 :

Concept 16/
Concept 16-B —

Concept 16-C —
Concept 17 [}
Concept 18 I '

Concept 19-A —
Concept 19-B

e
Concept 19-C *

Concept 19-D S —
Concept 19-E —

Concept 19-F #

0 100 200 300 400 500 600 700 800
Linear Weight (Ib/ft)

= == == Baseline F-Shape

Figure 68. Comparison of Maximum Estimated Linear Barrier Weight for PCB Concepts

Most of the simulated concepts had increased linear weight compared to the
baseline, with the exception of concept nos. 2, 17, and 18. It was also observed that the
heaviest PCB concepts were those that resulted in the lowest maximum lateral barrier

displacement. Figure 69 shows the relationship between barrier displacement and linear
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weight to further illustrate this relationship. A clear trend was present indicating that

increased barrier weight caused a decrease in barrier displacement. This trend is due to
the behavior that PCB systems utilize to redirect vehicles, primarily a combination of
inertial resistance from the mass of the barrier segments and friction between the PCB
segments and the pavement. Both factors are directly influenced by an increase in barrier
weight. Therefore, increased barrier weight is beneficial to performance when it is within

restrictions for weight based on lifting and placement on bridge decks.
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Figure 69. Simulated Lateral Barrier Displacement Versus Linear Barrier Weight

In addition to the importance of barrier weight, Figure 69 also showed that barrier
displacement had some influence from the connection design used between adjacent
segments. Based purely on linear weight, the baseline F-Shape PCB would be expected to
have much less displacement than it exhibited in simulations and crash tests. However,

the F-Shape PCB utilized pin-and-loop connections which enabled segments to rotate
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more than 20 degrees before locking up and more effectively transferring load to adjacent

segments. The simulated PCB concepts used connection designs that limited rotation to
as little as 1 degree and more effectively transferred load between segments, leading to
additional reductions in displacement. Consequently, any further concept development
conducted in future research phases will incorporate these observations into the final
design.

5.2 Survey to Midwest Pooled Fund Program Member States

The PCB concept simulation results and comparison plots were shown to
Midwest Pooled Fund Program member states to provide an update on the status of the
research effort and to request feedback. After the presentation, a survey was sent to
attendees to request their input on questions that did not receive clear responses in the
initial design criteria survey, as well as to request them to rank the viable PCB concepts
by preference. A full copy of this survey is provided in Appendix A and the results are
summarized below. As was done with the previous design criteria survey, only complete
survey responses were considered, and partial responses were ignored. This strategy
alleviated several issues including instances where multiple responses were recorded
from the same entity. The partially completed surveys showed similar distributions and
responses as the completed surveys, so this method did not distort any of the overall
survey results.

5.2.1 Question No. 1

The first question asked respondents to rank the three viable PCB design

concepts, concept nos. 1, 16, and 19, in order of preference. Concept no. 19 was the most

preferred concept, followed by concept no. 1 as the second-most preferred, and concept
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no. 16 as the third-most preferred concept. Figure 70 shows the distribution of the results.

A higher score indicates a higher preference for that specific concept.

ltem Overall Rank Rank Distribution Score No. of Rankings
Concept no.19 1 | 33 13
Concept no.1 2 | 28 13
Concept no.16 3 | 17 13

|
Lowest Rank Highest

Rank

Figure 70. Survey Results for Ranking of PCB Concept Preference

5.2.2 Question No. 2

The second survey question asked respondents to indicate the methods contractors
and installers use to position barrier segments. The responses to this question were
needed so that appropriate lifting points could be designed in future research phases.
Figure 71 shows the distribution of responses. The total percentage exceeds 100% due to
respondents being able to select multiple options. Other equipment that was written in
included the use of excavators, boom trucks, skid loaders, and backhoes. Thus, the
finalized PCB design will need to include multiple options for lifting the barrier to

accommodate the wide range of equipment.
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Figure 71. Survey Results for Equipment Used for Barrier Placement

5.2.3 Question No. 3

The third question asked respondents to clarify their needs regarding the
minimum radius of curvature onto which the PCB system could be installed. Most
responses to the previous design criteria survey ranged from 100 ft to 770 ft, but this
range of responses needed to be reduced due to the importance this restraint has on the
potential PCB system displacement. Since smaller curve radii require an increase in the
tolerance for movement within joints, systems with smaller curve radii result in larger
displacements. Figure 72 shows the range of curve radii that respondents indicated.
Nearly half of the respondents requested a minimum radius of curvature between 100 and

200 ft. Thus, further development of the selected PCB concept will include efforts to



97
reach this requirement, potentially through the optional use of shorter segment lengths

that allow for installation on smaller radius curves.

Figure 72. Survey Results for Minimum Radius of Curvature

5.2.4 Question No. 4

The fourth question requested that respondents indicate their preferred drainage
needs for the new PCB concept. This was also asked in the previous design criteria
survey, but responses varied and needed further clarification. Figure 73 shows the
response distribution. Almost half of the responses indicated the desire for 2 to 4 ft of
drainage slots per 12.5-ft. long barrier segment. Write-in responses included one slot that

was 2 ft long and 2 in. high, two 1-ft. long slots per 12.5-ft. long barrier segment, and two
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slots 27 in. long and 3 in. high per 12.5-ft long barrier segment. Thus, a final design with

4 ft of drainage slots was expected to accommodate all users.

Figure 73. Survey Results for Drainage Requirements

5.2.5 Question No. 5

The fifth question asked respondents if they anticipated issues with increased
barrier weight when the PCB system would be installed on a bridge deck. To provide
background information to the respondents, a short study was done to investigate the
effect of PCB placement on the edge of a bridge deck. This investigation found that PCB
placement on overhangs near the edge of a bridge deck falls under Design Case No. 3 in
AASHTO LRFD Bridge Design Specifications [14]. Design Case No. 3 consists of an
analysis considering the dead loads of the PCB system, bridge deck, and wearing surface,

as well as a wheel live load. Typically, this wheel load is distributed as a 1 kip/ft line load
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1 ft from the face of a structurally continuous barrier. However, PCBs cannot be

considered structurally continuous and so the wheel load cannot be distributed. Instead,
the wheel load is represented as a 16 kip point load resisted by a limited length of the
deck.

This analysis was tested with the baseline F-Shape PCB assumed to be anchored 6
in. from the edge of the bridge deck. This scenario was selected based on the current state
of the practice regarding PCB placement on bridge decks and was similar to the layout
tested in test no. WITD-1 conducted during a previous MwWRSF study [15]. A standard
deck design consisting of an 8 in. thick slab with a 5 ft overhang with a top mat of #6
rebar at 8-in. spacing and no bottom reinforcement was used in the analysis and expected
to be conservative. This analysis found that the deck had a moment capacity of 13.8
kip*ft/ft, but had a moment demand of 15.9 kip*ft/ft. Since this analysis showed that the
anchored F-Shape scenario was 15 percent over capacity, five other cases were tested
through a parametric study to compare with other PCB concepts.

For the parametric study, the F-Shape PCB was assumed to be anchored, since it
would need to be anchored in order to prevent it from displacing off the bridge deck
when impacted, and this is a common installation practice. However, concept nos. 19A
and 19D were not considered to be anchored, since their low lateral displacements
allowed them to be installed free-standing near the edge of the deck as long as enough
space was provided to accommodate the displacement. Deck overhangs of 4 ft and 5 ft
were investigated, while the rest of the deck parameters remained identical to the deck

described above. The results of this parametric study are shown in Table 22.



Table 22. Parametric Study for Bridge Deck Weight Limit

100

Deck PCB PCB PCB Distance Moment Percent
Overhang Concept Width | Weight from Demand of
(ft) P (in.) (Kip/ft) | Edge (in.) | (kip*ft/ft) | Capacity
19A 24 0.716 12 3.2 23.2%
19D 18 0.520 14 2.6 18.5%
4 Anchored
225 0.399 6 8.1 58.9%
F-Shape
19A 24 0.716 12 13.0 94.2%
19D 18 0.520 14 12.1 87.7%
> Anchored
22.5 0.399 6 15.9 114.6%
F-Shape

As shown from the parametric study, the only case in which the deck capacity is

exceeded is the case with the anchored F-Shape PCB installed on a 5-ft overhang. Cases

with the free-standing variations of concept no. 19 were not concerning. Based on these

results, it was observed that the larger PCB width and larger distance from the edge of the

deck moved the wheel load close enough to the first support to alleviate its effect on the

moment demand. Thus, barrier weight was not a significant factor in moment demand.

Rather, the wheel load was the primary factor, and moving this load farther away from

the edge of the deck caused the moment demands to drop significantly.

Based on this analysis, respondents were asked to verify with their bridge

departments if they anticipated increased barrier weight to be a concern when installed on

bridge decks. The distribution of responses is shown in Figure 74. The responses were

almost evenly split, with slightly more respondents indicating that they did anticipate an

issue with the increased barrier weight on bridge decks. Space was provided for

additional comments regarding this question, and it was noted that concerns are

specifically related to installation on older bridge decks. As such, these concerns will

need to be taken into consideration during future phases of the design process.
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Figure 74. Survey Results for Concern Regarding Increased Weight on Bridge Decks

5.3 Potential Implementation Considerations

Several points of consideration were brought up during internal discussions
regarding the PCB concepts and their potential implementation. These considerations
included the inspection and repair processes, barrier durability, and the potential
variability of friction values between the PCB segments and the supporting surface.

PCB systems need to be inspected to ensure proper installation and barrier
performance over the barrier’s service life. This inspection process varies depending on
the system being inspected but can be generalized to include checks for proper
connections and barrier segment integrity. The current F-Shape PCB requires an
inspection to verify that each drop-pin has been inserted fully through all of the loops in

each connection and that each barrier segment is in good condition for an installation to
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be complete. Since all the connection components and all the barrier faces are visible

from standing near the barrier, the installation process is straightforward. Concept nos. 1,
2, 16, and 17 would require a similar, straightforward inspection process. However, the
view of the drop-pins featured in concept no. 18 is obstructed by the steel plates forming
the front and back faces of the barrier. In addition, concept no. 19 consisted of barrier
segments that interlock and obstruct an inspector’s view of the stub of the barrier to
verify its structural integrity.

Repairing or replacing pieces of a PCB system was also a consideration that was
discussed. While all the PCB concepts allow for the replacement of pieces of the system,
some designs require additional effort. Concept nos. 1, 2, and 17 allow for individual
barrier segments to be disconnected and replaced without disturbing adjacent segments.
Concept no. 18 featured a connection design that requires segments to be slid into place
longitudinally, so several segments would need to be adjusted to create room to replace a
single segment or connection. Concept nos. 16 and 19 featured staggered segments, so
while a top segment could be replaced without disturbing adjacent segments, replacing a
bottom segment would require the temporary removal of the two top segments above it.

While increased barrier durability was identified by state DOTSs as a desired
characteristic, it was not fully investigated in this research phase. The six concepts that
were simulated were chosen in part due to their expected potential for increased
durability. However, the use of rigid bodies to represent PCB segments prevented direct
insight into durability. The following research phase plans to incorporate a more detailed
investigation into durability potentially using deformable elements and a focus on a

single preferred concept.
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Lastly, the friction coefficient used during simulations for the contact between the

PCB segments and the supporting pavement may not be conservative in all conditions. A
value of 0.4 was selected based on a review of previous research [12]. The 0.4 value was
expected to be accurate for PCB segments placed on concrete in fair weather conditions.
However, PCB systems can be installed on a range of surfaces and can experience
various weather conditions. While MASH currently does not state requirements regarding
weather conditions, fair weather would likely result in a higher friction value compared to
icy or rainy conditions. Since PCB systems rely on friction as one of the mechanisms for
resisting impact forces, it was reasonably concluded that lower friction would result in
higher lateral barrier displacements and reduced vehicle safety measurements. The
sensitivity of the PCB concepts to friction was not investigated through simulation in this
research phase, and thus may be further investigated in a future phase of the effort.
5.4 Discussion

Comparisons of the simulation measurements using MASH safety criteria,
including barrier displacement, estimated cost, and barrier weight, were presented to
Midwest Pooled Fund Program member states. A survey was distributed to collect
feedback on design criteria and request the selection of a preferred design. Design criteria
feedback consisted of the need for multiple lifting options, 4 ft of drainage slots per
12.5-ft segment, accommodation for curves with a radius of 100 to 200 ft, and the
anticipation of concern with increased barrier weight on bridge decks. As respondents
identified concept no. 19 as the most preferred design, it was selected to be developed for
full-scale crash testing in the future. Finally, additional considerations for potential PCB

system implementation were discussed and will be addressed in future research phases.
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Chapter 6 Summary and Conclusions

The objective of this research effort was to analyze candidate PCB concepts and
use computer simulations to evaluate the crash performance and feasibility of these
concepts. At least one optimized configuration would be recommended for further
development and full-scale crash testing in future research phases.

A literature review to identify and review current PCB systems was conducted
and funded under an adjacent research effort funded by WisDOT. This review identified
common designs and connection types of current PCB systems, as well as their safety
performance. Other PCB information that was gathered included barrier segment length,
weight, cost, and material type. Alternative concrete materials were reviewed for their
potential use in the new PCB design, however, due to the high cost associated with
alternative concretes and the lack of current research, the PCB design would be focused
on traditional concrete mixes. These alternatives could be further investigated after the
new design is implemented.

A survey was distributed to member states of the Midwest Pooled Fund Program
to gather input for developing design criteria. This survey was passed on to several PCB
fabricators, installers, and consultants to gather their input as well. The survey asked
respondents to identify their needs regarding cost, material, durability, installation, safety
performance, and anchorage. The design criteria were then established based on the
survey responses and the requirement to meet MASH safety criteria. These design criteria
consisted of the following:

e Must meet MASH TL-3 safety criteria.
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e Should show improved vehicle stability compared to the current F-Shape

PCB system.

o Lateral deflection should be limited to 3 ft or less.

e Cost should be less than $100 per linear foot with a focus on increased
durability.

e The material should focus on standard concrete, although steel would be
considered.

e Connections should be easy to install and inspect.

e Barrier segments should be 32 in. tall, 24 in. wide or less, between 10 to
14 ft long, and segment weight should be limited to 7,000 Ib or less.

e The new PCB system should be designed with consideration for placement
on curves with a radius of 100 to 770 ft, potential for anchorage, and
transition to other barrier types.

Sixteen PCB concept designs were brainstormed and presented to WisDOT as
part of the adjacent research effort. The sixteen concepts varied in shape and connection
method, with each concept posing several advantages and disadvantages compared to
other concepts and existing designs. Of the sixteen concepts, five were selected based on
expected performance and feasibility for further development and simulation under this
MATC-funded effort. The five selected concepts were:

1. Concept no. 1 —a vertical PCB with a steel plate and drop pin connection

2. Concept no. 2 —a revised version of concept no. 1 with a narrower width
and the addition of steel feet

3. Concept no. 17 — a vertical PCB with a steel base plate connection
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4. Concept no. 18 — a steel PCB with a nested steel tube and drop pin

connection
5. Concept no. 19 — a vertical PCB with staggered and interlocking inverted
T-shaped lower segments and inverted U-shaped upper segments

The five selected PCB concepts were simulated using LS-DYNA software to
evaluate safety performance and identify any additional concerns with each design. The
simulations for the PCB concepts were compared to a validated model of a Midwest F-
Shape PCB developed under a previous MWRSF study [11]. The models of the F-Shape
PCB and the PCB concepts treated the concrete portion of the PCB designs as a rigid
body, which was considered acceptable based on the expectation of no significant
damage done to the concrete. Any steel barrier parts or connection hardware were
modeled as deformable. The models were created systematically so that comparisons
would be direct, and any necessary changes could be easily transferred to other concept
models.

Several modifications were made to the PCB concept designs during the modeling
process due to either issue that arose in the simulation or the desire to investigate
potential design variations. Concept no. 1 was initially simulated with the connection pins
arranged in a lateral orientation, and a second version was simulated to study the effect of
a longitudinal pin orientation. Concept no. 2 was initially simulated with only one drop
pin on either side of the connection, but this caused discontinuity when impacted. A
revised model was created with two pins on either side of the connection oriented
longitudinally, which alleviated the discontinuity issue. Several simulations for concept

no. 17 were conducted with varying impact locations due to vehicle snag which caused
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numerical instability and error termination in all but one simulation. However, none of

the impact locations eliminated the vehicle snag, so the simulation that did not terminate
early was used as a comparison. Although it would not result in direct comparison to the
other PCB concepts because of the shifted impact location, it was noted that the design
would need additional modification to address the vehicle snag issue, and the simulation
was considered acceptable for rough comparison. Several variations of concept no. 19
were simulated which investigated the following modifications: an inverted slope on the
face of the barrier, a revised stub shape, a narrower width, a shorter segment length, and a
shortened stub height. No extra simulations were conducted to investigate modifications
to concept no 18.

Based on the initial performance of the concept designs, a sixth concept was
selected to be investigated and developed through simulation. Concept no. 16, which
shared characteristics with concept no. 1 and concept no. 19, was expected to have
acceptable performance due to the satisfactory performance of each of its sister concepts.
Two modifications to concept no. 16 were simulated to address barrier tipping concerns
and included a larger width and larger steel drop pins.

The simulations were compared by barrier displacement, vehicle stability, MASH
safety criteria, estimated cost, and barrier weight. Through these comparisons and the
results of the simulations, three concepts were not recommended as viable designs:
concept no. 2, concept no. 17, and concept no. 18. Each of these concepts exhibited
excessive barrier displacement and raised other concerns regarding cost and vehicle snag.
Certain variations of the other three concepts were considered viable designs, as shown in

Figure 75, and were recommended as viable concepts for further design and full-scale
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crash testing in the next research phase. Both variations of concept no. 1 showed

acceptable safety performance and improved vehicle stability, and thus, the general
design of concept no. 1 was recommended with either pin configuration. The first two
variations for concept no. 16 resulted in concerning amounts of barrier tipping, but the
third variation adequately corrected this issue. Thus, concept no. 16C was recommended
as a viable design. All variations of concept no. 19 resulted in acceptable safety
performance, but concept no. 19B showed no positive change in performance, and
concept no. 19F resulted in concerning amounts of tipping. Thus, only four variations of

concept no. 19 were recommended: concept nos. 19A, 19C, 19D, and 19E.

AERRT

Concept 1 19D & E*

Figure 75. Recommended Concept Designs
(*8-ft segment lengths)

After the recommended concepts were identified, the simulation results and
comparison data were presented to members of the Midwest Pooled Fund Program. A
survey was then sent to attendees to gather feedback, request design criteria clarifications,
and select a preferred concept design. Respondents identified concept no. 19 as the most
preferred PCB design, followed by concept no. 1 and concept no. 16 as the second- and
third-most preferred designs, respectively. Design criteria for the finalized design were

adjusted based on the survey responses. These criteria included:
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e The PCB system would need to include multiple options for lifting the

barrier to accommodate a wide range of equipment.

e Consideration would be needed for installation on curves with a radius of
as little as 100 to 200 ft, potentially through the use of shorter segments.

e Each PCB segment would need to include 4 ft of drainage slots.

e Consideration would be needed for installation on bridge decks where
increased barrier weight is of concern.

Conclusions from this research effort will be used in future research funded by the
Midwest Pooled Fund Program to develop the selected PCB concept, concept no. 19, into
a prototype for full-scale crash testing to MASH TL-3. These future research efforts will
develop the finalized design of the new PCB system to comply with all design criteria. It
will include the determination of the structural reinforcement design and drainage and
lifting accommodations and will prepare the design for implementation in recommended

locations.
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Midwest Pooled Fund Program: Next Generation of
MASH TL-3 Portable Barrier System

Introduction

Overview

The Midwest Pooled Fund Program has funded research to develop a new, MASH TL-3 portable
barrier system. The objective of this research is to develop a MASH TL-3 compliant portable
barrier that improves upon previous designs by significantly reducing free-standing barrier
deflections and improving vehicle stability. Design criteria for the new portable barrier include:

Dynamic deflections less than 36 in.

32 in. barrier height

24 in. max barrier width

10-14 ft segment length

Up to 7,000 1b segment weight (lifting limit with available equipment)
Curve installation on 100-770 ft radius

Concepts

An update meeting was held on Friday, September 17, 2021, at 10 am (CST) to discuss design
concepts proposed for the MASH TL-3 portable barrier system. The presentation can be
downloaded for review at the following link: PCB Pooled Fund Update 9-17-21

The presentation reviewed preliminary simulation analysis of several design concepts. Three
concepts were identified as having potential for further development. A summary of those
concepts is shown in the table below. Note that Concept 19 had several potential variations that
were deemed feasible — Concepts 19A, 19C, and 19D/E. As such, the viable variations of that
concept are shown in the table as well. For reference purposes, the current F-shape PCB used by
many Midwest Pooled Fund members has a weight of 399 1b/ft and a barrier deflection of 80 in.
under MASH TL-3 loading.

Figure A-1. Selection of Preferred PCB Concept Design Survey — Page 1
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The presentation also noted that the most effective concepts combined increased mass and
improved connection degigns to significantly reduce barrier deflection. A preliminary analysis of
the use of increased barrier mass suggested that the use of barrier segments with increased
weight per linear foot should not be a significant issue for installation of the PCBs on bridge
decks, nor would the installation increase bridge deck loading as compared to the current,
anchored F-shape PCB installed adjacent to a bridge deck edge.

Purpose

At this time, we are seeking input on preferred designs for further development and clarification
of several points relative to the barrier design criteria. The funding for the project only allows for
development of 1-2 preferred concepts based on voting. Development will be refined to a single
concept during the design phase. Please complete the survey to indicate your states preferences.

Figure A-2. Selection of Preferred PCB Concept Design Survey — Page 2
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1) Contact Information®

Name:

Organization:

2) Please rank the three proposed design concepts from 1 to 3 with 1 being the highest/most
preferred and 3 being the lowest/least preferred.

Concept Profile
No.
135"
>
-
1 32
v
16"
-
16 1k
v
18"
19

Concept no. 1
Concept no. 16
Concept no. 19

Figure A-3. Selection of Preferred PCB Concept Design Survey — Page 3
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3) A previous survey noted that contractors typically have equipment capable of moving barrier
segments up to 7,000 lbs in weight. However, appropriate lifting points will need to be designed
into the barrier segments to allow barrier placement. Please indicate below which methods your
contractors/installers use to position barrier segments.

*
[ 1 Forklift

[ ] Crane

[ ] Front end loader
[ ] Other - Write In:

4) In a previous survey, MwWRSF has asked states what horizontal curvature needed to be
incorporated into the design to deal with roadway curves. The responses received were either
that the minimum radius of curvature was unknown or varied widely. Most responses provided
fell between 100 ft to 770 ft. Determining the required minimum curvature is important as
increased compliance must be designed into the barrier joints, and this compliance increases the
barrier deflection.

For example, the current MWRSF F-shape has a curvature radius around 40-50 ft and a deflection
of 80 in. The Oregon F-shape barrier has a curvature radius around 110 ft and a deflection of
63.4 in. The proposed barrier concepts have lower curvatures, but also drastically reduce

deflection. Please indicate your desired minimum radius of curvature below.
*

() 100-200 feet

() 200-300 feet

() 300-400 feet

() 500-600 feet

()>700ft

5) Drainage or water flow through barrier segments has been noted as a need for portable
barriers. However, the amount of drainage required may vary between users. For example, the
current F-shape PCB used by many Midwest Pooled Fund members has been configured with

two or four 12-in. long slots for drainage. Please indicate your preferred drainage for the new
portable barrier concepts below.

*
() 1-2 ft of drainage slot per 12.5 ft long barrier segment
() 2-4 ft of drainage slot per 12.5 ft long barrier segment
() Other - Write In:

Figure A-4. Selection of Preferred PCB Concept Design Survey — Page 4
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6) As noted previously, MwRSF performed a preliminary analysis of the increased weight of the
proposed barrier segments when installed on a bridge deck based on AASHTO Design Case 3.
The results found that the increased weight of the new barrier concepts would not be an issue
unless installed on large overhangs very close to the deck edge. Additionally, it was found that
the current, anchored F-shape PCB demand on decks was actually worse than that of the new
barrier concepts due to its proximity to a deck edge. Please review the AASHTO Design Case 3
analysis with you bridge division and indicate whether or not you state anticipates an issue with
the barrier dead loading when installed on a bridge deck.

*

() Yes, we anticipate an issue with increased barrier weight when installed on a bridge deck

() No, we do not anticipate an issue with increased barrier weight when installed on a bridge
deck

Comments:

Thank You!

Thank you for taking our survey. Your response is very important to us.

Figure A-5. Selection of Preferred PCB Concept Design Survey — Page 5
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