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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: 

• 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 
• 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 
Setback 
Distance 

(in.) 

Vertical 
Clear 

Opening 
(in.) 

Ratio of 
Contact 

Width to 
Height 

Height 
(in.) 

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 
Setback 
Distance 

(in.) 

Vertical 
Clear 

Opening 
(in.) 

Ratio of 
Contact 

Width to 
Height 

Height 
(in.) 

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 

  

Post 
Setback 
Distance 

(in.) 

Total 
Clear 

Opening 
(in.) 

First 
Vertical 

Clear 
Opening 

(in.) 

Second 
Vertical 

Clear 
Opening 

(in.) 

First Rail Size Second Rail 
Size 

Ratio of 
Contact 
Width 

to 
Height 

Height 
(in.) 

MPBD-SP-
System01 3 18 13 5 HSS6x3x1/4 HSS6x3x1/4 0.400 30 

MPBD-SP-
System02 4 21 13 8 HSS5x4x1/4 HSS5x4x1/4 0.323 31 

MPBD-SP-
System03 4.5 21 13.5 7.5 HSS4x4.5x1.4 HSS5x4.5x1/4 0.300 30 

MPBD-SP-
System04 5 23 14.5 8.5 HSS4x5x1/4 HSS5x5x1/4 0.281 32 

MPBD-SP-
System05 6 22 15 7 HSS4x6x1/4 HSS4x6x1/4 0.267 30 

MPBD-SP-
System06 7 23 15 8 HSS4x7x1/4 HSS4x7x1/4 0.258 31 

MPBD-SP-
System07 3 18 12 6 HSS6x3x1/4 HSS6x3x1/4 0.400 30 

MPBD-SP-
System08 4 21 12 9 HSS5x4x1/4 HSS5x4x1/4 0.323 31 

MPBD-SP-
System09 4.5 21 12 9 HSS4x4.5x1.4 HSS5x4.5x1/4 0.300 30 

MPBD-SP-
System10 5 23 12 11 HSS4x5x1/4 HSS5x5x1/4 0.281 32 

MPBD-SP-
System11 6 22 12 10 HSS4x6x1/4 HSS4x6x1/4 0.267 30 

MPBD-SP-
System12 7 23 12 11 HSS4x7x1/4 HSS4x7x1/4 0.258 31 
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Table B.4. Deck-mounted metal post-and-beam systems evaluated for post setback cases. 
Post Setback Cases 

  

Post 
Setback 
Distance 

(in.) 

Total 
Clear 

Opening 
(in.) 

First 
Vertical 

Clear 
Opening 

(in.) 

Second 
Vertical 

Clear 
Opening 

(in.) 

First Rail Size Second Rail 
Size 

Ratio of 
Contact 
Width 

to 
Height 

Height 
(in.) 

MPBD-PS-
System01 3 18 13 5 HSS6x3x1/4 HSS6x3x1/4 0.400 30 

MPBD-PS-
System02 4 21 13 8 HSS5x4x1/4 HSS5x4x1/4 0.323 31 

MPBD-PS-
System03 4.5 21 13.5 7.5 HSS4x4.5x1.4 HSS5x4.5x1/4 0.300 30 

MPBD-PS-
System04 5 23 14.5 8.5 HSS4x5x1/4 HSS5x5x1/4 0.281 32 

MPBD-PS-
System05 6 22 15 7 HSS4x6x1/4 HSS4x6x1/4 0.267 30 

MPBD-PS-
System06 7 23 15 8 HSS4x7x1/4 HSS4x7x1/4 0.258 31 

MPBD-PS-
System07 3 8 4 4 HSS11x3x1/4 HSS11x3x1/4 0.733 30 

MPBD-PS-
System08 4 12 6 6 HSS9x4x1/4 HSS9x4x1/4 0.600 30 

MPBD-PS-
System09 4.5 14 7 7 HSS8x4.5x1/4 HSS9x4.5x1/4 0.548 31 

MPBD-PS-
System10 5 15 8 7 HSS7x5x1/4 HSS8x5x1/4 0.500 30 

MPBD-PS-
System11 6 16 8 8 HSS7x6x1/4 HSS7x6x1/4 0.467 30 

MPBD-PS-
System 12 7 17 9 8 HSS6x7x1/4 HSS7x7x1/4 0.433 30 
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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 
Setback 
Distance 

(in.) 

Total 
Clear 

Opening 
(in.) 

First 
Vertical 

Clear 
Opening 

(in.) 

Second 
Vertical 

Clear 
Opening 

(in.) 

First Rail 
Size 

Second Rail 
Size 

Ratio of 
Contact 

Width to 
Height 

Height 
(in.) 

MPBC-SP-
System01 3 18 13 5 HSS3x3x1/4 HSS3x3x1/4 0.400 30 

MPBC-SP-
System02 4 21 13 8 HSS2x4x1/4 HSS2x4x1/4 0.323 31 

MPBC-SP-
System03 5 23 14.5 8.5 HSS2x5x1/4 HSS2x5x1/4 0.303 33 

MPBC-SP-
System04 6 22 15 7 HSS2x6x1/4 HSS2x6x1/4 0.313 32 

MPBC-SP-
System05 7 23 15 8 HSS2x7x1/4 HSS2x7x1/4 0.303 33 

MPBC-SP-
System06 8 23 15 8 HSS2x8x1/4 HSS2x8x1/4 0.303 33 

MPBC-SP-
System07 3 18 12 6 HSS3x3x1/4 HSS3x3x1/4 0.400 30 

MPBC-SP-
System08 4 21 12 9 HSS2x4x1/4 HSS2x4x1/4 0.323 31 

MPBC-SP-
System09 5 23 12 11 HSS2x5x1/4 HSS2x5x1/4 0.303 33 

MPBC-SP-
System10 6 22 12 10 HSS2x6x1/4 HSS2x6x1/4 0.313 32 

MPBC-SP-
System11 7 23 12 11 HSS2x7x1/4 HSS2x7x1/4 0.303 33 

MPBC-SP-
System12 8 23 12 11 HSS2x8x1/4 HSS2x8x1/4 0.303 33 
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Table B.6. Curb-mounted metal post-and-beam systems evaluated for post setback cases. 
Post Setback Cases 

  

Post 
Setback 
Distance 

(in.) 

Total 
Clear 

Opening 
(in.) 

First 
Vertical 

Clear 
Opening 

(in.) 

Second 
Vertical 

Clear 
Opening 

(in.) 

First Rail 
Size 

Second Rail 
Size 

Ratio of 
Contact 

Width to 
Height 

Height 
(in.) 

MPBC-PS-
System01 3 18 13 5 HSS3x3x1/4 HSS3x3x1/4 0.400 30 

MPBC-PS-
System02 4 21 13 8 HSS2x4x1/4 HSS2x4x1/4 0.323 31 

MPBC-PS-
System03 5 26 14.5 11.5 HSS2x5x1/4 HSS2x5x1/4 0.278 36 

MPBC-PS-
System04 6 27 15 12 HSS2x6x1/4 HSS2x6x1/4 0.270 37 

MPBC-PS-
System05 7 28 15 13 HSS2x7x1/4 HSS2x7x1/4 0.263 38 

MPBC-PS-
System06 8 29 15 14 HSS2x8x1/4 HSS2x8x1/4 0.256 39 

MPBC-PS-
System07 3 8 4 4 HSS8x3x1/4 HSS8x3x1/4 0.733 30 

MPBC-PS-
System08 4 12 6 6 HSS6x4x1/4 HSS6x4x1/4 0.600 30 

MPBC-PS-
System09 5 15 8 7 HSS4x5x1/4 HSS5x5x1/4 0.500 30 

MPBC-PS-
System10 6 16 8 8 HSS4x6x1/4 HSS4x6x1/4 0.467 30 

MPBC-PS-
System11 7 17 9 8 HSS3x7x1/4 HSS4x7x1/4 0.433 30 

MPBC-PS-
System12 8 17 9 8 HSS3x8x1/4 HSS4x8x1/4 0.433 30 
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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 

  

Post 
Setback 
Distance 

(in.) 

Total 
Clear 

Opening 
(in.) 

First 
Vertical 

Clear 
Opening 

(in.) 

Second 
Vertical 

Clear 
Opening 

(in.) 

First Rail Size Second 
Rail Size 

Ratio of 
Contact 
Width 

to 
Height 

Height 
(in.) 

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 

  

Post 
Setback 
Distance 

(in.) 

Total 
Clear 

Opening 
(in.) 

First 
Vertical 

Clear 
Opening 

(in.) 

Second 
Vertical 

Clear 
Opening 

(in.) 

First Rail 
Size 

Second Rail 
Size 

Ratio of 
Contact 
Width 

to 
Height 

Height 
(in.) 

MPBP-PS-
System01 2 20 10 10 HSS2x2x1/4 HSS2x2x1/4 0.524 42 

MPBP-PS-
System02 3 26 13 13 HSS2x3x1/4 HSS2x3x1/4 0.458 48 

MPBP-PS-
System03 4 26 13 13 HSS2x4x1/4 HSS2x4x1/4 0.458 48 

MPBP-PS-
System04 5 29 14.5 14.5 HSS2x5x1/4 HSS2x5x1/4 0.431 51 

MPBP-PS-
System05 6 30 15 15 HSS2x6x1/4 HSS2x6x1/4 0.423 52 

MPBP-PS-
System06 7 30 15 15 HSS2x7x1/4 HSS2x7x1/4 0.423 52 

MPBP-PS-
System07 3 13 7 6 HSS7x3x1/4 HSS8x3x1/4 0.717 46 

MPBP-PS-
System08 4 18 9 9 HSS5x4x1/4 HSS5x4x1/4 0.609 46 

MPBP-PS-
System09 5 23 12 11 HSS2x5x1/4 HSS3x5x1/4 0.500 46 

MPBP-PS-
System10 6 26 13 13 HSS2x6x1/4 HSS2x6x1/4 0.458 48 

MPBP-PS-
System11 7 28 14 14 HSS2x7x1/4 HSS2x7x1/4 0.440 50 

MPBP-PS-
System12 8 30 15 15 HSS2x8x1/4 HSS2x8x1/4 0.423 52 
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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). 

 

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

 

x-dir y-dir x-dir y-dir
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 3.5 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 14.5 Yes No
CPB-SP-System14 6 12 0.5862 29 7.0 -9.6 -2.6 14.4 Yes No

OIV (m/s) RDA (g's) Pass OIV/RDA 
Max Limits?

Pass OIV/RDA 
Preferred Limits?

Post Setback 
Distance (in.)

Vertical Clear 
Opening (in.)

Ratio of Contact 
Width to Height Height(in.)

x-dir y-dir x-dir y-dir
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 7.7 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 3.5 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 7.7 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 3.5 11 0.6667 33 6.2 -9.6 -4.6 14.2 Yes No
CPB-PS-System10 4 11.5 0.6034 29 7.3 -9.6 -2.9 13.2 Yes No
CPB-PS-System11 4.5 13 0.5517 29 8.9 -9.2 -3.4 8.6 Yes No
CPB-PS-System12 5 14.5 0.5000 29 9.4 -8.6 -4.9 3.8 Yes No

OIV (m/s) RDA (g's) Pass OIV/RDA 
Max Limits?

Pass OIV/RDA 
Preferred Limits?

Post Setback 
Distance (in.)

Vertical Clear 
Opening (in.)

Ratio of Contact 
Width to Height Height (in.)
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Table B.11. Concrete post-and-beam results for snag potential cases (Test 3-11). 

 

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

 

x-dir y-dir x-dir y-dir
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 12.5 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 5.4 -7.4 -7.2 11.4 Yes Yes
CPB-SP-System07 6 15 0.4828 29 5.3 -7.5 -4.9 13.8 Yes Yes
CPB-SP-System08 1.25 10.75 0.6293 29 5.0 -7.7 -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 -7.5 -5.2 14.1 Yes Yes
CPB-SP-System11 4.25 12 0.5862 29 4.9 -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 4.5 -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

OIV (m/s) RDA (g's) Pass OIV/RDA 
Max Limits?

Pass OIV/RDA 
Preferred Limits?Height (in.)

Ratio of Contact 
Width to Height

Vertical Clear 
Opening (in.)

Post Setback 
Distance (in.)

x-dir y-dir x-dir y-dir
CPB-PS-System01 1.25 13 0.6061 33 5.9 -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 2.5 13 0.5517 29 5.3 -7.6 -5.7 12.6 Yes Yes
CPB-PS-System04 3 13 0.5517 29 5.3 -7.6 -4.2 12.5 Yes Yes
CPB-PS-System05 3.5 13 0.5517 29 5.2 -7.6 -5.2 12.1 Yes Yes
CPB-PS-System06 4 13 0.5517 29 5.1 -7.6 -6.5 13.1 Yes Yes
CPB-PS-System07 2.5 6.5 0.8030 33 4.6 -7.5 4.3 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 3.5 11 0.6667 33 4.9 -7.5 -4.6 16.4 Yes No
CPB-PS-System10 4 11.5 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 14.5 0.5000 29 5.5 -7.5 -4.8 12.5 Yes Yes

OIV (m/s) RDA (g's) Pass OIV/RDA 
Max Limits?

Pass OIV/RDA 
Preferred Limits?

Post Setback 
Distance (in.)

Vertical Clear 
Opening (in.)

Ratio of Contact 
Width to Height Height (in.)
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Table B.13. Deck-mounted metal post-and-beam results for snag potential cases (Test 3-10). 

 

Table B.14. Deck-mounted metal post-and-beam results for post setback cases (Test 3-10). 

 

x-dir y-dir x-dir y-dir

MPBD-SP-System01 3 18 13 5 0.4000 30 8.3 -9.4 -7.7 12.0 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 4.5 21 13.5 7.5 0.3000 30 7.1 -9.4 -3.6 11.7 Yes No
MPBD-SP-System04 5 23 14.5 8.5 0.2813 32 9.3 -7.5 -12.4 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 8.2 -8.8 -8.0 7.9 Yes Yes
MPBD-SP-System07 3 18 12 6 0.4000 30 6.3 -9.5 -4.5 14.6 Yes No
MPBD-SP-System08 4 21 12 9 0.3226 31 6.8 -9.5 -3.1 14.3 Yes No
MPBD-SP-System09 4.5 21 12 9 0.3000 30 7.0 -9.3 -3.2 13.1 Yes No
MPBD-SP-System10 5 23 12 11 0.2813 32 7.1 -9.4 -3.8 14.0 Yes No
MPBD-SP-System11 6 22 12 10 0.2667 30 6.9 -9.3 -3.2 12.3 Yes No
MPBD-SP-System12 7 23 12 11 0.2581 31 6.9 -9.4 -4.9 13.2 Yes No

Ratio of 
Contact Width 

to Height

Height 
(in.)

Post Setback 
Distance (in.)

Total Clear 
Opening (in.)

1st Vertical 
Clear Opening 

(in.)

2nd Vertical 
Clear Opening 

(in.)

OIV (m/s) RDA (g's) Pass OIV/RDA 
Preferred 
Limits?

Pass OIV/RDA 
Max Limits?

x-dir y-dir x-dir y-dir

MPBD-PS-System01 3 18 13 5 0.4000 30 8.3 -9.4 -7.7 12.0 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 4.5 21 13.5 7.5 0.3000 30 7.1 -9.4 -3.6 11.7 Yes No
MPBD-PS-System04 5 23 14.5 8.5 0.2813 32 9.3 -7.5 -12.4 22.7 No No
MPBD-PS-System05 6 22 15 7 0.2667 30 9.0 -7.9 -10.3 15.9 Yes No
MPBD-PS-System06 7 23 15 8 0.2581 31 8.2 -8.8 -8.0 7.9 Yes Yes
MPBD-PS-System07 3 8 4 4 0.7333 30 5.4 -9.7 -3.2 18.6 Yes No
MPBD-PS-System08 4 12 6 6 0.6000 30 5.7 -9.6 -3.4 17.2 Yes No
MPBD-PS-System09 4.5 14 7 7 0.5484 31 5.8 -9.7 -4.4 16.3 Yes No
MPBD-PS-System10 5 15 8 7 0.5000 30 5.9 -9.6 -4.3 16.0 Yes No
MPBD-PS-System11 6 16 8 8 0.4667 30 6.1 -9.6 -4.4 14.6 Yes No
MPBD-PS-System12 7 17 9 8 0.4333 30 5.9 -9.6 -4.7 14.2 Yes No

Pass OIV/RDA 
Max Limits?

OIV (m/s) RDA (g's) Pass OIV/RDA 
Preferred 
Limits?

Post Setback 
Distance (in.)

Total Clear 
Opening (in.)

1st Vertical 
Clear Opening 

(in.)

2nd Vertical 
Clear Opening 

(in.)

Ratio of 
Contact Width 

to Height

Height 
(in.)
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Table B.15. Deck-mounted metal post-and-beam results for snag potential cases (Test 3-11). 

 

Table B.16. Deck-mounted metal post-and-beam results for post setback cases (Test 3-11). 

 

x-dir y-dir x-dir y-dir

MPBD-SP-System01 3 18 13 5 0.4000 30 5.6 -7.0 -4.0 12.3 Yes Yes
MPBD-SP-System02 4 21 13 8 0.3226 31 5.8 -7.1 -4.4 12.9 Yes Yes
MPBD-SP-System03 4.5 21 13.5 7.5 0.3000 30 5.5 -7.2 -4.3 11.9 Yes Yes
MPBD-SP-System04 5 23 14.5 8.5 0.2813 32 7.6 -6.9 -3.9 7.9 Yes Yes
MPBD-SP-System05 6 22 15 7 0.2667 30 5.8 -7.4 7.4 11.6 Yes Yes
MPBD-SP-System06 7 23 15 8 0.2581 31 5.6 -7.4 -7.4 11.6 Yes Yes
MPBD-SP-System07 3 18 12 6 0.4000 30 4.9 -7.1 -5.1 14.5 Yes Yes
MPBD-SP-System08 4 21 12 9 0.3226 31 5.8 -7.0 -3.6 12.3 Yes Yes
MPBD-SP-System09 4.5 21 12 9 0.3000 30 5.8 -6.9 -4.8 12.3 Yes Yes
MPBD-SP-System10 5 23 12 11 0.2813 32 7.2 -6.8 -4.5 6.9 Yes Yes
MPBD-SP-System11 6 22 12 10 0.2667 30 5.9 -7.0 -4.0 13.1 Yes Yes
MPBD-SP-System12 7 23 12 11 0.2581 31 6.2 -7.1 -7.0 11.5 Yes Yes

Ratio of 
Contact Width 

to Height

Height 
(in.)

Post Setback 
Distance (in.)

Total Clear 
Opening (in.)

1st Vertical 
Clear Opening 

(in.)

2nd Vertical 
Clear Opening 

(in.)

OIV (m/s) RDA (g's) Pass OIV/RDA 
Preferred 
Limits?

Pass OIV/RDA 
Max Limits?

x-dir y-dir x-dir y-dir

MPBD-PS-System01 3 18 13 5 0.4000 30 5.6 -7.0 -4.0 12.3 Yes Yes
MPBD-PS-System02 4 21 13 8 0.3226 31 5.8 -7.1 -4.4 12.9 Yes Yes
MPBD-PS-System03 4.5 21 13.5 7.5 0.3000 30 5.5 -7.2 -4.3 11.9 Yes Yes
MPBD-PS-System04 5 23 14.5 8.5 0.2813 32 7.6 -6.9 -3.9 7.9 Yes Yes
MPBD-PS-System05 6 22 15 7 0.2667 30 5.8 -7.4 7.4 11.6 Yes Yes
MPBD-PS-System06 7 23 15 8 0.2581 31 5.6 -7.4 -7.4 11.6 Yes Yes
MPBD-PS-System07 3 8 4 4 0.7333 30 4.2 -7.0 5.4 17.4 Yes No
MPBD-PS-System08 4 12 6 6 0.6000 30 4.3 -7.1 -6.1 17.0 Yes No
MPBD-PS-System09 4.5 14 7 7 0.5484 31 4.7 -7.2 4.7 16.0 Yes No
MPBD-PS-System10 5 15 8 7 0.5000 30 4.8 -7.0 5.2 14.1 Yes Yes
MPBD-PS-System11 6 16 8 8 0.4667 30 4.9 -7.2 -4.7 13.4 Yes Yes
MPBD-PS-System12 7 17 9 8 0.4333 30 4.9 -7.2 4.4 13.6 Yes Yes

Pass OIV/RDA 
Max Limits?

OIV (m/s) RDA (g's) Pass OIV/RDA 
Preferred 
Limits?

Post Setback 
Distance (in.)

Total Clear 
Opening (in.)

1st Vertical 
Clear Opening 

(in.)

2nd Vertical 
Clear Opening 

(in.)

Ratio of 
Contact Width 

to Height

Height 
(in.)
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Table B.17. Curb-mounted metal post-and-beam results for snag potential cases (Test 3-10). 

 

Table B.18. Curb-mounted metal post-and-beam results for post setback cases (Test 3-10). 

 

x-dir y-dir x-dir y-dir

MPBC-SP-System01 3 18 13 5 0.4000 30 12.1 -7.5 -10.0 -12.5 Yes No
MPBC-SP-System02 4 21 13 8 0.3226 31 11.7 -7.4 -13.2 26.1 No No
MPBC-SP-System03 5 23 14.5 8.5 0.3030 33 12.3 -5.9 -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 11.3 -6.9 -12.5 18.8 Yes No
MPBC-SP-System06 8 23 15 8 0.3030 33 10.5 -6.7 -15.5 19.9 Yes No
MPBC-SP-System07 3 18 12 6 0.4000 30 10.4 -9.4 -11.9 -11.7 Yes No
MPBC-SP-System08 4 21 12 9 0.3226 31 8.3 -9.1 -11.7 9.4 Yes Yes
MPBC-SP-System09 5 23 12 11 0.3030 33 8.7 -9.3 -9.8 8.7 Yes No
MPBC-SP-System10 6 22 12 10 0.3125 32 7.4 -8.9 -7.4 10.7 Yes Yes
MPBC-SP-System11 7 23 12 11 0.3030 33 7.2 -9.1 -3.2 10.3 Yes Yes
MPBC-SP-System12 8 23 12 11 0.3030 33 7.1 -9.2 -2.8 11.2 Yes No

Ratio of 
Contact Width 

to Height

Height 
(in.)

Post Setback 
Distance (in.)

Total Clear 
Opening (in.)

1st Vertical 
Clear Opening 

(in.)

2nd Vertical 
Clear Opening 

(in.)

OIV (m/s) RDA (g's) Pass OIV/RDA 
Preferred 
Limits?

Pass OIV/RDA 
Max Limits?

x-dir y-dir x-dir y-dir

MPBC-PS-System01 3 18 13 5 0.4000 30 12.1 -7.5 -10.0 -12.5 Yes No
MPBC-PS-System02 4 21 13 8 0.3226 31 11.7 -7.4 -13.2 26.1 No No
MPBC-PS-System03 5 26 14.5 11.5 0.2778 36 12.7 -6.1 -13.7 19.5 No No
MPBC-PS-System04 6 27 15 12 0.2703 37 13.5 -6.4 -23.9 -14.2 No No
MPBC-PS-System05 7 28 15 13 0.2632 38 12.7 -6.4 -19.1 -10.4 No No
MPBC-PS-System06 8 29 15 14 0.2564 39 11.1 -7.0 -14.2 20.6 No No
MPBC-PS-System07 3 8 4 4 0.7333 30 5.8 -9.7 -4.0 15.7 Yes No
MPBC-PS-System08 4 12 6 6 0.6000 30 6.3 -9.5 -3.4 14.6 Yes No
MPBC-PS-System09 5 15 8 7 0.5000 30 7.2 -9.5 -2.8 11.0 Yes No
MPBC-PS-System10 6 16 8 8 0.4667 30 6.4 -9.7 -3.8 14.7 Yes No
MPBC-PS-System11 7 17 9 8 0.4333 30 6.8 -9.6 -3.2 13.3 Yes No
MPBC-PS-System12 8 17 9 8 0.4333 30 6.5 -9.6 -4.6 13.4 Yes No

Pass OIV/RDA 
Max Limits?

OIV (m/s) RDA (g's) Pass OIV/RDA 
Preferred 
Limits?

Post Setback 
Distance (in.)

Total Clear 
Opening (in.)

1st Vertical 
Clear Opening 

(in.)

2nd Vertical 
Clear Opening 

(in.)

Ratio of 
Contact Width 

to Height

Height 
(in.)
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Table B.19. Curb-mounted metal post-and-beam results for snag potential cases (Test 3-11). 

 

Table B.20. Curb-mounted metal post-and-beam results for post setback cases (Test 3-11). 

 

x-dir y-dir x-dir y-dir

MPBC-SP-System01 3 18 13 5 0.4000 30 7.0 -6.8 5.5 10.2 Yes Yes
MPBC-SP-System02 4 21 13 8 0.3226 31 9.0 -6.8 -5.6 6.5 Yes Yes
MPBC-SP-System03 5 23 14.5 8.5 0.3030 33 9.8 -6.5 -5.9 6.3 Yes No
MPBC-SP-System04 6 22 15 7 0.3125 32 6.3 -7.5 -6.1 12.5 Yes Yes
MPBC-SP-System05 7 23 15 8 0.3030 33 7.0 -7.4 -5.7 12.2 Yes Yes
MPBC-SP-System06 8 23 15 8 0.3030 33 6.1 -7.5 -6.8 11.8 Yes Yes
MPBC-SP-System07 3 18 12 6 0.4000 30 8.7 -6.7 -4.6 7.6 Yes Yes
MPBC-SP-System08 4 21 12 9 0.3226 31 8.1 -6.9 -4.2 7.5 Yes Yes
MPBC-SP-System09 5 23 12 11 0.3030 33 8.4 -7.0 -5.8 7.2 Yes Yes
MPBC-SP-System10 6 22 12 10 0.3125 32 8.1 -6.8 -9.2 6.3 Yes Yes
MPBC-SP-System11 7 23 12 11 0.3030 33 8.1 -6.6 -5.1 7.2 Yes Yes
MPBC-SP-System12 8 23 12 11 0.3030 33 7.9 -6.5 -4.0 8.6 Yes Yes

Ratio of 
Contact Width 

to Height

Height 
(in.)

Post Setback 
Distance (in.)

Total Clear 
Opening (in.)

1st Vertical 
Clear Opening 

(in.)

2nd Vertical 
Clear Opening 

(in.)

OIV (m/s) RDA (g's) Pass OIV/RDA 
Preferred 
Limits?

Pass OIV/RDA 
Max Limits?

x-dir y-dir x-dir y-dir

MPBC-PS-System01 3 18 13 5 0.4000 30 7.0 -6.8 5.5 10.2 Yes Yes
MPBC-PS-System02 4 21 13 8 0.3226 31 9.0 -6.8 -5.6 6.5 Yes Yes
MPBC-PS-System03 5 26 14.5 11.5 0.2778 36 9.3 -7.0 -5.8 7.2 Yes No
MPBC-PS-System04 6 27 15 12 0.2703 37 7.1 -7.5 5.5 15.5 Yes No
MPBC-PS-System05 7 28 15 13 0.2632 38 7.3 -7.4 -6.1 15.0 Yes No
MPBC-PS-System06 8 29 15 14 0.2564 39 7.1 -7.4 -6.0 16.3 Yes No
MPBC-PS-System07 3 8 4 4 0.7333 30 4.5 -7.0 -5.2 16.8 Yes No
MPBC-PS-System08 4 12 6 6 0.6000 30 5.0 -6.9 -5.0 13.8 Yes Yes
MPBC-PS-System09 5 15 8 7 0.5000 30 5.3 -7.1 -5.0 13.5 Yes Yes
MPBC-PS-System10 6 16 8 8 0.4667 30 5.3 -7.2 -4.0 12.7 Yes Yes
MPBC-PS-System11 7 17 9 8 0.4333 30 5.3 -7.2 -5.5 12.7 Yes Yes
MPBC-PS-System12 8 17 9 8 0.4333 30 5.3 -7.2 -5.0 11.9 Yes Yes

Pass OIV/RDA 
Max Limits?

OIV (m/s) RDA (g's) Pass OIV/RDA 
Preferred 
Limits?

Post Setback 
Distance (in.)

Total Clear 
Opening (in.)

1st Vertical 
Clear Opening 

(in.)

2nd Vertical 
Clear Opening 

(in.)

Ratio of 
Contact Width 

to Height

Height 
(in.)
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Table B.21. Parapet-mounted metal post-and-beam results for snag potential cases (Test 3-10).  

 

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

 

x-dir y-dir x-dir y-dir
MPBP-SP-System01 3 13 13 0.6061 33 6.7 -9.5 -3.6 16.0 Yes No
MPBP-SP-System02 4 13 13 0.6061 33 6.0 -9.6 -3.9 16.4 Yes No
MPBP-SP-System03 5 14.5 14.5 0.5797 34.5 6.1 -9.5 -3.6 15.6 Yes No
MPBP-SP-System04 6 15 15 0.5714 35 5.9 -9.5 -4.8 16.7 Yes No
MPBP-SP-System05 7 15 15 0.5714 35 5.9 -9.5 -4.9 15.7 Yes No
MPBP-SP-System06 8 15 15 0.5714 35 5.8 -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 5.8 -9.7 -4.2 16.1 Yes No
MPBP-SP-System09 5 12 12 0.6250 32 5.8 -9.7 -3.8 16.2 Yes No
MPBP-SP-System10 6 12 12 0.6250 32 5.5 -9.7 -4.1 18.0 Yes No
MPBP-SP-System11 7 12 12 0.6250 32 5.4 -9.7 -2.8 18.3 Yes No
MPBP-SP-System12 8 12 12 0.6250 32 5.6 -9.8 -3.7 16.7 Yes No

Ratio of Contact 
Width to Height

Height 
(in.)

Post Setback 
Distance (in.)

Total Clear 
Opening (in.)

Vertical Clear 
Opening (in.)

OIV (m/s) RDA (g's) Pass OIV/RDA 
Preferred Limits?

Pass OIV/RDA 
Max Limits?

x-dir y-dir x-dir y-dir
MPBP-PS-System01 2 20 10 0.5238 42 8.1 -8.9 -8.1 6.2 Yes Yes
MPBP-PS-System02 3 26 13 0.4583 48 6.5 -9.6 -3.9 15.8 Yes No
MPBP-PS-System03 4 26 13 0.4583 48 6.1 -9.6 -7.2 16.5 Yes No
MPBP-PS-System04 5 29 14.5 0.4314 51 6.0 -9.5 -3.4 15.3 Yes No
MPBP-PS-System05 6 30 15 0.4231 52 6.0 -9.5 -4.6 16.4 Yes No
MPBP-PS-System06 7 30 15 0.4231 52 5.9 -9.5 -5.4 15.8 Yes No
MPBP-PS-System07 3 13 7 0.7174 46 5.4 -9.7 -3.6 19.0 Yes No
MPBP-PS-System08 4 18 9 0.6087 46 5.6 -9.8 -3.5 18.1 Yes No
MPBP-PS-System09 5 23 12 0.5000 46 5.9 -9.6 -4.2 16.4 Yes No
MPBP-PS-System10 6 26 13 0.4583 48 6.0 -9.6 -3.8 16.5 Yes No
MPBP-PS-System11 7 28 14 0.4400 50 5.7 -9.6 -3.6 16.6 Yes No
MPBP-PS-System12 8 30 15 0.4231 52 5.7 -9.7 -4.7 18.3 Yes No

Pass OIV/RDA 
Max Limits?

OIV (m/s) RDA (g's) Pass OIV/RDA 
Preferred Limits?

Post Setback 
Distance (in.)

Total Clear 
Opening (in.)

Vertical Clear 
Opening (in.)

Ratio of Contact 
Width to Height

Height 
(in.)
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Table B.23. Parapet-mounted metal post-and-beam results for snag potential cases (Test 3-11). 

 

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

 
 

x-dir y-dir x-dir y-dir
MPBP-SP-System01 3 13 13 0.6061 33 7.4 -7.3 -3.6 10.2 Yes Yes
MPBP-SP-System02 4 13 13 0.6061 33 8.1 -6.9 -7.1 4.5 Yes Yes
MPBP-SP-System03 5 14.5 14.5 0.5797 34.5 8.5 -7.2 -6.4 5.5 Yes Yes
MPBP-SP-System04 6 15 15 0.5714 35 6.8 -7.4 -5.0 13.8 Yes Yes
MPBP-SP-System05 7 15 15 0.5714 35 6.9 -7.5 -7.7 14.0 Yes Yes
MPBP-SP-System06 8 15 15 0.5714 35 6.6 -7.4 7.3 13.4 Yes Yes
MPBP-SP-System07 3 12 12 0.6250 32 8.6 -6.9 -5.3 6.5 Yes Yes
MPBP-SP-System08 4 12 12 0.6250 32 8.4 -7.1 -5.0 5.5 Yes Yes
MPBP-SP-System09 5 12 12 0.6250 32 6.9 -7.2 -6.4 9.5 Yes Yes
MPBP-SP-System10 6 12 12 0.6250 32 7.6 -7.1 -5.0 6.9 Yes Yes
MPBP-SP-System11 7 12 12 0.6250 32 6.9 -7.1 -4.1 8.3 Yes Yes
MPBP-SP-System12 8 12 12 0.6250 32 6.6 -7.4 -6.0 10.6 Yes Yes

Ratio of Contact 
Width to Height

Height 
(in.)

Post Setback 
Distance (in.)

Total Clear 
Opening (in.)

Vertical Clear 
Opening (in.)

OIV (m/s) RDA (g's) Pass OIV/RDA 
Preferred Limits?

Pass OIV/RDA 
Max Limits?

x-dir y-dir x-dir y-dir
MPBP-PS-System01 2 20 10 0.5238 42 7.4 -7.4 -5.7 11.7 Yes Yes
MPBP-PS-System02 3 26 13 0.4583 48 8.7 -6.7 -6.7 6.7 Yes Yes
MPBP-PS-System03 4 26 13 0.4583 48 7.3 -7.5 -4.8 12.4 Yes Yes
MPBP-PS-System04 5 29 14.5 0.4314 51 7.9 -7.0 -7.7 7.9 Yes Yes
MPBP-PS-System05 6 30 15 0.4231 52 8.4 -7.2 -10.0 5.9 Yes Yes
MPBP-PS-System06 7 30 15 0.4231 52 8.4 -7.2 -8.5 8.2 Yes Yes
MPBP-PS-System07 3 13 7 0.7174 46 5.4 -7.6 -4.4 18.9 Yes No
MPBP-PS-System08 4 18 9 0.6087 46 5.6 -7.6 -5.2 16.5 Yes No
MPBP-PS-System09 5 23 12 0.5000 46 6.7 -7.6 8.0 13.1 Yes Yes
MPBP-PS-System10 6 26 13 0.4583 48 7.5 -7.2 -8.5 9.8 Yes Yes
MPBP-PS-System11 7 28 14 0.4400 50 7.9 -7.1 -9.9 6.4 Yes Yes
MPBP-PS-System12 8 30 15 0.4231 52 7.6 -7.6 -5.8 6.8 Yes Yes

Pass OIV/RDA 
Max Limits?

OIV (m/s) RDA (g's) Pass OIV/RDA 
Preferred Limits?

Post Setback 
Distance (in.)

Total Clear 
Opening (in.)

Vertical Clear 
Opening (in.)

Ratio of Contact 
Width to Height

Height 
(in.)
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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. 

 
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.3. Cross-section view through posts and the deck overhang. 

 
Figure C.4. Elevation at post showing reinforcement details. 
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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, RL06 (#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 lb. 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. 
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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. 
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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.  



 

C-11 

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

 
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) 

X Acceleration at CG
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Test Number: SimKCV09_Post
Test Article: Kansas Corral
Test Vehicle: 2270P Pickup Truck
Inertial Mass: 2270 
Gross Mass: 2270 
Impact Speed: 100 km/h
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Maximum Roll 
(degrees) 

−13.9  

Maximum Pitch 
(degrees) 

−4.7  

Maximum Yaw 
(degrees) 

34.4  

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.  



 

C-17 

 
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 (Y) directions are shown in Figures C.25 and C.26, 
respectively. The red line is the 50 ms average of the acceleration history. 

 
Figure C.25. Longitudinal acceleration history at the CG of the pickup truck. 
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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. 
Occupant Risk 

Factors 
Occupant Risk 

Values 
Occupant Risk Values 

(Y-Direction) 

Impact Velocity 
(m/s) 

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  

Maximum Pitch 
(degrees) 

−1.3  

Maximum Yaw 
(degrees) 

32.8  

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. 



 

C-24 

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. 

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

 
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 
(degrees) 

−19.0  

Maximum Pitch 
(degrees) 

−8.4  

Maximum Yaw 
(degrees) 

41.0  

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 

 



 

E-2 

 



 

E-3 

 



 

E-4 



 

E-5 

 



 

E-6 

 



 

E-7 



 

E-8 

 



 

E-9 

 



 

E-10 

 



 

E-11 

 



 

E-12 

 



 

E-13 

 



 

E-14 

 



 

E-15 

 



 

E-16 

 



 

E-17 

 



 

E-18 

 



 

E-19 

 



 

E-20 

 



 

E-21 

 



 

E-22 

 



 

E-23 

 



 

E-24 

 



 

E-25 

 



 

E-26 



 

E-27 



 

E-28 

 



 

E-29 

 



 

E-30 



 

E-31 



 

F-1 

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

 0.000 s  
   

 0.100 s  
   

 0.200 s  
   

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

views). 
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 0.400 s  
   

 0.500 s  
   

 0.600 s  
   

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

ctd.). 
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0.000 s  0.400 s 

   
0.100 s  0.500 s 

   
0.200 s  0.600 s 

   
0.300 s  0.700 s 

Figure F.6. Sequential photographs for test no. 610571-03-2 (rear view). 
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VEHICLE ANGULAR DISPLACEMENTS 

 
 
 
 
 
 

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

Axes are vehicle fixed. 
Sequence for determining 
orientation: 

 1. Yaw. 
 2. Pitch. 
 3. Roll. 
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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 lb. 
Gross Mass: 2,596 lb. 
Impact Speed: 63.2 mph 
Impact Angle: 24.2° 
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VEHICLE ACCELERATIONS 

 

 
 
 
 
 
 

Figure F.8. Vehicle longitudinal accelerometer trace for test no. 610571-03-2 
(accelerometer located at center of gravity). 

X Acceleration at CG

0 0.5 1.0 1.5 2.0
-40

-30

-20

-10

0

10

20

Time (s)

Lo
ng

itu
di

na
l A

cc
el

er
at

io
n 

(g
)

Time of OIV (0.0818 sec) SAE Class 60 Filter 50-msec average

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 lb. 
Gross Mass: 2,596 lb. 
Impact Speed: 63.2 mph 
Impact Angle: 24.2° 



 

F-9 

 

 

 

 
 
 

Figure F.9. Vehicle lateral accelerometer trace for test no. 610571-03-2 
(accelerometer located at center of gravity).  
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Figure F.10. Vehicle vertical 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  
   

 0.100 s  
   

 0.200 s  
   

 0.300 s  
Figure G.4. Sequential photographs for test no. 610571-03-1 (overhead and frontal 

views). 
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 0.400 s  
   

 0.500 s  
   

 0.600 s  
   

 0.700 s  
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). 
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VEHICLE ANGULAR DISPLACEMENTS 

 
 
 
 
 
 
 

Figure G.7. Vehicle angular displacements for test no. 610571-03-1. 

Axes are vehicle fixed. 
Sequence for determining 
orientation: 

 1. Yaw. 
 2. Pitch. 
 3. Roll. 

Roll, Pitch, and Yaw Angles

0 0.5 1.0 1.5 2.0
-20

-10

0

10

20

Time (s)

An
gl

es
 (d

eg
re

es
)

Roll Pitch Yaw
Test Number: 610571-03-1 
Test Standard Test Number: MASH-2016 Test 
3-10 
Test Article: NCHRP Bridge Rail on Curb 
Test Vehicle: 2014 Nissan Versa 
Inertial Mass: 2,404 lb. 
Gross Mass: 2,569 lb. 
Impact Speed: 60.9 mph 
Impact Angle: 24.9° 
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VEHICLE ACCELERATIONS 

 
 

 

 

Figure G.8. Vehicle longitudinal accelerometer trace for test no. 610571-03-1 
(accelerometer located at center of gravity). 
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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). 

 
 

Z Acceleration at CG

0 0.5 1.0 1.5 2.0
-30

-20

-10

0

10

20

30

Time (s)

Ve
rti

ca
l A

cc
el

er
at

io
n 

(g
)

SAE Class 60 Filter 50-msec average

Test Number: 610571-03-1 
Test Standard Test Number: MASH-2016 Test 
3-10 
Test Article: NCHRP Bridge Rail on Curb 
Test Vehicle: 2014 Nissan Versa 
Inertial Mass: 2,404 lb. 
Gross Mass: 2,569 lb. 
Impact Speed: 60.9 mph 
Impact Angle: 24.9° 



 

H-1 

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.  

 
Figure H.1. Two-tube railing 36d (Wyoming). 
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Figure H.2. Two-tube TL-3 SBB36c railing (Wyoming). 

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

 
Figure H.5. Four-bar steel traffic/bicycle railing on curb (Maine). 



 

H-4 

 
Figure H.6. George Washington Memorial Parkway railing (Federal Lands). 

 
Figure H.7. Side-mounted metal bridge railing (New Mexico). 
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