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APPENDIX A
FHWA OPEN LETTER

The retroactive date of January 1, 2016, corresponds to the oficial implementation date balloted by AASHTO and the date FHWA began issuing Federal-aid
eligibility letters using standards from AASHTO 's MASH only, i.e., when FHWA, ceased issuing eligibility letters using National Cooperative Highway
Research Prograrm (NCHRP) Repart 350 guidance.

2. FHWA will no longer provide Federal-aid eligibility letters for modifications made to an AASHTO MASH-crash tested device. Manufacturers who have
submitted requests for eligibility letters based on modifications have been notified .

These changes are based on several important factors. The transition from guidance in the NCHRP Report 350 to standards in the AASHTO MASH continues per
the FHWA— AASHTO Implementation Agreement balloted by AASHTO. Since its oficial launch, questions about the AASHTO MASH criteria have been identified
by a range of stakeholders. Until such time these questions are answered and the transpaortation community has more experience with AASHTO MASH
requirernents, FHWA will require manufacturers and States to run all AASHTO MASH recommended crash tests in order to qualify for a FHYWA Federal-aid
eligibility letter.

This is a prudent action to support highway safety for the traveling public. This opportunity for improvernent and consistency was noted in the Government
Accountability Ofice's (GAO) final report dated June 2016, "Highway Safety: More Robust DOT Oversight of Guardrails and Other Roadside Hardware Could
Further Enhance Safety, " GAD-16-575 and Evaluation of the Roadside Safety Hardware Process — Prepared for the FHWA's Office of Policy by the John A Volpe
Mational Transportation Systems Center.

The changes promote eficiency of Federal resources while advancing our Federal role to support public safety and ensuring that decision-making is at the State
and local level.

The FHWA will address the initial "entry” of a device into the possibility for Federal-aid reimbursement | through examining crash testing, but the final decisions on
selection and modifications to devices will be at the State and local level.

States and manufacturers will now have an outstanding opportunity to collaborate and deploy manufacturers’ innovative modifications in a timely manner andfor
respond to State-specific needs requiring significant and non-significant modifications - without the need of another Federal-aid eligibility letter from FHWA,
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APPENDIX B
PRELIMINARY EVALUATION OF AASHTO GEOMETRICS

KEY DIMENSIONS OF BRIDGE RAIL SYSTEMS

With this information gathered for the various dimensions, the configurations for the
bridge rail systems were determined. In order to distinguish the various bridge rail
configurations, the following naming convention was used:

e CPB-SP = Concrete Post-and-Beam Snag Potential
CPB-PS = Concrete Post-and-Beam Post Setback
MPBD-SP = Metal Post-and-Beam Deck-Mounted Snag Potential
MPBD-PS = Metal Post-and-Beam Deck-Mounted Post Setback
MPBC-SP = Metal Post-and-Beam Curb-Mounted Snag Potential
MPBC-PS = Metal Post-and-Beam Curb-Mounted Post Setback
MPBP-SP = Metal Post-and-Beam Parapet-Mounted Snag Potential
e MPBP-PS = Metal Post-and-Beam Parapet-Mounted Post Setback

Table B.1 shows the concrete post-and-beam systems that were used to evaluate the snag
potential figure geometric relationships, and Table B.2 shows the concrete post-and-beam
systems that were used to evaluate the post setback figure geometric relationships.

Table B.1. Concrete post-and-beam systems evaluated for snag potential cases.

Snag Potential Cases
Post Vertical Ratio of
Setback Clear Contact Height
Distance | Opening Width to (in.)
(in.) (in.) Height
CPB-SP-System01 1.25 13 0.606 33
CPB-SP-System02 2 13 0.552 29
CPB-SP-System03 3 13 0.552 29
CPB-SP-System04 4.25 13 0.552 29
CPB-SP-System05 4.75 14 0.517 29
CPB-SP-System06 5.25 15 0.483 29
CPB-SP-System07 6 15 0.483 29
CPB-SP-System08 1.25 10.75 0.629 29
CPB-SP-System09 2 11.25 0.612 29
CPB-SP-System10 3 12 0.586 29
CPB-SP-System11 4.25 12 0.586 29
CPB-SP-System12 4.75 12 0.586 29
CPB-SP-System13 5.25 12 0.586 29
CPB-SP-System14 6 12 0.586 29
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Table B.2. Concrete post-and-beam systems evaluated for post setback cases.

Post Setback Cases
Post Vertical Ratio of
Setback Clear Contact Height
Distance | Opening Width to (in.)
(in.) (in.) Height
CPB-PS-System01 1.25 13 0.606 33
CPB-PS-System02 2 13 0.552 29
CPB-PS-System03 2.5 13 0.552 29
CPB-PS-System04 3 13 0.552 29
CPB-PS-System05 3.5 13 0.552 29
CPB-PS-System06 4 13 0.552 29
CPB-PS-System07 2.5 6.5 0.803 33
CPB-PS-System08 3 9 0.727 33
CPB-PS-System09 3.5 11 0.667 33
CPB-PS-System10 4 11.5 0.603 29
CPB-PS-System11 4.5 13 0.552 29
CPB-PS-System12 5 14.5 0.500 29

Table B.3 shows the deck-mounted metal post-and-beam systems that were used to
evaluate the snag potential figure geometric relationships, and Table B.4 shows the deck-
mounted metal post-and-beam systems that were used to evaluate the post setback figure
geometric relationships.
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Table B.3. Deck-mounted metal post-and-beam systems evaluated for snag potential cases.

Snag Potential Cases

First Second Ratio of
Post Ul Vertical | Vertical Contact
Setback Clear . e Second Rail . Height
) . Clear Clear | First Rail Size . Width .
Distance | Opening . . Size (in.)
(in) (in) Opening | Opening to
. . (in.) (in.) Height
MPBD-SP- 3 18 13 5|  HSS6x3x1/4 | HSS6x3x1/4 |  0.400 30
SystemO1
MPBD-SP- 4 21 13 8| HSSSx4x1/4 | HSSsxax1/a |  0.323 31
System02
MPBD-SP- 45 21 13.5 7.5 | HSSAx4.5x1.4 | HSS5x4.5x1/4 |  0.300 30
SystemO03
MPBD-SP- 5 23 14.5 85 | HSSAxSx1/4 | HSS5x5x1/4 | 0.281 32
System04
MPBD-SP- 6 22 15 7| Hssaxéx1/a | HSSaxéx1/4 |  0.267 30
SystemO05
MPBD-SP- 7 23 15 8| HSSax7x1/4 | HSS4x7x1/4 |  0.258 31
System06
MPBD-SP- 3 18 12 6| HSS6x3x1/4 | HSS6x3x1/4 |  0.400 30
SystemO07
MPBD-SP- 4 21 12 9| HSSSx4x1/4 | HSSsxax1/a |  0.323 31
System08
MPBD-SP- 45 21 12 9| HSSAx4.5x1.4 | HSS5x4.5x1/4 |  0.300 30
System09
MPBD-SP- 5 23 12 11| HSS4x5x1/4 |  HSS5x5x1/4 | 0.281 32
System10
MPBD-SP- 6 22 12 10| HSS4x6x1/4 |  HSS4x6x1/4 |  0.267 30
System11
MPBD-SP- 7 23 12 11| HSSAx7x1/4 |  HSS4x7x1/4 |  0.258 31
System12

B-3




Table B.4. Deck-mounted metal post-and-beam systems evaluated for post setback cases.

Post Setback Cases
rost | ol | Tt | Seend Contet
Setback Clear . — Second Rail . Height
. . Clear Clear First Rail Size . Width .
Distance | Opening . . Size (in.)
(in) (in) Opening | Opening to
) ) (in.) (in.) Height

MPBD-PS-
Systemor 3 18 13 5| HSSex3xl/4 | HSSEx3x1/4 |  0.400 30
MPBD-PS- 4 21 13 8| HsSoxax1/a | HSS5xaxi/4 |  0.323 31
System02
MPBD-PS- 45 21 13,5 7.5 | HSS4x4.5x1.4 | HSS5x4.5x1/4 |  0.300 30
System03
MPBD-PS- 5 23 14.5 85 | HSSAx5x1/4 | HSS5x5x1/4 |  0.281 32
System04
MPBD-PS- 6 22 15 7| HSSaxex1/4 | HSSAx6x1/4 |  0.267 30
System05
MPBD-PS- 7 23 15 8| HSSax7x1/4 | HSSAx7x1/4 |  0.258 31
System06
MPBD-PS- 3 8 4 4| HSS11x3x1/4 | HSS11x3x1/4 | 0.733 30
SystemO07
MPBD-PS- 4 12 6 6| HSS9x4x1/4 | HSS9x4x1/4 |  0.600 30
System08
MPBD-PS- 45 14 7 7 | HsS8x4.5x1/4 | HSS9x4.5x1/4 |  0.548 31
System09
MPBD-PS- 5 15 8 7| HSSTx5x1/4 | HSS8x5x1/4 |  0.500 30
System10
MPBD-PS- 6 16 8 8| HSS7Tx6x1/4 | HSS7Tx6x1/4 |  0.467 30
System11
MPBD-PS- 7 17 9 8| HSSex7x1/4 | HSS7TX7x1/4 |  0.433 30
System 12
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Table B.5 shows the curb-mounted metal post-and-beam systems that were used to
evaluate the snag potential figure geometric relationships, and Table B.6 shows the curb-
mounted metal post-and-beam systems that were used to evaluate the post setback figure
geometric relationships.

Table B.5. Curb-mounted metal post-and-beam systems evaluated for snag potential cases.

Snag Potential Cases

Post | Total | i \S/::::; Ratio of
Setback Clear First Rail Second Rail | Contact | Height
) . Clear Clear . . ; i
Distance | Opening . . Size Size Width to (in.)
(in.) (in) Opening | Opening Height
. ) (in.) (in.) s

MPBC-SP-
System01 3 18 13 5| HSS3x3x1/4 | HSS3x3x1/4 0.400 30
MPBC-SP-
Systemo02 4 21 13 8 | HSS2x4x1/4 | HSS2x4x1/4 0.323 31
MPBC-SP- 5 23 145 8.5 | HSS2x5x1/4 | HSS2x5x1/4 0.303 33
SystemO03
MPBC-SP- 6 22 15 7 | HSS2x6x1/4 | HSS2x6x1/4 0.313 32
System04
MPBC-SP- 7 23 15 8 | HSS2x7x1/4 | HSS2x7x1/4 0.303 33
SystemO05
MPBC-SP- 8 23 15 8 | HSS2x8x1/4 | HSS2x8x1/4 0.303 33
System06
MPBC-SP- 3 18 12 6 | HSS3x3x1/4 | HSS3x3x1/4 0.400 30
SystemO07
MPBC-SP- 4 21 12 9| HSS2x4x1/4 | HSS2x4x1/4 0.323 31
System08
MPBC-SP- 5 73 12 11 | HSS2x5x1/4 | HSS2x5x1/4 0.303 33
System09
MPBC-SP- 6 22 12 10 | HSS2x6x1/4 | HSS2x6x1/4 0.313 32
System10
MPBC-SP- 7 23 12 11| HSS2x7x1/4 | HSS2x7x1/4 0.303 33
System11
MPBC-SP- 8 73 12 11 | HSS2x8x1/4 | HSS2x8x1/4 0.303 33
System12
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Table B.6. Curb-mounted metal post-and-beam systems evaluated for post setback cases.

Post Setback Cases
Post Total V::':?:al \SI::;:; Ratio of
Setback Clear First Rail Second Rail Contact | Height
. . Clear Clear . . . .
Distance | Opening . . Size Size Width to (in.)
(in.) (in.) Opening | Opening Height
) ) (in.) (in.)

MPBC-PS-
Systemo 3 18 13 5| HSS3x3x1/4 | HSS3x3x1/4 0.400 30
MPBC-PS- 4 21 13 8| HsS2xdx1/a | HsS2xdx1/4 0.323 31
System02
MPBC-PS- 5 26 145 115 | HSS2x5x1/4 | HSS2x5x1/4 0.278 36
System03
MPBC-PS- . 57 15 12 | HSS2x6x1/4 | HSS2x6x1/4 0.270 37
System04
MPBC-PS- ; )8 15 13 | HSS2x7x1/4 | HSS2x7x1/4 0.263 38
System05
MPBC-PS- 8 29 15 14 | HSS2x8x1/4 | HSS2x8x1/4 0.256 39
System06
MPBC-PS- 3 8 4 4| HsS8x3x1/4 | HSS8x3x1/4 0.733 30
SystemO07
MPBC-PS- 4 12 6 6| HSS6xdx1/4 | HSS6x4x1/4 0.600 30
System08
MPBC-PS- 5 15 8 7 | HSSax5x1/4 | HSS5x5x1/4 0.500 30
System09
MPBC-PS- 6 16 8 8| HSSax6x1/4 | HSSax6x1/4 0.467 30
System10
MPBC-PS- 7 17 9 8| HSS3x7x1/4 | HSS4x7x1/4 0.433 30
System11
MPBC-PS- 8 17 9 8| HSS3x8x1/4 | HSS4x8x1/4 0.433 30
System12
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Table B.7 shows the parapet-mounted metal post-and-beam systems that were used to

evaluate the snag potential figure geometric relationships, and Table B.8 shows the parapet-

mounted metal post-and-beam systems that were used to evaluate the post setback figure
geometric relationships.

Table B.7. Parapet-mounted metal post-and-beam systems evaluated for snag potential

Cases.

Snag Potential Cases

First Second Ratio of
Post Total . .
Vertical | Vertical Contact .
Setback Clear . - Second . Height
. . Clear Clear | First Rail Size - Width .
Distance | Opening . . Rail Size (in.)
(in.) (in.) Opening | Opening to
’ ) (in.) (in.) Height

MPBP-SP-
System01 3 13 13 - HSS2x3x1/4 - 0.606 33
MPBP-SP-
System02 4 13 13 - HSS2x4x1/4 - 0.606 33
MPBP-SP-
System03 5 14.5 14.5 - HSS2x5x1/4 - 0.580 34.5
MPBP-SP-
System04 6 15 15 - HSS2x6x1/4 - 0.571 35
MPBP-SP-
System05 7 15 15 - HSS2x7x1/4 - 0.571 35
MPBP-SP-
System06 8 15 15 - HSS2x8x1/4 - 0.571 35
MPBP-SP-
System07 3 12 12 - HSS2x3x1/4 - 0.625 32
MPBP-SP-
System08 4 12 12 - HSS2x4x1/4 - 0.625 32
MPBP-SP-
System09 5 12 12 - HSS2x5x1/4 - 0.625 32
MPBP-SP-
System10 6 12 12 - HSS2x6x1/4 - 0.625 32
MPBP-SP-
System11 7 12 12 - HSS2x7x1/4 - 0.625 32
MPBP-SP-
System12 8 12 12 - HSS2x8x1/4 - 0.625 32
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Table B.8. Parapet-mounted metal post-and-beam systems evaluated for post setback cases.

Post Setback Potential Cases

First Second Ratio of
Post el Vertical | Vertical Contact
Setback Clear First Rail Second Rail . Height
) . Clear Clear . : Width i
Distance | Opening . . Size Size (in.)
(in.) (in.) Opening | Opening to
i . (in.) (in.) Height
MPBP-PS- 2 20 10 10 | HSS2x2x1/4 | HSS2x2x1/4 | 0.524 42
System01
MPBP-PS-
et 3 26 13 13 | HSS2x3x1/4 | HSS2x3x1/4 |  0.458 48
MPBP-PS- 4 26 13 13 | HSS2x4x1/4 | HSS2x4x1/4 | 0.458 48
System03
MPBP-PS- 5 29 14.5 145 | HSS2x5x1/4 | HSS2x5x1/4 |  0.431 51
System04
MPBP-PS-
Syetomos 6 30 15 15 | HSS2x6x1/4 | HSS2x6x1/4 |  0.423 52
MPBP-PS-
Syetomot 7 30 15 15 | HSS2x7x1/4 | HSS2x7x1/4 | 0.423 52
MPBP-PS-
i 3 13 7 6 | HSS7x3x1/4 | HSS8x3x1/4 | 0.717 46
MPBP-PS-
o 4 18 9 9 | HSS5x4x1/4 | HSS5x4x1/4 |  0.609 46
MPBP-PS-
Syetomos 5 23 12 11 | HSS2x5x1/4 | HSS3x5x1/4 |  0.500 46
MPBP-PS- 6 26 13 13 | HSS2x6x1/4 | HSS2x6x1/4 |  0.458 48
System10
MPBP-PS- 7 28 14 14 | HSS2x7x1/4 | HSS2x7x1/4 0.440 50
System11
MPBP-PS- 8 30 15 15 | HSS2x8x1/4 | HSS2x8x1/4 |  0.423 52
System12
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OCCUPANT RISK RESULTS

Tables B.9-B.12 present the FE computer simulation results for the concrete post-and-
beam systems.

Tables B.13-B.16 present the FE computer simulation results for the deck-mounted metal
post-and-beam systems.

Tables B.17-B.20 present the FE computer simulation results for the curb-mounted metal
post-and-beam systems.

Tables B.21-B.24 present the FE computer simulation results for the parapet-mounted
metal post-and-beam systems.
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Table B.9. Concrete post-and-beam results for snag potential cases (Test 3-10).

P(_)st Setba_ck Ve rtic_al Cl_ear Ra.tio of Con_tact Height(in) OIV (m/s) RDA (g's) Pass OI\_//I_?DA Pass OIV/I_?D.A

Distance (in.) | Opening (in.) Width to Height x-dir y-dir x-dir y-dir Max Limits? | Preferred Limits?
CPB-SP-System01 1.25 13 0.6061 33 9.3 -8.2 -8.0 10.3 Yes No
CPB-SP-System02 2 13 0.5517 29 9.4 -8.2 -5.5 7.7 Yes No
CPB-SP-System03 3 13 0.5517 29 9.1 -8.9 -4.7 6.0 Yes No
CPB-SP-System04 4.25 13 0.5517 29 8.3 -9.0 -4.2 10.6 Yes Yes
CPB-SP-System05 4,75 14 0.5172 29 10.2 -8.9 -7.4 -4.8 Yes No
CPB-SP-System06 5.25 15 0.4828 29 11.1 -7.9 -3.7 35 Yes No
CPB-SP-System07 6 15 0.4828 29 10.0 -8.5 -4.1 4.4 Yes No
CPB-SP-System08 1.25 10.75 0.6293 29 8.1 -9.2 -3.2 9.5 Yes No
CPB-SP-System09 2 11.25 0.6121 29 8.9 -9.0 -4.6 -3.7 Yes Yes
CPB-SP-System10 3 12 0.5862 29 8.1 -9.2 -2.3 9.2 Yes No
CPB-SP-System11 4.25 12 0.5862 29 8.1 -9.6 3.0 9.5 Yes No
CPB-SP-System12 4,75 12 0.5862 29 8.6 -9.1 -2.7 9.4 Yes No
CPB-SP-System13 5.25 12 0.5862 29 6.4 -9.5 -3.7 145 Yes No
CPB-SP-System14 6 12 0.5862 29 7.0 -9.6 -2.6 14.4 Yes No

Table B.10. Concrete post-and-beam results for post setback cases (Test 3-10).

Pc_Jst Setbgck Ve rtic_al Cl_ear Ra_tio of Con_tact Height (in) OlIV (m/s) RDA (g's) Pass OI\_//RDA Pass OIV/RD_A

Distance (in.) [ Opening (in.) Width to Height x-dir y-dir x-dir y-dir Max Limits? | Preferred Limits?
CPB-PS-System01 1.25 13 0.6061 33 9.3 -8.2 -8.0 10.3 Yes No
CPB-PS-System02 2 13 0.5517 29 9.4 -8.2 -5.5 1.7 Yes No
CPB-PS-System03 2.5 13 0.5517 29 9.4 -8.3 -6.0 5.6 Yes No
CPB-PS-System04 3 13 0.5517 29 9.1 -8.9 -4.7 6.0 Yes No
CPB-PS-System05 35 13 0.5517 29 8.6 -9.0 -3.3 8.1 Yes Yes
CPB-PS-System06 4 13 0.5517 29 8.6 -9.0 -3.8 1.7 Yes Yes
CPB-PS-System07 2.5 6.5 0.8030 33 5.4 -9.8 -3.0 20.7 No No
CPB-PS-System08 3 9 0.7273 33 5.8 -9.8 -2.8 16.9 Yes No
CPB-PS-System09 35 11 0.6667 33 6.2 -9.6 -4.6 14.2 Yes No
CPB-PS-System10 4 115 0.6034 29 7.3 -9.6 -2.9 13.2 Yes No
CPB-PS-System11 45 13 0.5517 29 8.9 -9.2 -34 8.6 Yes No
CPB-PS-System12 5 145 0.5000 29 9.4 -8.6 -4.9 3.8 Yes No
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Table B.11. Concrete post-and-beam results for snag potential cases (Test 3-11).

Pc_)st Setbgck Ve rtic_al Cl_ear Ra_tio of Con_tact Height (in) oIV (m/s) RDA (g's) Pass OI\_//F_%DA Pass OIV/RQA

Distance (in.) | Opening (in.) Width to Height x-dir y-dir x-dir y-dir Max Limits? Preferred Limits?
CPB-SP-System01 1.25 13 0.6061 33 5.9 -7.5 -5.0 15.4 Yes No
CPB-SP-System02 2 13 0.5517 29 5.4 -7.6 -5.3 12.5 Yes Yes
CPB-SP-System03 3 13 0.5517 29 5.3 -7.6 -4.2 125 Yes Yes
CPB-SP-System04 4.25 13 0.5517 29 5.2 -7.7 -5.6 12.5 Yes Yes
CPB-SP-System05 4.75 14 0.5172 29 5.4 -7.6 -4.8 13.7 Yes Yes
CPB-SP-System06 5.25 15 0.4828 29 54 -7.4 -7.2 11.4 Yes Yes
CPB-SP-System07 6 15 0.4828 29 53 -7.5 -4.9 13.8 Yes Yes
CPB-SP-System08 1.25 10.75 0.6293 29 5.0 -1.7 -5.1 16.6 Yes No
CPB-SP-System09 2 11.25 0.6121 29 4.8 -7.5 4.7 14.7 Yes Yes
CPB-SP-System10 3 12 0.5862 29 4.9 -75 -5.2 14.1 Yes Yes
CPB-SP-System11 4.25 12 0.5862 29 49 -7.4 -4.4 14.8 Yes Yes
CPB-SP-System12 4.75 12 0.5862 29 4.8 -7.5 4.6 15.6 Yes No
CPB-SP-System13 5.25 12 0.5862 29 45 -7.4 -4.6 14.0 Yes Yes
CPB-SP-System14 6 12 0.5862 29 4.5 -7.5 -5.2 15.3 Yes No

Table B.12. Concrete post-and-beam results for post setback cases (Test 3-11).

P(_)st Setbgck Ve rtic_al Cl_ear Ra'tio of Con_tact Height (in) OlV (m/s) RDA (g's) Pass OIY/RDA Pass OIV/I_?I?A

Distance (in.) [ Opening (in.) Width to Height x-dir y-dir x-dir y-dir Max Limits? Preferred Limits?
CPB-PS-System01 1.25 13 0.6061 33 59 -7.5 -5.0 15.4 Yes No
CPB-PS-System02 2 13 0.5517 29 5.4 -7.6 -5.3 12.5 Yes Yes
CPB-PS-System03 25 13 0.5517 29 53 -7.6 -5.7 12.6 Yes Yes
CPB-PS-System04 3 13 0.5517 29 53 -7.6 -4.2 12.5 Yes Yes
CPB-PS-System05 35 13 0.5517 29 5.2 -7.6 -5.2 12.1 Yes Yes
CPB-PS-System06 4 13 0.5517 29 51 -7.6 -6.5 13.1 Yes Yes
CPB-PS-System07 25 6.5 0.8030 33 4.6 -7.5 43 17.2 Yes No
CPB-PS-System08 3 9 0.7273 33 4.6 -7.5 -5.1 17.2 Yes No
CPB-PS-System09 35 11 0.6667 33 49 -7.5 -4.6 16.4 Yes No
CPB-PS-System10 4 115 0.6034 29 4.8 -7.5 5.8 15.8 Yes No
CPB-PS-System11 4.5 13 0.5517 29 5.1 -7.7 -4.9 12.9 Yes Yes
CPB-PS-System12 5 145 0.5000 29 55 -7.5 -4.8 12.5 Yes Yes

B-11




Table B.13. Deck-mounted metal post-and-beam results for snag potential cases (Test 3-10).

Post Setback | Total Clear | 1St Vertical | 2ndVertical | Ratioof 1, ;p | OIV(ms) | RDA('S) | pass oIviRDA | 728 OIV/RDA
Distance (in.) | Opening (in) Clear Qpenlng Clear Qpenlng ContactW|dth (in) S 4 " " Max Limits? Pr(?fe_rred
(in.) (in.) to Height X-QIr | y=dir | X-dir | y-air Limits?
MPBD-SP-System01 3 18 13 5 0.4000 30 83 | -94 | -7.7 | 120 Yes No
MPBD-SP-System02 4 21 13 8 0.3226 31 7.7 | -9.6 | -6.0 | 12.8 Yes No
MPBD-SP-System03 45 21 13.5 75 0.3000 30 71 | -94 | -36 | 11.7 Yes No
MPBD-SP-System04 5 23 145 8.5 0.2813 32 93 | -75 |-124| 22.7 No No
MPBD-SP-System05 6 22 15 7 0.2667 30 9.0 | -7.9 | -10.3| 15.9 Yes No
MPBD-SP-System06 7 23 15 8 0.2581 31 82 | -88 | -80 | 7.9 Yes Yes
MPBD-SP-System07 3 18 12 6 0.4000 30 6.3 | -95 | -45 | 146 Yes No
MPBD-SP-System08 4 21 12 9 0.3226 31 6.8 | -95 | -3.1 | 143 Yes No
MPBD-SP-System09 45 21 12 9 0.3000 30 70 | -93 | -3.2 | 131 Yes No
MPBD-SP-System10 5 23 12 11 0.2813 32 7.1 -94 | -3.8 | 14.0 Yes No
MPBD-SP-System11 6 22 12 10 0.2667 30 6.9 | -93 | -3.2 | 123 Yes No
MPBD-SP-System12 7 23 12 11 0.2581 31 6.9 | -94 | -49 | 132 Yes No
Table B.14. Deck-mounted metal post-and-beam results for post setback cases (Test 3-10).
Post Setback | Total Clear | 15t Vertical | 2ndVertical | Ratioof =, ;p | OIV(ms) | RDA('S) | pass OIviRDA | 728 OIV/RDA
Distance (in.) | Opening (in) Clear _Openlng Clear Qpenlng ContactW|dth (in) 4 4 " g Max Limits? Pr(?fe_rred
(in.) (in.) to Height X-QIr | y-dir | X-dir | y-air Limits?
MPBD-PS-System01 3 18 13 5 0.4000 30 83 | -94 | -7.7 | 120 Yes No
MPBD-PS-System02 4 21 13 8 0.3226 31 7.7 | -9.6 | -6.0 | 12.8 Yes No
MPBD-PS-System03 45 21 13.5 75 0.3000 30 71 | -94 | -36 | 11.7 Yes No
MPBD-PS-System04 5 23 145 8.5 0.2813 32 93 | -75 |-124| 22.7 No No
MPBD-PS-System05 6 22 15 7 0.2667 30 9.0 | -79 | -10.3| 15.9 Yes No
MPBD-PS-System06 7 23 15 8 0.2581 31 82 | -88 | -80 | 7.9 Yes Yes
MPBD-PS-System07 3 8 4 4 0.7333 30 54 | -9.7 | -3.2 | 186 Yes No
MPBD-PS-System08 4 12 6 6 0.6000 30 57 | -96 | -34 | 17.2 Yes No
MPBD-PS-System09 45 14 7 7 0.5484 31 58 | -9.7 | -44 | 16.3 Yes No
MPBD-PS-System10 5 15 8 7 0.5000 30 59 | -96 | -43 | 16.0 Yes No
MPBD-PS-System11 6 16 8 8 0.4667 30 6.1 | -96 | -44 | 146 Yes No
MPBD-PS-System12 17 9 8 0.4333 30 59 | -96 | -47 | 142 Yes No
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Table B.15. Deck-mounted metal post-and-beam results for snag potential cases (Test 3-11).

Post Setback | Total Clear | 1St Vertical | 2ndVertical | Ratioof 1, ;p | OIV(ms) | RDA('S) | pass oIviRDA | 728 OIV/RDA
Distance (in.) | Opening (in) Clear Qpenlng Clear Qpenlng ContactW|dth (in) S 4 " " Max Limits? Pr(?fe_rred
(in.) (in.) to Height X-QIr | y=dir | X-dir | y-air Limits?
MPBD-SP-System01 3 18 13 5 0.4000 30 56 | -7.0 | -4.0 | 123 Yes Yes
MPBD-SP-System02 4 21 13 8 0.3226 31 58 | -7.1 | -44 | 129 Yes Yes
MPBD-SP-System03 4.5 21 13.5 7.5 0.3000 30 55 | -72 | -43 ] 119 Yes Yes
MPBD-SP-System04 5 23 14.5 8.5 0.2813 32 76 | -69 -39 ] 79 Yes Yes
MPBD-SP-System05 6 22 15 7 0.2667 30 58 | -74 | 74 | 116 Yes Yes
MPBD-SP-System06 7 23 15 8 0.2581 31 56 | -74 | -74 | 116 Yes Yes
MPBD-SP-System07 3 18 12 6 0.4000 30 49 | -71 | -51 | 145 Yes Yes
MPBD-SP-System08 4 21 12 9 0.3226 31 58 | -7.0 | -3.6 | 123 Yes Yes
MPBD-SP-System09 4.5 21 12 9 0.3000 30 58 | -6.9 | -48 | 123 Yes Yes
MPBD-SP-System10 5 23 12 11 0.2813 32 72 | -68 | -45 | 6.9 Yes Yes
MPBD-SP-System11 6 22 12 10 0.2667 30 59 | -7.0 | -4.0 | 131 Yes Yes
MPBD-SP-System12 7 23 12 11 0.2581 31 62 | -71 | -70 | 115 Yes Yes
Table B.16. Deck-mounted metal post-and-beam results for post setback cases (Test 3-11).
Post Setback | Total Clear | 15t Vertical | 2ndVertical | Ratioof =, ;p | OIV(ms) | RDA('S) | pass OIviRDA | 728 OIV/RDA
Distance (in.) | Opening (in) Clear _Openlng Clear Qpenlng ContactW|dth (in) 4 4 " g Max Limits? Pr(?fe_rred
(in.) (in.) to Height X-QIr | y-dir | X-dir | y-air Limits?
MPBD-PS-System01 3 18 13 5 0.4000 30 56 | -7.0 | -4.0 | 123 Yes Yes
MPBD-PS-System02 4 21 13 8 0.3226 31 58 | -7.1 | -44 | 129 Yes Yes
MPBD-PS-System03 45 21 13.5 75 0.3000 30 55 | -7.2 | -43 | 119 Yes Yes
MPBD-PS-System04 5 23 14.5 8.5 0.2813 32 76 | -69 -39 ] 79 Yes Yes
MPBD-PS-System05 6 22 15 7 0.2667 30 58 | -74 | 74 | 116 Yes Yes
MPBD-PS-System06 7 23 15 8 0.2581 31 56 | -74 | -74 | 116 Yes Yes
MPBD-PS-System07 3 8 4 4 0.7333 30 42 | -70 | 54 | 174 Yes No
MPBD-PS-System08 4 12 6 6 0.6000 30 43 | -71 | -6.1 | 17.0 Yes No
MPBD-PS-System09 4.5 14 7 7 0.5484 31 47 | -7.2 | 47 | 16.0 Yes No
MPBD-PS-System10 5 15 8 7 0.5000 30 48 | -7.0 | 5.2 | 141 Yes Yes
MPBD-PS-System11 6 16 8 8 0.4667 30 4.9 -7.2 | -4.7 | 134 Yes Yes
MPBD-PS-System12 7 17 9 8 0.4333 30 49 | -7.2 | 44 | 136 Yes Yes
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Table B.17. Curb-mounted metal post-and-beam results for snag potential cases (Test 3-10).

Post Setback | Total Clear | 1St Vertical | 2ndVertical | Ratioof 1, ;p | OIV(ms) | RDA('S) | pass oIviRDA | 728 OIV/RDA
Distance (in.) | Opening (in) Clear Qpenlng Clear Qpenlng ContactW|dth (in) S 4 " " Max Limits? Pr(?fe_rred
(in.) (in.) to Height X-QIr | y=dir | X-dir | y-air Limits?
MPBC-SP-System01 3 18 13 5 0.4000 30 121 | -75 [-10.0 | -125 Yes No
MPBC-SP-System02 4 21 13 8 0.3226 31 117 | -7.4 |-13.2 | 26.1 No No
MPBC-SP-System03 5 23 145 8.5 0.3030 33 123 | -59 [ -11.9( 13.3 No No
MPBC-SP-System04 6 22 15 7 0.3125 32 11.7 | -6.4 |-13.5( 13.0 Yes No
MPBC-SP-System05 7 23 15 8 0.3030 33 113 | -6.9 |-12.5( 18.8 Yes No
MPBC-SP-System06 8 23 15 8 0.3030 33 105 | -6.7 | -15.5( 19.9 Yes No
MPBC-SP-System07 3 18 12 6 0.4000 30 104 | -94 | -11.9(-11.7 Yes No
MPBC-SP-System08 4 21 12 9 0.3226 31 83 | -91 [-11.7| 94 Yes Yes
MPBC-SP-System09 5 23 12 11 0.3030 33 87 | -93 | -98 | 87 Yes No
MPBC-SP-System10 6 22 12 10 0.3125 32 74 | -89 | -74 | 10.7 Yes Yes
MPBC-SP-System11 7 23 12 11 0.3030 33 72 | -91 | -32 ] 103 Yes Yes
MPBC-SP-System12 8 23 12 11 0.3030 33 71 | -9.2 | -28 | 11.2 Yes No

Table B.18. Curb-mounted metal post-and-beam results for post setbac

k cases (Test 3-10).

Post Setback | Total Clear | 15t Vertical | 2ndVertical | Ratioof =, ;p | OIV(ms) | RDA('S) | pass OIviRDA | 728 OIV/RDA
Distance (in.) | Opening (in) Clear _Openlng Clear Qpenlng ContactW|dth (in) 4 4 " g Max Limits? Pr(?fe_rred
(in.) (in.) to Height X-QIr | y-dir | X-dir | y-air Limits?
MPBC-PS-System01 3 18 13 5 0.4000 30 121 | -75 [-10.0 | -125 Yes No
MPBC-PS-System02 4 21 13 8 0.3226 31 117 | -7.4 |-13.2 26.1 No No
MPBC-PS-System03 5 26 145 115 0.2778 36 127 | -6.1 | -13.7 | 19.5 No No
MPBC-PS-System04 6 27 15 12 0.2703 37 135 | -6.4 |-23.9(-14.2 No No
MPBC-PS-System05 7 28 15 13 0.2632 38 127 | -6.4 [-19.1(-104 No No
MPBC-PS-System06 8 29 15 14 0.2564 39 111 | -7.0 | -14.2 | 20.6 No No
MPBC-PS-System07 3 8 4 4 0.7333 30 58 | -9.7 | -40 | 15.7 Yes No
MPBC-PS-System08 4 12 6 6 0.6000 30 63 | -95 | -34 | 146 Yes No
MPBC-PS-System09 5 15 8 7 0.5000 30 72 | -95 | -28 | 11.0 Yes No
MPBC-PS-System10 6 16 8 8 0.4667 30 6.4 | -9.7 | -3.8 | 147 Yes No
MPBC-PS-System11 7 17 9 8 0.4333 30 6.8 | -96 | -3.2 | 133 Yes No
MPBC-PS-System12 8 17 9 8 0.4333 30 65 | -96 | -46 | 134 Yes No
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Table B.19. Curb-mounted metal post-and-beam results for snag potential cases (Test 3-11).

Post Setback | Total Clear | 1St Vertical | 2ndVertical | Ratioof 1, ;p | OIV(ms) | RDA('S) | pass oIviRDA | 728 OIV/RDA
Distance (in.) | Opening (in) Clear Qpenlng Clear Qpenlng ContactW|dth (in) S 4 " " Max Limits? Pr(?fe_rred
(in.) (in.) to Height X-QIr | y=dir | X-dir | y-air Limits?
MPBC-SP-System01 3 18 13 5 0.4000 30 70 | -6.8 | 55 | 10.2 Yes Yes
MPBC-SP-System02 4 21 13 8 0.3226 31 90 | -68 | -5.6 | 6.5 Yes Yes
MPBC-SP-System03 5 23 145 85 0.3030 33 98 | -65| -59 | 6.3 Yes No
MPBC-SP-System04 6 22 15 7 0.3125 32 63 | -75 | -6.1 | 125 Yes Yes
MPBC-SP-System05 7 23 15 8 0.3030 33 70 | -74 | 5.7 | 12.2 Yes Yes
MPBC-SP-System06 8 23 15 8 0.3030 33 61 | -75 | -6.8 | 11.8 Yes Yes
MPBC-SP-System07 3 18 12 6 0.4000 30 87 | -67 | -46 | 76 Yes Yes
MPBC-SP-System08 4 21 12 9 0.3226 31 81 | -69|-42]| 75 Yes Yes
MPBC-SP-System09 5 23 12 11 0.3030 33 84 | -70 | -58 | 7.2 Yes Yes
MPBC-SP-System10 6 22 12 10 0.3125 32 81 (-68|-92| 63 Yes Yes
MPBC-SP-System11 7 23 12 11 0.3030 33 81 [ -66|-51]| 72 Yes Yes
MPBC-SP-System12 8 23 12 11 0.3030 33 79 | -65 | -40 | 86 Yes Yes

Table B.20. Curb-mounted metal post-and-beam results for post setbac

k cases (Test 3-11).

Post Setback | Total Clear | 15t Vertical | 2ndVertical | Ratioof =, ;p | OIV(ms) | RDA('S) | pass OIviRDA | 728 OIV/RDA
Distance (in.) | Opening (in) Clear _Openlng Clear Qpenlng ContactW|dth (in) 4 4 " g Max Limits? Pr(?fe_rred
(in.) (in.) to Height X-QIr | y-dir | X-dir | y-air Limits?
MPBC-PS-System01 3 18 13 5 0.4000 30 70 | -6.8 | 55 | 10.2 Yes Yes
MPBC-PS-System02 4 21 13 8 0.3226 31 9.0 | -6.8 | -56 | 6.5 Yes Yes
MPBC-PS-System03 5 26 145 115 0.2778 36 93 | -70 | -58 | 7.2 Yes No
MPBC-PS-System04 6 27 15 12 0.2703 37 71 | -75 | 55 | 155 Yes No
MPBC-PS-System05 7 28 15 13 0.2632 38 73 | -74 | -6.1 | 150 Yes No
MPBC-PS-System06 8 29 15 14 0.2564 39 71 | -74 | -6.0 | 16.3 Yes No
MPBC-PS-System07 3 8 4 4 0.7333 30 45 | -70 | -5.2 | 16.8 Yes No
MPBC-PS-System08 4 12 6 6 0.6000 30 50 | -6.9 | -5.0 | 138 Yes Yes
MPBC-PS-System09 5 15 8 7 0.5000 30 53 | -71 | -5.0 | 135 Yes Yes
MPBC-PS-System10 6 16 8 8 0.4667 30 53 | -7.2 | -4.0 | 12.7 Yes Yes
MPBC-PS-System11 7 17 9 8 0.4333 30 53 | -72 | -55 | 12.7 Yes Yes
MPBC-PS-System12 8 17 9 8 0.4333 30 53 | -7.2 | -5.0 | 11.9 Yes Yes
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Table B.21. Parapet-mounted metal post-and-beam results for snag potential cases (Test 3-10).

Post Setback | Total Clear Vertical Clear | Ratio of Contact [ Height | OIV (m/s) RDA (g's) | Pass OIV/IRDA | Pass OIV/IRDA

Distance (in.) | Opening (in.) Opening (in.) Width to Height | (in.) x-dir | y-dir | x-dir | y-dir | Max Limits? |Preferred Limits?
MPBP-SP-System01 3 13 13 0.6061 33 6.7 | -95 | -3.6 | 16.0 Yes No
MPBP-SP-System02 4 13 13 0.6061 33 6.0 | -96 | -39 | 164 Yes No
MPBP-SP-System03 5 14.5 14.5 0.5797 34.5 6.1 | -95 | -3.6 | 156 Yes No
MPBP-SP-System04 6 15 15 0.5714 35 59 | -95 | -48 | 16.7 Yes No
MPBP-SP-System05 7 15 15 0.5714 35 59 | -95 | -49 | 157 Yes No
MPBP-SP-System06 8 15 15 0.5714 35 58 | -9.7 | -3.6 | 16.6 Yes No
MPBP-SP-System07 3 12 12 0.6250 32 6.1 | -9.7 | -6.0 | 15.1 Yes No
MPBP-SP-System08 4 12 12 0.6250 32 58 | -97 | -42 | 16.1 Yes No
MPBP-SP-System09 5 12 12 0.6250 32 58 | -9.7 | -3.8 | 16.2 Yes No
MPBP-SP-System10 6 12 12 0.6250 32 55 | -9.7 | -4.1 | 18.0 Yes No
MPBP-SP-System11 7 12 12 0.6250 32 54 | -9.7 | -28 | 18.3 Yes No
MPBP-SP-System12 8 12 12 0.6250 32 56 | -9.8 | -3.7 | 16.7 Yes No

Table B.22. Parapet-mounted metal post-and-beam results for post setback cases (Test 3-10).

Post Setback | Total Clear | Vertical Clear | Ratio of Contact [ Height | OIV (m/s) RDA (g's) | Pass OIV/RDA | Pass OIV/IRDA

Distance (in.) | Opening (in.) Opening (in.) Width to Height | (in.) x-dir | y-dir | x-dir | y-dir | Max Limits? |Preferred Limits?
MPBP-PS-System01 2 20 10 0.5238 42 81 | -89 (-81] 6.2 Yes Yes
MPBP-PS-System02 3 26 13 0.4583 48 65 | -96 | -39 [ 158 Yes No
MPBP-PS-System03 4 26 13 0.4583 48 6.1 | -96 | -7.2 | 165 Yes No
MPBP-PS-System04 5 29 145 0.4314 51 6.0 | -95 | -34 | 153 Yes No
MPBP-PS-System05 6 30 15 0.4231 52 6.0 | -95 | -46 | 164 Yes No
MPBP-PS-System06 7 30 15 0.4231 52 59 | -95 | -5.4 | 158 Yes No
MPBP-PS-System07 3 13 0.7174 46 54 | -9.7 | -3.6 | 19.0 Yes No
MPBP-PS-System08 4 18 0.6087 46 56 | -9.8 | -35 | 18.1 Yes No
MPBP-PS-System09 5 23 12 0.5000 46 59 | -96 | -42 | 164 Yes No
MPBP-PS-System10 6 26 13 0.4583 48 6.0 | -96 | -3.8 | 165 Yes No
MPBP-PS-System11 7 28 14 0.4400 50 57 | -96 | -3.6 | 16.6 Yes No
MPBP-PS-System12 8 30 15 0.4231 52 57 | -9.7 | -4.7 | 183 Yes No
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Table B.23. Parapet-mounted metal post-and-beam results for snag potential cases (Test 3-11).

Post Setback | Total Clear Vertical Clear | Ratio of Contact [ Height | OIV (m/s) RDA (g's) | Pass OIV/IRDA | Pass OIV/IRDA

Distance (in.) | Opening (in.) Opening (in.) Width to Height | (in.) x-dir | y-dir | x-dir | y-dir | Max Limits? |Preferred Limits?
MPBP-SP-System01 3 13 13 0.6061 33 74 | -7.3 | -3.6 | 10.2 Yes Yes
MPBP-SP-System02 4 13 13 0.6061 33 81 | -69|-71 | 45 Yes Yes
MPBP-SP-System03 5 14.5 14.5 0.5797 34.5 85 | -7.2 | -6.4 | 55 Yes Yes
MPBP-SP-System04 6 15 15 0.5714 35 6.8 | -74 | -5.0 | 13.8 Yes Yes
MPBP-SP-System05 7 15 15 0.5714 35 6.9 | -75 | -7.7 | 14.0 Yes Yes
MPBP-SP-System06 8 15 15 0.5714 35 66 | -74 | 7.3 | 134 Yes Yes
MPBP-SP-System07 3 12 12 0.6250 32 86 | 69| -53 | 65 Yes Yes
MPBP-SP-System08 4 12 12 0.6250 32 84 | -7.1 | -50 | 55 Yes Yes
MPBP-SP-System09 5 12 12 0.6250 32 69 | -7.2 | -64 | 95 Yes Yes
MPBP-SP-System10 6 12 12 0.6250 32 76 | -71 | -50 | 6.9 Yes Yes
MPBP-SP-System11 7 12 12 0.6250 32 69 | -71 | -41 | 83 Yes Yes
MPBP-SP-System12 8 12 12 0.6250 32 6.6 | -74 | -6.0 | 10.6 Yes Yes

Table B.24. Parapet-mounted metal post-and-beam results for post setback cases (Test 3-11).

Post Setback | Total Clear | Vertical Clear | Ratio of Contact [ Height | OIV (m/s) RDA (g's) | Pass OIV/RDA | Pass OIV/IRDA

Distance (in.) | Opening (in.) Opening (in.) Width to Height | (in.) x-dir | y-dir | x-dir | y-dir | Max Limits? |Preferred Limits?
MPBP-PS-System01 2 20 10 0.5238 42 7.4 -74 | -5.7 | 11.7 Yes Yes
MPBP-PS-System02 3 26 13 0.4583 48 87 | -6.7 | -6.7 | 6.7 Yes Yes
MPBP-PS-System03 4 26 13 0.4583 48 73 | -75 | -48 | 124 Yes Yes
MPBP-PS-System04 5 29 145 0.4314 51 79 | 70| -7.7 | 79 Yes Yes
MPBP-PS-System05 6 30 15 0.4231 52 84 | -7.2 [-10.0| 5.9 Yes Yes
MPBP-PS-System06 7 30 15 0.4231 52 84 | -7.2 | -85 | 8.2 Yes Yes
MPBP-PS-System07 3 13 0.7174 46 54 | -76 | -44 | 189 Yes No
MPBP-PS-System08 4 18 0.6087 46 56 | -76 | -5.2 | 16.5 Yes No
MPBP-PS-System09 5 23 12 0.5000 46 6.7 | -76 | 8.0 | 13.1 Yes Yes
MPBP-PS-System10 6 26 13 0.4583 48 75 | -7.2 | -85 | 9.8 Yes Yes
MPBP-PS-System11 7 28 14 0.4400 50 79 | -7.1 [ -99 | 64 Yes Yes
MPBP-PS-System12 8 30 15 0.4231 52 76 | -76 | -5.8 | 6.8 Yes Yes
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APPENDIX C

DETAILED EVALUATION OF THE KANSAS CORRAL 32-IN.
WITHOUT CURB

DETAILED MODELING OF THE KANSAS CORRAL 32-IN. RAILING

The Kansas Corral barrier system is a concrete post-and-beam bridge rail system
anchored to the edge of a concrete bridge deck overhang. One type of the Kansas Corral
railing is the 32-in. cast-in-place concrete railing from the Commonwealth of Virginia
Department of Transportation (VDOT). Figure C.1 shows an elevation view of the VDOT 32-
in. Kansas Corral railing found on Plan No. BCR-4.
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Figure C.1. Elevation view of the VDOT 32-in. Kansas Corral railing.

The Kansas Corral bridge rail element is 1 ft. 2 in. wide with a height of 1 ft. 7 in. This
element is anchored on top of the concrete posts, which are located on 10-ft. centers. Each
post is 3 ft. wide, 1 ft. deep and has a height of 13 in. Thus, the total system height from the
deck surface is 32 in. A cross-section view of the bridge rail is shown in Figure C.2.
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Figure C.2. Typical cross-section view between posts.

The details of the steel reinforcement placement, shapes, and connectivity are shown
in Figures C.3, C.4, and C.5. It should be noted that the rail has a fully separated (open) joint
at each internal post.
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Figure C.5. Reinforcement steel in the VDOT Kansas Corral system.

The FE model of the Kansas Corral rail developed for this project has four rail spans
and a 3-ft.-wide deck overhang. The model has three internal posts and two end posts. The
overall view of the model is shown in Figure C.6. Figure C.7 shows the meshing scheme used
for the model. The steel reinforcement layout of the Kansas Corral rail, post, and overhang
deck are shown in Figure C.8.
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Figure C.6. Overall view of the Kansas Corral FE model.

Figure C.7. Meshing scheme of the Kansas Corral model.
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Figure C.8. Detailed view of the steel reinforcement bars (concrete is transparent).

The steel bars were modeled as beam elements and their dimensions were based on the
steel schedule in Figure C.5. Figure C.9 depicts the cross-sectional view of the bridge rail
system and deck overhang showing the RU0502 (#5) bars, RV0701 (#7) and RV0402 (#4)
stirrup bars, RLO6 (#6) longitudinal bars, and the RS0301 (#3) and RS0302 (#3) loop bars.

Figure C.9. Cross-section view of the Kansas Corral model showing overall profile (left)
and steel bars (right).

The model accounted for the overlap detail in bars and loops as shown in the post
detailed view in Figure C.10.
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Figure C.10. Detailed view at an internal post showing the placement of steel bars.

Material models used in this system are the full elastic-plastic steel behavior of the
Grade 60 reinforcement bars. The model reflected published data and material test reports
(MTRs), so it is more realistic than the specification-based properties that are reflective of the
minimum yield and strength requirements. However, the last simulation case (#3) used the
minimum specification values for the steel bar (Grad 6) as a comparison point. The concrete
material is the damage-enabled constitutive material model (*MAT_CSCM/*MAT _159). The
target concrete mesh size was 1 in. The model setup for MASH Test 3-11 consisted of the test
vehicle (5,000 Ib. pickup truck) impacting the CIP at an impact speed and angle of 62 mph
and 25 degrees, respectively. The CIP chosen for this analysis was 4.3 ft. upstream of a rail
joint per MASH Section 2.2.1, Section 2.3.2, and Figure 2-1.

SIMULATION RESULTS

Simulation Case 1

The first simulation case was for MASH Test 3-11 impact at an internal post. The
impact location was upstream from the post centerline to maximize the forces at the internal
joint of the Kansas Corral system. The overall vehicular response is shown in Figure C.11
where the pickup truck was redirected as it exited the Kansas Corral system.
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Figure C.11. Key sequential gut view of MASH Test 3-11 on the Kansas Corral system at
an internal post.

The extent of damage to the rail and post elements is shown in Figure C.12. This
figure presents the damage in terms of spalling and material erosion due to shearing of
concrete elements. The rail and the internal post experienced an extensive spalling of
concrete.



Figure C.12. Scope of spalling damage to railing and post due to MASH Test 3-11.

In Figure C.13 the extent of damage to the concrete is presented as a heat map of the
damage function in the material constitute law. Basically, any value close to 1 indicates
complete damage to the element, while a value of 0 indicates an undamaged element. The
same damage function is presented as an iso-surface through the volume of the concrete parts
in Figure C.14. The images indicate a potential of further failure in the post being impacted.

Figure C.13. Contour of material damage function to the rail and post due to MASH
Test 3-11.

Cc-9



Figure C.14. Iso-surface of material damage function to the rail and post due to MASH
Test 3-11.

The deck overhang portion shown in the figures herein exhibits a spread of red
contours indicating a damage function of 1 along the boundary edge along the remainder of
the bridge deck. This damage level is very narrow to the elements where the boundary is
enforced. This thin spread would be more of an indicator of top surface cracking than of full
spalling damage due to the rigid assumption of the boundary condition of the continuous
deformable deck portion.

Figures C.15 and C.16 show the cross-sectional averaged axial stress in the steel bars.
The units are in MPa, and thus the value of 460 MPa is 66.7 ksi. This value is greater than the
yield stress specified for steel bars of Grade 60 but is lower than the typical test values
reported in MTRs. However, this stress magnitude is an indication for potential plastic hinge
development and subsequent post overhang failure.
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Figure C.15. Maximum (cross-sectional averaged) stress in MPa in the reinforcement
steel.

Figure C.16. Maximum (cross-sectional averaged) stress in MPa in the reinforcement
steel after pickup truck backslap.

The acceleration signal histories and the angular velocity rates were collected from the
center of gravity (CG) of the pickup truck and postprocessed by the TRAP program to
calculate occupant risk values. The overall acceleration histories for both the longitudinal (X)
and lateral (Y) directions are shown in Figure C.17 and Figure C.18, respectively. The red line
is the 50 ms average of the acceleration history.
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X Acceleration at CG
20

Test Number: SImKCVO09_Post
Test Article: Kansas Corral

Test Vehicle: 2270P Pickup Truck
Inertial Mass: 2270

Gross Mass: 2270

Impact Speed: 100 km/h

Impact Angle: 25 degrees

Longitudinal Acceleration (G)

-30
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—— SAE Class 60 Filter — 50-msec average |

Figure C.17. Longitudinal acceleration history at the CG of the pickup truck.

Y Acceleration at CG
30

201

Test Number: SimKCV09_Post
Test Article: Kansas Corral
Test Vehicle: 2270P Pickup Truck
Inertial Mass: 2270
Gross Mass: 2270
Impact Speed: 100 km/h
Impact Angle: 25 degrees

10 |l|

Lateral Acceleration (G)

-10 T —— ——
0 1.0 1.2 14
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Figure C.18. Lateral acceleration history at the CG of the pickup truck.

As shown in Table C.1, occupant risk factors were within the limits specified in
MASH.

Table C.1. Occupant risk factors for the post impact.

Occupant Risk
Factors

Occupant Risk
Values

Occupant Risk Values
(Y-Direction)

Impact Velocity
(m/s)

6.6 (X-Direction)

-7.0 (Y-Direction)

Ridedown
Accelerations (g's)

-8.3 (X-Direction)

11.3 (Y-Direction)
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Maxi
aximum Roll _13.9
(degrees)
Maxi ;
aximum Pitch 47
(degrees)
Maxi
aximum Yaw 344
(degrees)

Simulation Case 2

The second simulation case was for MASH Test 3-11 impact at the rail span. The
impact location was the midspan point of the concrete rail. The overall vehicular response is
shown in Figure C.19 where the pickup truck was redirected as it exited the Kansas Corral
rail.
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Figure C.19. Key sequential gut view of MASH Test 3-11 on the Kansas Corral system at
midspan.
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The extent of damage to the rail and post elements is shown in Figure C.20. This
figure presents the damage in terms of spalling and material erosion (damage) due to shearing
of concrete elements. The rail and the internal post experienced an extensive spalling of
concrete starting from the midspan of the rail onward.

Figure C.20. Scope of spalling damage to railing and post due to MASH Test 3-11.

Like the internal post impact case (Simulation Case 1), the extent of damage to the
concrete is presented as a heat map of the damage function in the material constitute law as
shown in Figure C.21. Any value close to 1 indicates complete damage to the element, while a
value of 0 indicates an undamaged element. The same damage function is presented as an iso-
surface through the volume of the concrete parts in Figure C.22. The images indicate a
potential of further failure in the rail being impacted.
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Figure C.21. Contour of material damage function to the rail and post due to MASH
Test 3-11.

Figure C.22. Iso-surface of material damage function to the rail and post due to MASH
Test 3-11.

However, an interesting damage sequence is observed if the iso-surface of damage is

presented from the back/field view (Figure C.23). Several through-the-rail damage levels of
0.5 (green) are presented in the rail.
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Figure C.23. Field view of the iso-surface of material damage function to the rail and
post due to MASH Test 3-11.

Further, Figure C.24 shows the cross-sectional averaged axial stress in the steel
reinforcing bars. Again, the units are in MPa and thus the value of 500 MPa is 72.5 ksi. This
value is more than the yield stress specified for steel bars of Grade 60 and is close to the
typical test values reported in MTRs. This level of axial stress is experienced in the back rail
top longitudinal bar as shown in Figure C.24. Thus, due to the stress in the steel reinforcement
well above the yield stress of the material, it is a concern that this rail may fracture due to the

MASH TL-3 impact load.
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Figure C.24. Maximum (cross-sectional averaged) stress in MPa in the reinforcement
steel.

The acceleration signal histories and the angular velocities rates were collected from
the accelerometer element located at CG of the pickup truck and postprocessed using the
TRAP program to calculate occupant risk values. The overall acceleration histories for both
the longitudinal (X) and the lateral () directions are shown in Figures C.25 and C.26,
respectively. The red line is the 50 ms average of the acceleration history.

X Acceleration at CG
30

I
Test Number: SimKCV09_MidSpan
Test Article: Kansas Corral
20 Test Vehicle: 2270P Pickup Truck
ﬂ Inertial Mass: 2270
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Impact Speed: 100 km/h
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Figure C.25. Longitudinal acceleration history at the CG of the pickup truck.



Y Acceleration at CG
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Figure C.26. Lateral acceleration history at the CG of the pickup truck.
As shown in Table C.2, occupant risk factors were within the limits specified in
MASH.

Table C.2. Occupant risk factors for midspan impact.

Factors

Occupant Risk

Values

Occupant Risk

Occupant Risk Values
(Y-Direction)

(m/s)

Impact Velocity

7.4 (X-Direction)

-7.3 (Y-Direction)

Ridedown

Accelerations (g's)

13.7 (X-Direction)

9.1 (Y-Direction)

Maximum Roll

(degrees)

-3.0
(degrees)
Maximum Pitch 13
(degrees) '
Maximum Yaw 38

Simulation Case 3

The third simulation case was for MASH Test 3-11 impact at the rail span. The
difference between this case and Simulation Case 2 is that the steel properties were based on
the minimum specification of Grade 60 reinforcement. The impact location was the midspan

point of the concrete rail. The overall vehicular response is shown in Figure C.27 where the
pickup truck was redirected as it exited the Kansas Corral rail.
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Figure C.27. Key sequential gut view of MASH Test 3-11 on the Kansas Corral system at
midspan.
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The extent of damage to the rail and post elements is shown in Figure C.28. This
figure presents the damage in terms of spalling and material erosion (damage) due to shearing
of concrete elements. The rail and the internal post experienced an extensive spalling of
concrete starting from the midspan of the rail onward.

Figure C.28. Scope of spalling damage to railing and post due to MASH Test 3-11.

Like the internal post impact case (Simulation Case 1), the extent of damage to the
concrete is presented as a heat map of the damage function in the material constitute law as
shown in Figure C.29. Any value close to 1 indicates complete damage to the element, while a
value of 0 indicates an undamaged element. The same damage function is presented as an iso-
surface through the volume of the concrete parts in Figure C.30. The images indicate a
potential of further failure in the rail being impacted.
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Figure C.29. Contour of material damage function to the rail and post due to MASH
Test 3-11.

Figure C.30. Iso-surface of material damage function to the rail and post due to MASH
Test 3-11.

However, an interesting damage sequence is observed if the iso-surface of damage is

presented from the back/field view (Figure C.31). Several through-the-rail damage levels of
0.5 (green) are presented in the rail.
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Figure C.31. Field view of the iso-surface of material damage function to the rail and
post due to MASH Test 3-11.

Further, Figure C.32 shows the cross-sectional averaged axial stress in the steel
reinforcing bars. Again, the units are in MPa and thus the value of 424 MPa is 61.5 ksi.
Hence, the red section of the bars has yielded according to the simulation. This level of axial
stress is experienced in two longitudinal bars in the back of the rail and several deck rails on
each post side as shown in Figure C.32. Thus, due to the stress in the steel reinforcement
being well above the yield stress of the material, this rail may potentially fracture due to the
MASH Test 3-11 impact load.

Figure C.32. Maximum (cross-sectional averaged) stress in MPa in the reinforcement
steel.
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The acceleration signal histories and the angular velocities rates were collected from
the CG of the pickup truck and postprocessed using the TRAP program to calculate occupant
risk values. The overall acceleration histories for both the longitudinal (X) and the lateral (Y)
directions are shown in Figures C.33 and C.34, respectively. The red line is the 50 ms average

of the acceleration history.
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Figure C.33. Longitudinal acceleration history at the CG of the pickup truck.
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Figure C.34. Lateral acceleration history at the CG of the pickup truck.

As shown in Table C.3, occupant risk factors were within the limits specified in

MASH.
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Table C.3. Occupant risk factors for midspan impact.

Occupant Risk
Factors

Occupant Risk
Values

Occupant Risk Values
(Y-Direction)

Impact Velocity
(m/s)

6.7 (X-Direction)

-7.1 (Y-Direction)

Ridedown
Accelerations (g's)

17.7 (X-Direction)

11.9 (Y-Direction)

Maximum Roll

-19.0
(degrees)
Maxi -
aximum Pitch _8.4
(degrees)
Maxi Y
aximum Yaw 410

(degrees)

Based on the simulation results for these two impact cases, the Kansas Corral Bridge
Rail as shown herein may be able to redirect the MASH TL-3 pickup truck but there is a good
likelihood of excessive damage to the rail, the posts, and the deck as illustrated in the concrete
damage and bar axial stresses presented above.
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APPENDIX D. DETAILS OF BRIDGE RAILS

BRIDGE RAIL ON DECK
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BRIDGE RAIL ON CURB
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APPENDIX E. SUPPORTING CERTIFICATION DOCUMENTS
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APPENDIX F. MASH-2016 TEST 3-10 ON NCHRP BRIDGE RAIL ON
DECK

VEHICLE PROPERTIES AND INFORMATION

Figure F.1. Vehicle properties for test no. 610571-03-2.
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Figure F.2. Exterior crush measurements for test no. 610571-03-2.

Date: 2020-10-29 Test No.- 610571-03-2 VIN No.: 3N1CN7APSFL881103
Year: 2015 Make: NISSAN Model- VERSA
VEHICLE CRUSH MEASUREMENT SHEET!
Complete When Applicable
End Damage Side Damage
Undeformed end width Bowing: Bl X1
Corner shift: Al B2 X2
A2
End shift at frame (CDC) Bowing constant
(check one) X1+ X2
< 4 inches 2 a
> 4 inches

Note: Measure C,; to Cg from Driver to Passenger Side in Front or Rear Impacts — Rear to Front in Side Impacts.

Direct Damage
Specific "
Impact Plane* of Width** Maxt+* Field Cl ¢ = s = Cs =D
Number C-Measurements (CDC) Crush L+
1 Front plane at bmp ht 15 12 24 - - - - - - -16
2 Side plane above bmp ht 15 14 40 - - - - - - 680

Measurements recorded

inches or |:|mm

1Table taken from National Accident Sampling System (NASS).

*dentify the plane at which the C-measurements are taken (e.g., at bumper, above bumper, at sill, above sill, at
beltline, etc.) or label adjustments (e.g., free space).

Free space value is defined as the distance between the baseline and the original body contour taken at the individual
Clocations. This may include the following: bumper lead, bumper taper, side protrusion, side taper, atc.
Record the value for each C-measurement and maximum crush.

#H\easure and document on the vehicle diagram the beginning or end of the direct damage width and field L {(e.g.,
side damage with respect to undamaged axle).

#Measure and document on the vehicle diagram the location of the maximum crush.

Note: Use as many lines/columns as necessary to describe each damage profile.



Figure F.3. Occupant compartment measurements for test no. 610571-03-2.

Date: 20201029 Test No.: 610571-03-2 N No.- 3N1CN7APSFL881103

Year: 2015 Make: NISSAN Model- VERSA

OCCUPANT COMPARTMENT
d Y= U DEFORMATION MEASUREMENT
Before After Differ.
(inches)
( ; § ) A1 75.00 75.00 0.00
a4 {

— ™~ A2 74.00 74.00 0.00
A3 74.00 74.00 0.00
B1 43.00 43.00 0.00
B2 37.00 37.00 0.00
B1, B2, B3, B4, B5, B6 B3 43.00 43.00 0.00
j | B4 46.50 46.50 0.00
s &Az B5 42.50 42.50 0.00
1 Dg & D3 &QL B6 46.50 46.50 0.00
@ malll C1 26.00 23.00 -3.00
c2 0.00 0.00 0.00
c3 26.00 26.00 0.00
D1 12.50 14.25 1.75
D2 0.00 0.00 0.00
I D3 10.00 10.00 0.00
AT E1 48.00 41.50 -6.50
Eﬁ £ ED 48.75 50.50 1.75
F 47.50 47.50 0.00
G 47.50 45.25 225
H 39.00 39.00 0.00
| 39.00 39.00 0.00
*Lateral area across the cab from J* 48.50 41.50 -7.00

driver's side kick panel to passenger’s side kick panel.

F-3



SEQUENTIAL PHOTOGRAPHS

0.000s

0.100s

0.200s

0.300s
Figure F.4. Sequential photographs for test no. 610571-03-2 (overhead and frontal
views).
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0.400s

0.500s

0.600s

0.700 s
Figure F.5. Sequential photographs for test no. 610571-03-2 (overhead and frontal views,
ctd.).
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Figure F.6. Sequential photographs for test no. 610571-03-2 (rear view).



VEHICLE ANGULAR DISPLACEMENTS
Roll, Pitch, and Yaw Angles
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- Test Number: 610571-03-2
Roll —— Pitch — Yaw ‘ Test Standard Test Number: MASH-2016 Test
3-10
A Test Article: NCHRP Bridge Rail on Deck
foces are vehicle f|xec.i.. Test Vehicle: 2015 Nissan Versa
Sequence for determining Inertial Mass: 2 431 Ib
orientation: nerual Mass. 2, :
Gross Mass: 2,596 Ib.
1. Yaw.
: Impact Speed: 63.2 mph
2. Pitch. . -
3. Roll. : Impact Angle: 24.2

Figure F.7. Vehicle angular displacements for test no. 610571-03-2.



VEHICLE ACCELERATIONS

Longitudinal Acceleration (g)

X Acceleration at CG
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Test Number: 610571-03-2

Test Standard Test Number: MASH-2016 Test
3-10

Test Article: NCHRP Bridge Rail on Deck
Test Vehicle: 2015 Nissan Versa

Inertial Mass: 2,431 |b.

Gross Mass: 2,596 Ib.

Impact Speed: 63.2 mph

Impact Angle: 24.2°

Figure F.8. Vehicle longitudinal accelerometer trace for test no. 610571-03-2
(accelerometer located at center of gravity).
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Figure F.9. Vehicle lateral accelerometer trace for test no. 610571-03-2
(accelerometer located at center of gravity).
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APPENDIX G. MASH-2016 TEST 3-10 ON NCHRP BRIDGE RAIL ON
CURB

VEHICLE PROPERTIES AND INFORMATION

Figure G.1. Vehicle properties for test no. 610571-03-1.
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Figure G.2. Exterior crush measurements for test no. 610571-03-1.
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Figure G.3. Occupant compartment measurements for test no. 610571-03-1.
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SEQUENTIAL PHOTOGRAPHS

0.000 s
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0.200s

0.300s
Figure G.4. Sequential photographs for test no. 610571-03-1 (overhead and frontal
views).
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Figure G.5. Sequential photographs for test no. 610571-03-1 (overhead and frontal
views, ctd.).
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Figure G.6. Sequential photographs for test no. 610571-03-1 (rear view).



VEHICLE ANGULAR DISPLACEMENTS
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Test Article: NCHRP Bridge Rail on Curb
Test Vehicle: 2014 Nissan Versa
Inertial Mass: 2,404 |b.

Axes are vehicle fixed.
Sequence for determining

orientation: Gross Mass: 2,569 Ib.
1. Yaw. Impact Speed: 60.9 mph
2. Pitch. Impact Angle: 24.9°
3. Roll.

Figure G.7. Vehicle angular displacements for test no. 610571-03-1.
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Figure G.8. Vehicle longitudinal accelerometer trace for test no. 610571-03-1

(accelerometer located at center of gravity).
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Test Article: NCHRP Bridge Rail on Curb

Test Vehicle: 2014 Nissan Versa

Inertial Mass: 2,404 Ib.

Gross Mass: 2,569 Ib.

Impact Speed: 60.9 mph

Impact Anale: 24.9°
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Gross Mass: 2,569 Ib.

Impact Speed: 60.9 mph

Impact Angle: 24.9°

Figure G.9. Vehicle lateral accelerometer trace for test no. 610571-03-1

(accelerometer located at center of gravity).
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Figure G.10. Vehicle vertical accelerometer trace for test no. 610571-03-1
(accelerometer located at center of gravity).
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APPENDIX H. NCHRP PROJECT 20-07 MARGINAL BRIDGE RAIL
SYSTEMS

Profile views for the NCHRP Project 20-07 bridge rail systems listed in Chapter 5 are
provided in this appendix.

{"=8” Curb Clear Roadway

Figure H.1. Two-tube railing 36d (Wyoming).
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Figure H.2. Two-tube TL-3 SBB36¢ railing (Wyoming).

Figure H.3. Open concrete rail with 34 in. height (Nebraska).
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Figure H.4. S3-TL4 (Massachusetts).

-7 6" Alt. Curb Projection
Level (See Note No. 13}
e /" Curb Batter
:\N Rail Bar (Typ.} %
W 6x25 Ry
Rail Post \
: S
o) b
B P
" e e L Pl %
kt 3
N
" Base -
Plale ——— g@_ ) s
;f\l
"\ ®
[ ]
a1 i i
© > > ! )
S 1
. 4 :
=3 | I
e

Figure H.5. Four-bar steel traffic/bicycle railing on curb (Maine).
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Figure H.6. George Washington Memorial Parkway railing (Federal Lands).
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