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CHAPTER 1. INTRODUCTION 

1.1. INTRODUCTION 

When a roadway intersects a highway with restrictive features such as a bridge rail and 
canal, it becomes difficult to fit a guardrail with the proper length, transitions, and end treatment 
along the highway. Possible solutions include relocating the constraint, blocking the placement 
of the guardrail, shortening the designed guardrail length, or designing a curved guardrail.  

Curved or short radius, guardrails typically present the most viable solution for these 
areas. However, no previously designed short radius guardrails meet National Cooperative 
Highway Research Program (NCHRP) Report 350 Test Level 3 (TL-3) guidelines (1). Now, the 
American Association of State Highway and Transportation Officials (AASHTO) Manual for 
Assessing Safety Hardware (MASH) has updated crash testing criteria (2). The new guidelines 
supersede NCHRP Report 350 by increasing the size of test vehicles and changing the test 
matrices to include more impact conditions. Therefore, meeting new impact standards for short 
radius guardrails will be more challenging. 

1.2. OBJECTIVES/SCOPE OF RESEARCH 

The literature review sought to aid researchers in developing new design concepts for 
short radius guardrails. The review outlines challenges encountered by previous designs, 
promising design features of previous designs, the MASH TL-3 impact criteria, and short radius 
guardrail concepts. 

1.3. LITERATURE REVIEW 

1.3.1. Summary of Previous Crash Tests 

Southwest Research Institute (SwRI) performed the first documented full-scale crash 
tests on short radius systems in 1989 (3). SwRI designed and tested a system in Yuma County, 
Arizona, which met the requirements of NCHRP Report 230 service level PL1 (4). In 1992, 
Texas A&M Transportation Institute (TTI) tested a W-beam system (5) followed by a thrie beam 
system in 1994 (6). From 2000 to 2008, Midwest Roadside Safety Facility (MwRSF) tested 
several prototype short radius guardrails (7, 8, 9) according to NCHRP Report No. 350 TL-3 
guidelines. A summary of documented crash tests on short radius guardrails is given below. 

1.3.1.1. Southwest Research Institute for Yuma County, Arizona: 1989 

1.3.1.1.1. Design Considerations  

The short radius guardrail used for these tests consists of an 8-ft radius curved section 
connected to an 18-ft straight section on the primary road and a 12.5-ft straight section on the 
secondary road. The primary side connects to a bridge rail while the secondary side ends with a 
modified breakaway cable terminal (BCT). The primary side consists of six control release 
terminal (CRT) posts, while the secondary side has one CRT post and one BCT post. The curved 
section has one CRT post at the centerline to support it and two freestanding CRT posts behind 
it. At the end of the bridge curb, a tapered curb was installed to minimize wheel snag. The 
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guardrail’s performance was evaluated according to NCHRP Report Number 230, and the tests 
were conducted based on AASHTO Guide Specifications for Bridge Railings (10). 

1.3.1.1.2. Test YC-1 

The purpose of Test YC-1 was to test for vehicle spearing or vaulting caused by the 
guardrail when a pickup truck impacts the system in line with the bridge rail. The 5376-lb pickup 
impacted the system at a speed of 45 mph and an angle of 1.4° (refer to Figure 1.1). Figure 1.2 
shows that the barrier successfully redirected the vehicle without any contact to the bridge rail. 
Post 5 was fractured, and posts 6 through 8 were deflected during impact. Only the first post on 
the primary side was fractured while the second, third, and fourth were displaced. The vehicle 
was deflected with minimal damage and acceptable values for occupant risk and ridedown 
acceleration. Therefore, the system was acceptable according to NCHRP Report 230 guidelines. 

1.3.1.1.3. Test YC-2 

The purpose of Test YC-2 was to test for vehicle spearing or vaulting caused by the 
guardrail when a small car impacts the system in line with the bridge rail. The 1978-lb car 
impacted the system at an impact speed of 50.3 mph and an impact angle of −0.7° (refer to 
Figure 1.3). Figure 1.4 shows the barrier successfully redirected the vehicle without any contact 
to the bridge rail. Both the barrier and vehicle experienced minimal damage, and values for 
occupant risk and ridedown acceleration remained within limits that NCHRP Report 230 
specified. Therefore, the system was acceptable according to NCHRP Report 230 guidelines. 
 

1.3.1.1.4. Test YC-3 

The purpose of Test YC-3 was to determine whether a pickup truck would be contained if 
it strikes the system at the curved section, which was 12 ft from the edge of the roadway. The 
5380-lb truck impacted the rail at an impact speed of 44.8 mph and an impact angle of 19.7° 
(refer to Figure 1.5). Figure 1.6 shows sequential photographs of the crash test. The centerline 
post immediately fractured, and the rail deformed inward. The guardrail wrapped around the 
front and sides of the vehicle as it continued through the system. The end anchorage holding the 
rail in place fractured, which allowed the vehicle to continue without capture. The test was not 
successful according to NCHRP Report 230 because the system failed to contain the vehicle. 

1.3.1.1.5. Test YC-4 

After analyzing the results of Test YC-3, the guardrail on the secondary side was 
lengthened by 12.5 ft. This would increase the amount of energy the system could use to stop the 
vehicle. The purpose of Test YC-4 was to determine whether a pickup truck would be contained 
if it struck the modified system at the curved section, which was 12 ft from the edge of the 
roadway. The 5381-lb truck impacted the curved section of the rail at an impact speed of 
44.9 mph and an impact angle of 20.1° (refer to Figure 1.7). Figure 1.8 shows sequential 
photographs of the crash test. The centerline post immediately fractured, and the rail deformed 
inward. The guardrail wrapped around the front and right side of the vehicle as it continued 
through the system. The uneven loading caused the vehicle to yaw counterclockwise. The 
vehicle turned toward the secondary side and stopped without making contact with the bridge 
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railing. The occupant risk factors and decelerations were within the guidelines of NCHRP Report 
230 and the vehicle was successfully contained. Therefore, the system was considered 
acceptable. 

 
Figure 1.1. Impact Conditions and System Damage for YC-1 (3). 

 

  
Figure 1.2. Sequential Photographs for YC-1 (3). 
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Figure 1.3. Impact Conditions and System Damage for YC-2 (3). 

 

 
Figure 1.4. Sequential Photographs for YC-2 (3). 
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Figure 1.5. Impact Conditions and System Damage for YC-3 (3). 

 

 
Figure 1.6. Sequential Photographs for YC-3 (3). 
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Figure 1.7. Impact Conditions and System Damage for YC-4 (3). 

 

 
Figure 1.8. Sequential Photographs for YC-4 (3). 

1.3.1.1.6. Test YC-5 

The purpose of Test YC-5 was to determine whether a small car would be contained if it 
strikes the modified system at the curved section that was 12 ft from the roadway. The 1980-lb 
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vehicle impacted the curved section of the rail at an impact speed of 44.2 mph and an impact 
angle of 20° (refer to Figure 1.9). Figure 1.10 shows the guardrail deformed, fracturing four 
posts on the primary side along with the centerline post and both freestanding posts. The vehicle 
maintained a constant trajectory, and stopped 12 ft past the impact position. The test was 
successful according to NCHRP Report 230 because the vehicle was contained with safe values 
for occupant impact velocities (OIV) and ridedown accelerations (RDA). 

1.3.1.1.7. Test YC-6 

The purpose of Test YC-6 was to check for wheel snag when a car impacts the system at 
the transition between the guardrail and bridge rail. The car impacted the system just before the 
transition from the guardrail to the bridge rail (refer to Figure 1.11). Figure 1.12 shows 
sequential photos of the crash test. It maintained contact with the system for 13 ft, then was 
redirected. After the test, tire marks were found on the tapered curb, which indicates that wheel 
snag occurred. The vehicle was redirected, but the lateral value for OIV was above the 
recommended limit specified in NCHRP Report 230. Therefore, the test indicated marginal 
performance according to NCHRP Report 230. 

1.3.1.1.8. Test YC-7 

The purpose of Test YC-7 was to check for wheel snag when the pickup truck impacts 
the system at the transition between the guardrail and bridge rail. The 5424-lb truck impacted the 
system just before the bridge rail at an impact speed of 45.2 mph and an impact angle of 20.7° 
(refer to Figure 1.13). Figure 1.14 shows sequential photographs of the crash test. The vehicle 
maintained contact with the system for 12 ft before being redirected. No evidence of wheel snag 
was found, no posts were fractured, and the values for OIV and RDA were within acceptable 
limits. Therefore, Test YC-7 was successful according to NCHRP Report 230 guidelines. 

 
Figure 1.9. Impact Conditions and System Damage for YC-5 (3). 
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Figure 1.10. Sequential Photographs for YC-5 (3). 

 

 
Figure 1.11. Impact Conditions and System Damage for YC-6 (3). 
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Figure 1.12. Sequential Photographs for YC-6 (3). 
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Figure 1.13. Impact Conditions and System Damage for YC-7 (3). 

 
Figure 1.14. Sequential Photographs for YC-7 (3). 

1.3.1.1.9. Primary Findings 

Table 1.1 presents a summary of the pertinent test results for the Yuma County testing. 
The freestanding posts behind the curved section of the rail performed well. They slowed the 
vehicle down without causing too much damage. After test YC-3 failed because of a lack of 
tension in the system, the secondary side was lengthened. Researchers have determined that a 
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minimum length of 25 ft was necessary to maintain tension in the guardrail. This greatly 
improved the performance of the system by increasing the amount of energy the guardrail could 
absorb to slow the vehicle. Testing was done to ensure that wheel snag does not occur when a 
vehicle impacts the transition between the guardrail and bridge rail. These tests showed no 
indication of significant wheel snag occurring for this design. However, lateral velocity change 
was too high according to NCHRP Report 230. The researchers asserted that the design of the 
tapered curb, which started the bridge rail, needs improvement. Overall, this design satisfied the 
requirements of NCHRP Report 230 service level PL1.  

Table 1.1. Summary of Crash Test Data for Yuma County (3). 
Organization 

and Test 
Number 

Guardrail 
Description 

Test 
Vehicle 

(lb) 

Impact 
Speed 
(mph) 

Impact 
Angle 

(degrees) 

OIV (ft/s) 
Longitudinal 

Lateral 

RDA (Gs) 
Longitudinal 

Lateral 

Vehicle 
Safely 

Redirected 
SWRI: YC-1 8 ft radius, 

W-beam 
5376 

pickup 
45 

 
1.4 14.4 

 

7.8 

2.7 
 

7.1 

Yes 

SWRI: YC-2 YC-1 1978 
car 

50.3 
 

0.7 9.4 
 

16.0 

0.7 
 

4.7 

Yes 

SWRI: YC-3 YC-2 5380 
pickup 

44.8  19.7 14.5 
 

8.3 

6.5 
 

4 

No 

SWRI: YC-4 YC-3, 
lengthened 
secondary 

side by 
12.5 ft  

5381 
pickup 

44.9 
 

20.1 20.1 
 

11.0 
 

5.6 
 

2.9 

Yes 

SWRI: YC-5 YC-4 1980 
car 

44.2  20.0 27.8 
 

7.3 

10.5 
 

3.3 

Yes 

SWRI: YC-6 YC-4 1980  
Car 

51.1 
 

19.4 6.8 
 

22.7 

0.1 
 

6.8 

Yes 

SWRI: YC-7 YC-4 5424 
pickup 

45.2 
 

20.7 2.2 
 

18.7 

2.8 
 

8.9 

Yes 

 

1.3.1.2. TTI W-Beam System: 1992 (5) 

1.3.1.2.1. Design Considerations 

The short radius guardrail consisted of a 14-ft 3-inch radius curved section with a 
31-ft 5-inch straight segment parallel to the primary road and a 60-ft 8-inch section parallel to the 
secondary roadway. A TxDOT turndown terminated the secondary straight section. The 
guardrail was a 12-gauge W-beam supported by 7-inch diameter weakened wooden posts. The 
system contained two BCT anchors: one was located in the curved region and the other was 
located upstream of the transition. The transition section was a tubular W-beam, which is made 
from two pieces of W-beam welded back to back.  
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1.3.1.2.2. Test 1263-1 

The purpose of this test was to evaluate the ability of the system to capture small vehicles 
impacting the curved section of the rail. The 1970-lb car impacted the system near the center of 
its curved section at an impact speed of 58.4 mph and an impact angle of 20.5° (refer to Figure 
1.15). Instead of fracturing, the CRT posts in the curved section of the guardrail were pulled 
from the ground. The BCT post also did not fracture as expected, so the cable anchor did not 
release properly. Each of these occurrences contributed to higher tension in the rail than 
anticipated and caused the vehicle to be stopped too quickly. The impact lifted the back end of 
the vehicle completely off the ground. This system was not adequate because the longitudinal 
impact velocity of 41.8 ft/s exceeded the limit according to NCHRP Report 230. 

 
Figure 1.15. Sequential Photographs for Test 1263-1 (5). 

1.3.1.2.3. Test 1263-2 

After analyzing the results of Test 1263-1, changes were made to decrease the stiffness of 
the system. The downstream BCT assembly was replaced with a weakened CRT post in order to 
ensure the cable anchoring system properly releases. Also, the depth of all CRT posts was 
increased from 38 inches to 44 inches to raise the chance of fracturing instead of pulling out of 
the ground. The impact conditions for Test 1263-2 were the same as the impact conditions for 
Test 1263-1 (refer to Figure 1.16). The 1970-lb car impacted the curved section of the system at 
an impact speed of 59.0 mph and an impact angle of 20.4°. The CRT posts in the curved section 
of the guardrail fractured as expected. However, as the vehicle traveled through the system, a 
splice in the rail fractured. This caused the vehicle to travel much farther than the allowable 
stopping distance. Because the vehicle was not stopped within the intended distance, the system 
was considered inadequate according to NCHRP Report 230.  

1.3.1.2.4. Test 1263-3 

After analyzing the results of Test 1263-2, researchers made changes to increase the 
strength of the W-beam. To do this, two W-beams were placed one behind the other for the 
entire length of the system except for the transition and turndown section. The impact conditions 
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for Test 1263-3 were the same as the impact conditions for Test 1263-2 (refer to Figure 1.17). 
The 1970-lb car impacted the system at an impact speed of 60.2 mph and an impact angle of 
20.7°. The guardrail functioned as intended. The posts in the curved section fractured properly 
and the anchoring system released cleanly. The vehicle was stopped after traveling 14 ft, and the 
values for OIV and RDA were within acceptable limits. Therefore, the system was considered 
adequate according to NCHRP Report 230. 

 
Figure 1.16. Sequential Photographs for Test 1263-2 (5). 

 
Figure 1.17. Sequential Photographs for Test 1263-3 (5). 

1.3.1.2.5. Test 1263-4 

For this test, the radius of the curved portion was increased from 14 ft 3 inches to 16 ft. 
This change was made to simplify installation of the system. The purpose of this test was to 
evaluate the redirective performance of the system’s transition region. The 4500-lb sedan 
impacted the straight section of the system 75 inches from the bridge rail at an impact speed of 
57.1 mph and an impact angle of 24.7° (refer to Figure 1.18). Minimal wheel snagging occurred 
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at the transition region and the vehicle was safely redirected. The system was considered 
adequate according to NCHRP Report 230. 

1.3.1.2.6. Test 1263-5 

The purpose of this test was to evaluate the ability of the system to capture large vehicles 
impacting the curved section of the rail. No modifications to the system we made between Tests 
1263-4 and 1263-5. The 4500-lb sedan impacted the centerline of the guardrail at an impact 
speed of 58.5 mph and an impact angle of 26.8° (refer to Figure 1.19). The posts in the curved 
section of the rail fractured as intended and the guardrail deformed properly. However, after 
deflecting 16 ft, the guardrail slipped above the vehicle’s bumper. It traveled over the hood of the 
vehicle and caused significant damage to the passenger compartment. Because the system did not 
capture the vehicle and the passenger compartment had an unacceptable amount of damage, it 
was considered inadequate according to NCHRP Report 230.  

 
Figure 1.18. Sequential Photographs for Test 1263-4 (5). 

 

 
Figure 1.19. Sequential Photographs for Test 1263-5 (5). 
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1.3.1.2.7. Test 1263-6 

After analyzing the results of Test 1263-5, researchers made changes to prevent vehicle 
underride. The post at the beginning of the turndown was weakened. This would cause the post 
to fracture before the rail can ride up on the vehicle. The purpose of this test was to evaluate the 
redirective performance of the system when a vehicle impacts the curved section at a shallow 
angle. The centerline of the 4500-lb sedan impacted the centerline of system’s primary side at an 
impact speed of 58.3 mph and an impact angle of 2.0° (refer to Figure 1.20). The vehicle was 
redirected without snagging. Little damage was done to the vehicle, and the system and values 
for OIV and RDA were within recommended limits. Therefore, the system was considered 
adequate according to NCHRP Report 230.  

 
Figure 1.20. Sequential Photographs for Test 1263-6 (5). 

1.3.1.2.8. Primary Findings 

Table 1.2 presents the pertinent test results for the TTI testing on the W-beam system. 
Weakened posts must be buried deep enough so they fracture instead of pulling out from the 
ground. If a BCT system is used, a proper cable release must occur or else the vehicle will 
decelerate too rapidly. Nested W-beams increase the load capacity of the system. However, 
nested W-beams are difficult to install because the splice holes in the two beams do not always 
line up. A thrie beam system should be evaluated because of its similar strength of a nested 
W-beam. Also, the increased width of the thrie beam will better capture the vehicle, reducing the 
chance of vehicle override or underride. 

1.3.1.3. TTI Thrie-Beam System: 1994 (6) 

1.3.1.3.1. Design Considerations 

The short radius guardrail consisted of a 10-gauge thrie beam supported by weakened, 
round wooden posts with 6-ft 3-inch spacing. A thrie beam was used because of its advantages 
over a nested W-beam, which include improved vehicle capture, easier installation and 
maintenance, and is more cost-effective. The rail height was 31 inches, had a 16-ft radius, 
extended 32 ft on the primary side, and extended 60 ft on the secondary side. A thrie to W-beam 
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transition was used at the bridge rail connection and before the turndown section on the 
secondary side. 

Table 1.2. Summary of Crash Test Data of TTI W-Beam System (5). 

Test 
Number 

Guardrail 
Description 

Test 
Vehicle 

(lb) 

Impact 
Speed 
(mph) 

Impact 
Angle 

(degrees) 

OIV 
Longitudinal 

Lateral 
(ft/s) 

RDA 
Longitudinal 

Lateral 
(Gs) 

Vehicle 
Safely 

Captured/ 
Redirected 

1263-1 14 ft 3 inch 
radius, 
W-beam 

1970  
car 

58.4  20.5 41.8 
 

10.7 

12.8 
 

2.5 

No 

1263-2 BCT 
assembly 
replaced by a 
CRT post, 
increased 
depth of all 
CRT posts  

1970 
car 

59.0  20.4 27.1 
 

4.2 

10.5 
 

0.8 

No 

1263-3 1263-2, two 
nested 
W-beams 

1970  
car 

60.2  20.7  34.3 
 

7.9 

8.9 
 

3.5 

Yes 

1263-4 1263-3, 
increased 
radius to 16 ft 

4500 
sedan 

57.1  24.7  27.6 
 

25.4 

4.8 
 

7.7 

Yes 

1263-5 1263-4 4500 
sedan 

58.5  26.8  20.3 
 

6.2 

7.6 
 

2.3 

No 

1263-6 1263-4, 
weakened 
post at 
beginning of 
turndown 

4500 
sedan 

58.3  2.0  10.7 
 

15.4 
 

1.6 
 

5.6 

Yes 

 
1.3.1.3.1. Test 1442-1 

The purpose of this test was to evaluate the redirective capability of the system when a 
vehicle strikes the bridge transition. The 4409-lb pickup impacted the system at an impact speed 
of 60.9 mph and an impact angle of 26.0° (refer to Figure 1.21). The truck immediately contacted 
the concrete barrier and was pulled sharply to the left. The front end of the vehicle became 
airborne. After contacting the system for 15.7 ft, the vehicle exited the system at 41.5 mph at an 
angle of 2.5°. Because the vehicle was safely redirected and values for OIV and RDA were 
within recommended limits, the system is considered adequate according to NCHRP Report 350.  
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Figure 1.21. Sequential Photographs for Test 1442-1 (6). 

1.3.1.3.2. Test 1442-2 

No changes were made to the system between Test 1442-1 and 1442-2. The purpose of 
this test was to evaluate the ability of the system to contain a pickup truck, which impacts the 
centerline of the curved section. The 4409-lb vehicle impacted the centerline of the system at an 
impact speed of 63.0 mph and an impact angle of 25.6° (refer to Figure 1.22). Immediately after 
impact, the posts in the curved section rotated instead of fracturing as intended. This caused the 
rail to twist, and the vehicle began to climb the guardrail. The vehicle vaulted and overrode the 
barrier. Because the vehicle was not contained, the system is inadequate according to NCHRP 
Report 350.  

 
Figure 1.22. Sequential Photographs for Test 1442-2 (6). 

1.3.1.3.3. Test 1442-3 

After researchers analyzed the results of Test 1442-2, they replaced bolts with lag screws 
in each of the posts in the curved section of the guardrail. This change decreased the rotation of 
the guardrail by allowing the posts to release properly. The impact conditions for Test 1442-3 
were the same as in Test 1442-2. The 4409-lb pickup impacted the centerline of the curved 
section at an impact speed of 63.0 mph and an impact angle of 24.6° (refer to Figure 1.23). The 
results of this test were nearly identical to the results of the previous test. Immediately after 
impact, the loading on the top portion on the rail combined with the low torsional stiffness of the 
thrie beam caused the rail to twist and the vehicle began to climb the guardrail. The vehicle 
vaulted and overrode the barrier. Because the vehicle was not contained, the system is inadequate 
according to NCHRP Report 350. 
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Figure 1.23. Sequential Photographs for Test 1442-3 (6). 

1.3.1.3.4. Test 1442-4 

After analyzing the results of Test 1442-3, researchers decided that the project would 
now focus on designing a system to be compliant with NCHRP Report 230 criteria. The system 
developed during this project could be used until a short radius system meeting NCHRP Report 
350 criteria was designed and tested. The purpose of this test was to evaluate the ability of the 
system to capture a small car impacting the curved section of the system. The 1978-lb car 
impacted the centerline of the curved section at an impact speed of 60.1 mph and an impact angle 
of 19.1° (refer to Figure 1.24). Immediately after impact, the posts in the curved section fractured 
as intended, and the guardrail began to deform across the front of the vehicle. As the vehicle 
continued into the system, the rail slipped over the bumper and began to override the hood. Even 
though vehicle underride did occur, the system is adequate according to NCHRP Report 230 
because the OIV and RDA values were within the limits and the vehicle was safely contained.  

 
Figure 1.24. Sequential Photographs for Test 1442-4 (6). 

1.3.1.3.5. Test 1442-5 

No changes were made to the system between Tests 1442-4 and 1442-5. The purpose of 
this test was to evaluate the ability of the system to contain a large vehicle impacting at the 
centerline of the curved section. The 4500-lb vehicle impacted the centerline of the curved 
section of the system at an impact speed of 60.4 mph and an impact angle of 24.5° (refer to 
Figure 1.25). Immediately after impact, the posts in the curved section fractured as intended and 
the rail deformed across the front of the vehicle. The vehicle came to a stop 21.3 ft into the 
system. Even though the end anchor failed before the vehicle came to a complete stop the test 
was not considered a failure because the vehicle was safely contained and the values for OIV and 
RDA were within recommended limits, the system is adequate according to NCHRP Report 230. 
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Figure 1.25. Sequential Photographs for Test 1442-5 (6). 

1.3.1.3.6. Primary Findings 

Table 1.3 presents the pertinent test results for the TTI testing on the thrie beam system. 
A thrie beam has strength and stiffness properties that are comparable to a nested W-beam, but 
the thrie is cheaper and easier to install. Because the depth of the thrie beam is greater than that 
of a W-beam, extra care must be taken to ensure vaulting caused by eccentric loading or 
improper fracturing of posts does not occur.  

 
Table 1.3. Summary of Crash Test Data of TTI Thrie Beam System (6). 

Test 
Number 

Guardrail 
Description 

Test 
Vehicle 

(lb) 

Impact 
Speed 
(mph) 

Impact 
Angle 

(degrees) 

OIV (ft/s) 
Longitudinal 

Lateral 

RDA (Gs) 
Longitudinal 

Lateral 
 

Vehicle 
Safely 

Captured/ 
Redirected 

1442-1 4.78 ft radius, 
thrie beam 

4409 
pickup 

60.9 
 

26.0 24.1 
 

26.2 

7.1 
 

11.7 

Yes 

1442-2 1442-1 4409 lb 
pickup 

63.0 
 

25.6 17.2 
 

2.6 

10.4 
 

5.6 

No 

1442-3 1442-2, 
removed 

bolts from 
posts in 
curved 
section 

4409 
pickup 

63.0 
 

24.6 16.5 
 

3.3 

6.17 
 

9.58 

No 

1442-4 1442-3 1978 
car 

60.1 
 

19.1 34.7 
 

7.8 

8.59 
 

3.02 

Yes 

1442-5 1442-3 4500 
town car 

60.4 
 

24.5 20 
 

8.0 

5.24 
 

2.75 

Yes 

 

1.3.1.4. Midwest Roadside Safety Facility Phase II: 2003 (8) 

1.3.1.4.1. Design Considerations 

Phase II of the project involved full-scale crash tests on the design developed in phase I (7). 
Phase I of the MwRSF project was a concept development based on previous short radius guardrail 
designs, FHWA recommendations, and state regulations. An 8-ft radius was selected for this study 
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based on research, which concluded that smaller radius guardrails maintained tension better 
throughout the system. The smaller radius also reduces the overall size of the system, allowing it to 
be used at a variety of intersections. The radius was based on the constraint that bending in the 
nose of the rail would form a 90° angle between each leg. It was determined that the thrie beam 
had sufficient strength at the nose to prevent sagging, so a post at the centerline of the nose was not 
needed. Removing this post also reduces the risk of vaulting when vehicles impact the centerline 
of the curve. The curved section included a rail with slot tabs that should allow the rail to separate 
at impact and better capture the front of the vehicle. 

1.3.1.4.2. Test SR-1 

The test was conducted according to NCHRP Report 350 TL-3 test designation 3-33 using 
a 4473-lb 1995 GMC pickup truck. The centerline of the truck impacted the centerline of the nose 
section at an impact speed of 61.5 mph and an impact angle of 19.0° (refer to Figure 1.26). The 
bumper of the truck made initial contact with the middle hump of the thrie beam. As the beam 
deformed, the slot tabs did not tear, so the middle hump was pushed below the bumper and the 
lower hump of the beam was rolled over. Because of the impact orientation, the posts on the left 
side of the vehicle failed before those on the right side. This caused the left side of the rail to lose 
tension first, which caused the rail on the right side of the vehicle to lock. The vehicle yawed 
violently clockwise until it rolled over. Because the vehicle rolled and was not captured, the 
guardrail was deemed unacceptable according to NCHRP Report No. 350 criteria.  

1.3.1.4.3. Test SR-2 

As a result of Test SR-1, two CRT posts were added to the secondary side of the system. 
This should counteract the yaw of the truck by stiffening the side that lost tension. The test was 
conducted according to NCHRP Report 350 TL-3 designation 3-33 using a 4440-lb 1994 
Chevrolet pickup truck. The centerline of the truck impacted the centerline of the nose section at 
64.7 mph and an impact angle of 16.1° (refer to Figure 1.27). The bumper of the truck made 
initial contact with the middle hump of the thrie beam. As the rail deformed, the top and middle 
humps were pushed above the bumper and the lower hump was rolled over. As the vehicle 
continued into the system, the rail on the primary side deformed along the line of posts while the 
rail on the secondary side deformed at an angle. This uneven loading caused the vehicle to yaw 
clockwise. The combination of the yaw from the system and debris gathered on the vehicle’s 
right side caused the pickup to roll over the guardrail. Because the vehicle rolled and was not 
captured, the guardrail was deemed unacceptable according to NCHRP Report 350 criteria.  

1.3.1.4.4. Test SR-3 

After reviewing the geometry of the system, the researchers at MwRSF decided that an 
impact with the centerline of the vehicle directly aligned with the primary side of the system 
would be more critical than the impact in NCHRP Report 350 test designation 3-31. Therefore, 
Test SR-3 was carried out as a modified NCHRP Report 350 test designation 3-31 where the 
truck impacts the primary side of the system at an impact angle of 0° rather than impacting the 
centerline of the nose at an angle of 0°. The vehicle used for the test was a 4489-lb 1995 Ford 
pickup truck. The truck impacted the rail at 63.9 mph and an angle of 0.9° (refer to Figure 1.28). 
The bumper of the truck made initial contact between the top two humps of the thrie beam, 
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which immediately tore the slot tabs between the top and middle humps. As the rail deformed, 
the top hump slid above the bumper while the middle and bottom humps were pushed beneath 
the bumper and the pickup truck rolled over. The vehicle buckled the first section of guardrail, 
but the second section flexed outward instead of buckling. This caused significant deformation to 
the front of the vehicle. The increased resistance from the rail along with the cable in the nose 
section locking above the front bumper caused the vehicle to pitch violently downward. The 
vehicle rolled to the right and yawed counterclockwise such that only the right front corner of the 
truck contacted the ground. Because the vehicle rolled and was not safely redirected, the 
guardrail was deemed unacceptable according to NCHRP Report 350 criteria.  

1.3.1.4.5. Test SR-4 

The failure to safely stop the vehicle in Tests SR-2 and SR-3 led to several design 
modifications for Test SR-4. Another section of thrie beam was added to the primary side. This 
increased the parabolic flare of the system and added four more CRT posts, bringing the total on 
the primary side to 13 posts. The extra section would allow the rail to absorb more energy, and 
the additional slotted rail would allow the rail to buckle more easily, reducing the vaulting that 
occurred in Test SR-3. The system was also raised by 2 inches to better capture the vehicle. The 
test was a repeat of Test SR-3 and the vehicle used was a 4420-lb 1997 GMC pickup truck. The 
truck impacted the rail at an impact speed of 66.1 mph and an impact angle of 1.8° (refer to 
Figure 1.29). The vehicle impacted the curved section of the guardrail. The first two posts were 
fractured, and the rail was pushed to the left of the vehicle. The loss of these posts eliminated 
most of the tension upstream of the truck, which led to little redirection by the system. At this 
point, the vehicle began to redirect slightly. Posts 3 through 8 were fractured, and then the rail 
slid off the left corner of the vehicle into the front wheels. As the rail snagged the front-left 
wheel, the vehicle decelerated rapidly and yawed counterclockwise. Because the system did not 
safely redirect the vehicle, it was deemed unacceptable according to NCHRP Report 350 criteria. 

1.3.1.4.6. Primary Findings 

Table 1.4 presents the pertinent test results for MwRSF phase II testing. The addition of 
parabolic flare and more slotted guardrail sections improved vehicle capture and gave the vehicle 
a larger distance to decelerate. Increasing the system height from 31.6 inches to 33.8 inches did 
not have a significant impact on test results and also caused compatibility issues with connecting 
bridge rails. It was also determined that an additional anchor on the primary side would be 
necessary to keep tension in the rail.  
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Table 1.4. Summary of MwRSF Phase II Crash Test Data (8). 

Test 
Number 

Guardrail 
Description 

Test 
Condition 

Test 
Vehicle 

(lb) 

Impact 
Speed 
(mph) 

Impact 
Angle 

(degrees) 

OIV (ft/s) 
Longitudinal 

Lateral 

RDA (Gs) 
Longitudinal 

Lateral 

Vehicle 
Safely 

Redirected 
SR-1 8 ft radius, 

thrie beam 
NCHRP 

Report 350 
Test 3-33 

4473 
pickup 

61.5 
 

19.0 20.6 
 

5.2 

9.28 
 

7.89 

No 

SR-2 SR-1, two 
posts added 

on 
secondary 

side 

NCHRP 
Report 350 
Test 3-33 

4440 
pickup 

64.7 
 

16.1 23.6 
 

9.6 

7.05 
 

8.51 

No 

SR-3 No changes 
from SR-2 

Modified 
NCHRP 

Report 350 
Test 3-31 

4489  
pickup 

63.9 
 

0.9 29.0 
 

4.3 

12.21 
 

8.01 

No 

SR-4 SR-2, added 
section on 
primary 

side, raised 
system to 

33.8 inches 

Modified 
NCHRP 

Report 350 
Test 3-31 

4420 
pickup 

66.1 
 

1.8 14.2 
 

9.9 

23.61 
 

11.68 

No 

 

1.3.1.5. Midwest Roadside Safety Facility Phase III: 2007 (11) 

1.3.1.5.1. Design Considerations 

The design of the short radius guardrail for these tests was based on research conducted 
in phase I and II of the project. Similar to that used in phase II, the system was also designed 
without a centerline post in the nose section. It also used a slotted thrie beam held by 13 posts on 
the primary side and eight posts on the secondary side. The parabolic flare on the primary side 
was kept after it was found to improve the system in Test SR-4. The radius was increased to 9 ft, 
which should better facilitate vehicle capture while remaining small enough to be used at a 
variety of intersections. A set of cables was attached to the back of the nose section between the 
top and middle humps of the thrie beam to contain vehicles if rail rupture occurs. A new 
anchorage system tangent to the primary side was added to maintain tension in the primary side 
when redirecting a vehicle. The new anchor needs to provide tension during redirection but must 
break away when the vehicle is to be captured. Therefore, a release lever was added in front of 
the curved section of the system. 

1.3.1.5.2. Test SR-5 

After reviewing the geometry of the system, the researchers at MwRSF decided that an 
impact with the centerline of the vehicle directly aligned with the primary side of the system 
would be more critical than the impact in NCHRP Report 350 test designation 3-31. Therefore, 
Test SR-3 was carried out as a modified NCHRP Report 350 test designation 3-31 where the 
truck impacts the primary side of the system at an impact angle of 0° rather than impacting the 
centerline of the nose at an impact angle of 0°. The test was conducted using a 4412-lb 1997 
Ford pickup truck. The vehicle impacted the system slightly after the first primary post at an 
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impact speed of 63.3 mph and an impact angle of 0.9° (refer to Figure 1.30). The curved nose 
section deformed inward and wrapped around the front corner of the truck. By the time the 
vehicle fractured the second primary post, it began to redirect. The rail began to flatten as the 
vehicle was redirected. After the third post fractured, other posts only bent slightly as they 
continued to redirect the vehicle. The vehicle exited the system at post 7 at an exit speed of 
53 mph and an exit angle of 12.6°. The secondary anchor remained in place for the test and 
successfully established the tension required to redirect the vehicle. The short radius guardrail 
system was adequate in safely redirecting the vehicle according to NCHRP Report 350 TL-3 
performance criteria. There were no intrusions into the occupant compartment, the vehicle 
remained upright, and did not interfere with other lanes of traffic.  

1.3.1.5.3. Test SR-6 

After Test SR-5, concerns were raised over the location of the cable release mechanism 
because the current location in front of the guardrail would hinder mowing crews. As a result, the 
mechanism was eliminated and the cable system on the primary side redesigned. The cable was 
lengthened and reoriented so it ran from the first post on the primary side to the first post on the 
secondary side. The anchorage for the secondary side was relocated to post 2S. Test SR-6 was 
carried out according to NCHRP Report 350 test designation 3-30 with a 1969-lb 1996 Geo car. 
When the vehicle impacted the curved section of the guardrail, the right front quarter point of the 
car was aligned with the centerline of the curved nose section. The vehicle impacted the system 
while traveling at an impact speed of 61.8 mph at an impact angle of 0.8° (refer to Figure 1.31). 
The nose section buckled near its midpoint and deformed the hood of the car. The slot tabs began 
to tear as the car continued into the system. Buckle points formed adjacent to posts 1P and 1S. 
By this time, the thrie beam spread across the entire front of the car. The rail then disengaged 
from post 3P and was pushed up over the front of the vehicle, collapsing the hood and contacting 
the windshield. At 0.770 seconds (s), the car came to a stop. Though the system adequately 
contained the vehicle, the longitudinal occupant ridedown acceleration was above the maximum 
allowed value. Excessive deformations and intrusions into occupant compartment also occurred. 
Therefore, the system was deemed inadequate according to NCHRP Report 350 TL-3 criteria.  

1.3.1.5.4. Primary Findings 

Table 1.5 presents the pertinent test results for MwRSF phase III testing. The redesigned 
anchoring method used for Test SR-6 was adequate in maintaining tension in the primary side. A 
cable located behind the thrie beam will retain the vehicle in the event of rail rupture. The 
parabolic flared section continued to perform well when redirecting a vehicle. Care must be 
taken to keep the vehicle from traveling under the rail during impact in order to minimize 
occupant compartment damage. 

 



TR No. 0-6711-1  25 2014-12-08 
 

 

 
Fi

gu
re

 1
.3

0.
 S

eq
ue

nt
ia

l P
ho

to
gr

ap
hs

 fo
r 

T
es

t S
R

-5
 (1

1)
. 

 
Fi

gu
re

 1
.3

1.
 S

eq
ue

nt
ia

l P
ho

to
gr

ap
hs

 fo
r 

T
es

t S
R

-6
 (1

1)
. 

 



TR No. 0-6711-1 26 2014-12-08 

Table 1.5. Summary of Midwest Roadside Safety Facility Phase III Crash Test (11). 
 

Test 
Number 

Guardrail 
Description 

Test 
Condition 

Test 
Vehicle 

(lb) 

Impact 
Speed 
(mph) 

Impact 
Angle 

(degrees) 

OIV (ft/s) 
Longitudinal 

Lateral 

RDA (Gs) 
Longitudinal 

Lateral 

Vehicle 
Safely 

Redirected 
SR-5 SR-4, added 

anchorage to 
primary 

side, 
lowered to 
31 inches 

Modified 
NCHRP 

Report 350 
Test 3-31 

4412  
pickup 

63.3 
 

0.9 13.4 
 

10.4 
 

5.72 
 

5.37 

Yes 

SR-6 SR-5, 
redesigned 
anchoring 

system 

NCHRP 
Report 350 
Test 3-33 

1969 
car 

61.8 
 

0.8 30.8 
 

0.43 

20.73 
 

12.05 

No 

1.3.1.6. Midwest Roadside Safety Facility Phase IV: 2008 (9) 

1.3.1.6.1. Design Considerations 

The design of the short radius guardrail for these tests was based on research conducted 
in phase I, II, and III of the project. The system is identical to the one tested in Test SR-6. The 
radius is 9 ft, with cables attached to the back of the nose section. The guardrail has 13 posts on 
the primary side and eight posts on the secondary side holding up a slotted thrie beam and no 
post on the centerline of the nose section.  

1.3.1.6.2. Test SR-7 

The test was conducted according to NCHRP Report 350 test designation 3-33 guidelines 
with a 4989-lb pickup truck. The centerline of the truck impacted the centerline of the curved 
section of the system at an impact speed of 62.3 mph and an impact angle of 18.1° (refer to 
Figure 1.32). As the truck traveled through the system, it began to turn toward the secondary side 
because the number of posts on the primary side offered more resistance. Tension was lost on the 
secondary side and the guardrail hit the ground in front of the vehicle. As the truck began to roll 
over the rail, the back right tire hit post 1S, which raised the right-rear corner of the vehicle. 
Next, the vehicle’s front left tire snagged on the sagging rail and pitched the vehicle downward. 
The truck pivoted about this point and rolled. Because the vehicle rolled over the guardrail and 
was not contained, the system is not adequate according to NCHRP Report 350 guidelines. 

1.3.1.6.3. Test SR-8 

After analyzing the results of Test SR-7, researchers made several design modifications. 
First, the holes in posts 1P, 1S, and 2S were enlarged from 2.5 inches to 3 inches in diameter. 
This should ensure a cleaner release of the cable anchor and keep the posts from interfering with 
the vehicle as it travels through the system. Plate washers were added to the first four posts on 
each side. This will keep the posts attached to the guardrail after they fail so they do not interact 
with the vehicle as it travels through the system. Also, the slot tabs were reduced from 2 inches 
wide to 1 inch wide so that they would tear more easily. The centerline of the truck impacted the 
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centerline of the curved section of the system at an impact speed of 62.9 mph and an impact 
angle of 17.9° (refer to Figure 1.33). As the truck traveled through the system, it began to turn 
toward the secondary side because the primary side offered more resistance. By the time the 
truck became parallel with the secondary side, the guardrail was contacting the entire left side of 
the vehicle. This caused the vehicle to yaw about its front-left tire. The rail lost tension in the 
secondary side and the vehicle rolled over it. Because the truck rolled over the guardrail, the 
system is not adequate according to NCHRP Report 350 guidelines. 

1.3.1.6.4. Primary Findings 

Table 1.6 presents the pertinent test results for MwRSF phase IV testing. Though the 
system in Test SR-8 was not adequate, the modifications after Test SR-7 showed promise. 
Enlarging transverse holes in the first post on the primary side as well as two posts on the 
secondary side, reducing slot tab size in the nose section, and attaching the first three posts on 
each side to the guardrail with washers improved the overall performance of the system by 
minimizing the amount of debris that the vehicle encountered. 

Table 1.6. Summary of Midwest Roadside Safety Facility Phase IV Crash Test Data (9). 

Test 
Number 

Guardrail 
Description 

Test 
Condition 

Test 
Vehicle 

(lb) 

Impact 
Speed 
(mph) 

Impact 
Angle 

(degrees) 

OIV (ft/s) 
Longitudinal 

Lateral 

RDA (Gs) 
Longitudinal 

Lateral 

Vehicle 
Upright 
Safely 

Redirected 
SR-7 SR-6 NCHRP 

Report 350  
Test 3-30 

4989 
pickup 
truck 

62.3 
 

18.1 20.1 
 

8.0 

9.61 
 

5.55 

No 
No 

SR-8 SR-7, 
enlarged 

holes, added 
washers, 
reduced 
width of 
slot tabs 

NCHRP 
Report 350  
Test 3-33 

5000 
pickup 
truck 

62.9 
 

17.9 21.0 
 

10.2 

6.80 
 

4.12 

Yes 
No 
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1.3.2. Bullnose Guardrail Research and Testing 

1.3.2.1. A Need for the Universal Steel Breakaway Post (12)  

CRT wood posts were originally used in the thrie-beam bullnose system that MwRSF 
developed between 1997 through 2000. The bullnose system was developed in order to protect 
errant vehicles from hazards in highway medians. Using CRT wood posts in this system met the 
criteria in NCHRP Report 350. However, wood posts can have several drawbacks. The quality of 
wood can largely vary based on factors such as knots, splints, and moisture content, making it 
difficult to maintain consistency. Two holes are drilled in the CRT wood posts to allow for 
breakaway capability. The holes allow raw exposure to the environment, which can lead to faster 
degradation of the post. In addition, the wood is treated with chemical preservatives, making it a 
hassle to dispose of according to environmental laws. The concerns of using CRT wood posts led 
to the development of the Universal Breakaway Steel Post (UBSP). The UBSP needed to mimic 
all breakaway properties of the CRT wood post so that it could serve as a replacement for the 
wood post in guardrails. 

1.3.2.2. Phase I: Investigating the Use of a New Universal Breakaway Steel Post: 2009 (12, 13)  

1.3.2.2.1. CRT Wood Post Breakaway Testing 

To mimic the properties of CRT wood posts, the UBSP needed to match the bending 
capacities along the strong, weak, and diagonal axis under similar loading conditions. Also, the 
shape and mass of the UBSP needed to be comparable to a CRT wood post so it would have the 
same breakaway characteristics and rotational resistance in the soil. Nine tests were conducted 
with CRT wood posts in a rigid sleeve to determine dynamic properties of the posts. This 
provided parameters for the development of the UBSP. The averages of the results from the nine 
tests are listed in the table below. The tests used southern yellow pine at three impact angles. 
Table 1.7 presents a summary of results on the CRT wood post bogie tests. From these results and 
previous experience with CRT posts, MwRSF concluded the peak forces were 12 kips, 8 kips, and 
6 kips on the strong, diagonal, and weak axis, respectively. 

Table 1.7. Summary of CRT Wood Post Bogie Test Results (13). 

Test 
Number 

Impact 
Angle 

(degrees) 

Impact 
Velocity 
(mph) 

Initial Peak Force 
Energy at 

5-inch 
Displacement 

Final Total Energy 

Displacement 
(inches) 

Force 
(kips) 

Energy 
(kips-inch) 

Displacement 
(inches) 

Energy 
(kip-inch) 

MNCRT-1, 
MNCRT-2, 
MNCRT-3 

0 15.14 1.45 10.27 16.4 12.22 22.69 

MNCRT-4, 
MNCRT-5, 
MNCRT-6 

90 15.82 1.5 9.07 16.9 11.47 21.05 

MNCRT-7, 
MNCRT-8, 
MNCRT-9 

45 15.87 2.79 10.78 23.13 12.21 29.52 
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1.3.2.2.2. Concept Development of the UBSP 

The difficult aspect of developing the UBSPs was using ductile steel to recreate the 
bending properties of brittle wood. Several concepts were originally introduced and narrowed 
down to five based on ease of production, cost, and potential to match the characteristics of the 
CRT wood post. The five concepts included: 

• Steel tube in steel tube. 
• Steel tube in steel tube with through bolt. 
• Upper fiberglass reinforced plastic. 
• Fracturing bolt base. 
• Circular fillet weld.  

In the first round of testing, the five concepts were narrowed down to the circular fillet 
weld and fracturing bolt concepts. This was based on the practicality and the performance of the 
five concepts during testing. The two concepts went on to a second round of testing. The 
fracturing bolt (slipbase) concept consists of two plates, one welded to the top of the base tube 
and the other welded to the bottom of the post. The two plates are then connected by four 
breakaway bolts. The design is intended to allow the bolts on the impact side to break in tension 
and the bolts on the non-impact side to break in shear. The circular fillet weld concept consists of 
a splice plate with circular holes on the front and back of the posts. The circular holes on the 
plate are fillet welded to the top post. The failure of the post is based on the failure of the 
welding.  

During the second round of testing, researchers concluded that the fracturing bolt concept 
was the best option because the circular fillet weld concept depended too much on the variation 
of the welding.  

Prior to a third round of testing for the fracturing bolt concept, researchers conducted a 
set of tests to evaluate the breakaway properties of a CRT wood post in soil. Earlier testing of 
breakaway properties was done with the post in a rigid sleeve. Table 1.8 summarizes the test 
results for the CRT wood posts in soil. 

Table 1.8. Wood CRT in Soil (13). 

Test 
Number 

Impact 
Velocity 
(mph) 

Impact Angle 
(degrees) 

Peak Load 
(kips) 

Expected Peak 
Loads from 

Previous Testing 
(kips) 

Failure 
Type 

UBSP-14 19.1 0 8.3 12 Post Failure 
UBSP-15 20.5 0 5 12 Post Rotation 
UBSP-16 20.2 90 4 6 Post Rotation 
UBSP-17 20.6 90 5 6 Post Failure 
UBSP-18 20.0 45 7 8 Post Rotation 
UBSP-19 20.0 45 5 8 Post Rotation 
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The variation in the compaction and strength of soil was apparent in the results of the 
wood post in soil. This variation can be seen in Tests UBSP-15, UBSP-16, and UBSP-19 where 
the failure was due to post rotation and a smaller peak load than expected. Also, the large 
difference in the expected peak load and the experimental peak load in Test UBSP-14 
demonstrates the variance in the quality of wood. At the breakaway point of the post in this test, 
there was a large knot in the wood. 

A third round of testing was done with the fracturing bolt steel post to ensure it would 
match the breakaway properties as the wood posts in soil, and to test the post on the diagonal 
axis that had not been tested in round 2. Table 1.9 summarizes the second and third rounds of 
tests of the fracturing bolt UBSP. 

Table 1.9. Round 2 and 3 of Tests of Fracturing Bolt Steel Post (13). 

Test Number 
Impact 
Angle 

(degrees) 

Peak Load 
(kips) Soil Type Description 

UBSP-9 
(round 2) 

0 11 Standard 
strong soil 

One of the impact side nuts stripped off instead 
of the bolt fracturing 

UBSP-10 
(round 2) 

90 6.42 Standard 
strong soil 

Bolts fractured in tension 

UBSP-13 
(round 2) 

0 5 Standard 
strong soil 

Did not break at expected force level, but did 
absorb significant energy 

UBSP-20 
(round 3) 

0 10.8 Standard 
strong soil 

Bolts fractured in tension 

UBSP-21 
(round 3) 

45 8.3 Standard 
strong soil 

Bolts fractured in tension and there was 
damage to the flange 

 

In round two, there were two tests conducted at the same impact angle because in Test 
UBSP-9, one of the impact side nuts stripped off instead of the bolt fracturing. Test UBSP-13 
was conducted to ensure that the behavior of the bolt would fracture instead of the nut stripping. 
This was done by replacing the double end stud with a hex bolt of the same size (refer to and). 
MwRSF contributed the small peak load in Test UBSP-13 to the poor impaction of the soil 
causing the post to rotate instead of breaking away. 
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Figure 1.34. Fracturing Bolt Steel Post Design (13). 

 
Table 1.10. Details on Fracturing Bolt Steel Post (13). 

Item No. Quantity Description Material Spec 
1a 4 ⅜-inch diameter ×2½-inch long Hex Grade 5 
1b 1 6×8×0.1875×40 Foundation Tube A500 
1c 16 ⅜-inch Flat Washer Grade 5 
1d 4 ⅜-inch Heavy Hex Nut Grade 5 
1e 1 12×7×0.5 Steel Plate A36 
1f 1 12×5.5×0.75 Steel Plate A36 
1g 1 W6×9×30.75  

 
1.3.2.2.3. Testing the Universal Steel Breakaway Post: UBSPN-1 (13) 

The barrier design for this test consisted of 28 posts with 14 on each side of the system. 
On one side of the system, the first post was a BCT post. The next 11 posts were UBSPs and the 
final two were BCT posts with cable anchors. The other side was an exact mirror. Figure 1.35 
shows a diagram of the system. 

1g 

1b 

1e 

1f 

1a 

1c 

1d 
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Figure 1.35. Barrier Design Detail of UBSPN-1 (13). 

The test was conducted according to NCHRP Report 350 test designation 3-38. A 4473-lb 
pickup truck impacted the centerline of post 2A at 63.2 mph and an angle of 22.6°. 

At impact, the rail immediately began to deform, fracturing the posts near the impact 
point. It continued to penetrate the barrier even with the release of the cable anchor. As the truck 
neared the end of the slotted rail, the rail began to buckle, causing the rail to drop to the ground 
on the passenger side. The truck then began to ramp and override the rail. It made contact with 
the ground on the front left side, and the continuing momentum of the truck caused it to roll onto 
its roof. Figure 1.36 shows final displacement of the vehicle. 

The truck had moderate damage mostly caused by the roll. The barrier had extensive 
damage with flattening and tearing. Most of the damage was done on the impact side (side A) 
with the first 8 posts fracturing. On side B, only posts 11 and 12 were damaged. The system was 
considered unacceptable according to NCHRP Report 350 because of the truck override and 
subsequent rollover. Figure 1.37 shows sequential photographs of the test. 
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Figure 1.36. Vehicle Final Position for Test UBSPN-1 (13). 

 
Figure 1.37. Sequential Photographs for Test UBSPN-1 (13). 

1.3.2.3. Phase II: Investigating the Use of a New Universal Breakaway Steel Post: 2010 (14)  

1.3.2.3.1. UBSPN-2 

Test UBSPN-1 was compared to previous NCHRP Report 350 test designation 3-38 crash 
tests with CRT wood posts and steel post bullnose systems to find the causes of failure. It was 
observed that in UBSPN-2, the fracturing bolt posts broke away more quickly than the CRT 
wood posts. Post 2 actually did not break away as quickly as expected, causing the truck to have 
greater redirection than in similar previous tests with CRT wood posts.  

For this test, modifications were considered based on the occurrences in test UBSPN-1. 
They include: 

• Changing the second post from a UBSP to a BCT breakaway wood post. 
• Reducing the embedment depth for the UBSPs. 
• Adding another section of slotted thrie beam to both sides. 
• Increasing the strength of the fracturing-bolt steel post. Figure 1.38 shows a diagram 

of the new barrier design. 

The test was conducted according to NCHRP Report 350 test designation 3-38. A 4470-
lbpickup truck impacted the centerline of post 2 at 62.9 mph and an angle of 21.7°.  

At impact, the rail began to deform. The posts near the impact point fractured and the rail 
wrapped around the front of the truck, beginning to contain it. The truck continued to penetrate 
the system, making contact with the other side of the setup and coming to a stop. There was 
severe damage to the barrier on the impact side (side A) including guardrail buckling and 
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flattening, and posts 1 through 8 were all fractured. On side B, there was minimal damage where 
posts 1 through 3 were fractured. Since the vehicle was successfully captured and did not ramp 
or roll, the system was considered acceptable according to NCRHP Report 350. Figure 1.39 
shows the final displacement of the vehicle and Figure 1.40 shows sequential photographs of the 
test. 

 
Figure 1.38. Barrier Design Detail of UBSPN-2 (14). 

 
 

Figure 1.39. Vehicle Final Position Test UBSPN-2 (14). 
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Figure 1.40. Sequential Photographs for Test UBSPN-2 (14). 

1.3.2.4. Phase III: Investigating the Use of a New Universal Breakaway Steel Post: 2010 (15)  

1.3.2.4.1. UBSPN-3 

A 2024-lb car impacted the barrier at 63.3 mph and an angle of 0°. The system barrier 
design was the same as UBSPN-2. At impact, the rail immediately began to deform. On side A, 
the first three posts were fractured and post 4 was twisted. On side B, the first four posts were 
fractured, post 5 blockouts were rotated, and the rail-to-post bolts on post 6 were pulled out. 
There was no visible damage to posts 5 through 14 on side A and posts 7 through 14 on side B. 
The damage to the vehicle was moderate and the beam suffered from buckling, tearing, and 
flattening. The test was considered adequate because the vehicle was contained and the OIVs and 
RDAs of both directions were within the limits of NCHRP Report 350 test designation 3-30. 
Figure 1.41 shows final displacement of the vehicle, and Figure 1.42 shows sequential photos of 
the test. 

 

 
Figure 1.41. Vehicle Final Position Test UBSPN-3 (15). 

 
Figure 1.42. Sequential Photographs for Test UBSPN-3 (15). 
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1.3.2.4.2. UBSPN-3 

A 4429-lb pickup truck impacted the barrier at 64.5 mph and an angle of 0°. The system 
barrier design was the same as UBSPN-2. At impact, the rail immediately began to deform. On 
Side A, posts 1 through 6 and post 8 were fractured and post 7 was bent and twisted. Posts 9 and 
10 had ½-inch soil gaps. On Side B, the first seven posts were fractured and post 8 was bent 
slightly. There was no visible damage to posts 11 through 14 on Side A and posts 9 through 14 
on Side B. The damage to the vehicle was moderate, and the beam suffered from buckling, 
tearing, and flattening. The test was considered adequate because the vehicle was contained and 
the OIVs and RDAs of both directions were within the limits of NCHRP Report 350 test 
designation 3-31. Figure 1.43 shows final displacement of the vehicle, and Figure 1.44 shows 
sequential photographs of the test. 

 

 
Figure 1.43. Vehicle Final Position UBSPN-4 (15). 

 
Figure 1.44. Sequential Photographs for Test UBSPN-4 (15). 

1.3.2.5. Primary Findings 

From the full scale crash tests and the bogie tests, MwRSF confirms that the fracturing 
bolt UBSP is sufficient to replace CRT wood posts under similar conditions. Also, MwRSF 
believes the foundation tube and foundation plate can be reused as long as these do not display 
any deformation. During testing, MwRSF observed that replacing step washers with standard 
washers in the fracturing bolt post design allowed the bolts on the non-impact side of the post to 
break in shear instead of tension. Table 1.11 provides a summary of pertinent results from the 
bullnose barrier tests. 
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Table 1.11. Summary of Bullnose Barrier Tests (15). 
Test 

Number 
Guardrail 

Description 
Test 

Condition 
Test 

Vehicle 
(lb) 

Impact 
Speed 
(mph) 

Impact 
Angle 

(degrees) 

OIV (ft/s) 
Longitudinal 

Lateral 

RDA (Gs) 
Longitudinal 

Lateral 

Vehicle 
Safely 

Redirected 
UBSPN-1 First post 

was BCT 
anchor post 

NCHRP 
Report 350 
Test 3-38 

4473 
 

63.2  22.6 21.05 
 

2.68 

11.36 
 

6.03 

No 

UBSPN-2 First two 
posts were 

BCT anchor 
posts 

NCHRP 
Report 350 
Test 3-38 

4471 
 

62.9  21.7 28.15 
 

0.74 

15.11 
 

17.39 

Yes 

UBSPN-3 Same 
system as 
UBSPN-2 

NCHRP 
Report 350 
Test 3-38 

2026 
 

63.3  0 32.18 
 

4.08 

7.70 
 

7.79 

Yes 

UBSPN-4 Same 
system as 
UBSPN-2 

NCHRP 
Report 350 
Test 3-31 

4429 
 

64.5  0 21.75 
 

0.21 

7.84 
 

7.34 

Yes 

 

1.3.3. Evaluation of Existing T-Intersection Guardrail Systems: 2010 (16) 

TTI conducted a study to determine if previously tested short radius guardrail systems 
met NCHRP Report 350 TL-2 criteria. The focus was on the crash tests done in Yuma County, 
Arizona. Table 1.12 shows a summary of the NCHRP Report 350 test conditions required for 
TL-2. 

Table 1.12. NCHRP Report 350 TL-2 Criteria (16). 

Feature Feature 
Typea 

Test 
Designation 

Impact Conditions 

Vehicle 
Nominal 

Speed 
(km/h) 

Nominal 
Angle, θ 
(degrees) 

Terminals 
and 

Redirective 
Crash 

Cushions 

G/NG 2-30 820C 70 0 
G/NG 2-31 2000P 70 0 
G/NG 2-32 820C 70 15 
G/NG 2-33 2000P 70 15 
NG 2-36 820C 70 15 
NG 2-37 2000P 70 20 
NG 2-38 2000P 70 20 

G/NG 2-39 2000P 70 20 
a G/NG—Test applicable to gating and nongating devices 
  NG—Test applicable to nongating devices 
 

The researchers concluded that tests YC-5 and YC-6 passed on the test conditions for 
NCHRP Report 350 test designations 2-32 and 2-36, respectively, for the small car. Also, tests 
YC-4 and YC-7 passed for test conditions for NCHRP Report 350 test designations 2-33 and 
2-37, respectively, for the pickup truck. Tests conditions for 2-30, 2-31, and 2-38 were satisfied 
by a cluster of Yuma County tests; and from engineering review, test 2-39 was considered 
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unnecessary. Based on these conclusions, an NCHRP Report 350 TL-2 T-intersection system 
was recommended. Figure 1.45 shows details of the recommended system. 

The T-intersection system is a 27-inch high rail system. The nose section of this 
T-intersection system consists of a 12½ ft curved W-beam segment, which has an 8-ft radius. 
The curved section is attached to a straight W-beam section on the secondary road via common 
W-beam splicing details. The secondary road W-Beam should be 25 ft minimum and should be 
terminated with a positive anchor. Five CRT posts, spaced at 6.25 ft, were placed along the 
curved section and secondary road section. On the primary road direction, the curved section is 
spliced to a short W-beam segment (6.25 ft) at CRT post 7. The short W-beam section has also 
two posts measuring 7⅞ × 7⅞ × 72 inches embedded 44 inches in soil. 

Starting at post 9, a stiffer rail section is used as a transition to the bridge rail. The 
transition section consists of a W-beam guardrail, backed by an MC8 × 22.8 structural steel 
channel that runs from post 9 to the bridge barrier. The transition has three timber posts, which 
measure 9⅞ × 9⅞ × 78 inches. They are embedded 50 inches in soil. The five timber posts (post 
8 to post 12) have 7⅞ × 7⅞ × 14-inch wood blockouts.    
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Figure 1.45. Recommended NCHRP Report 350 TL-2 T-Intersection System (16). 
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CHAPTER 2. SHORT RADIUS CONCEPTS 

2.1. SUMMARY OF PREVIOUS LITERATURE REVIEW 

2.1.1. Primary Findings 

The last short radius TL-3 test that MwRSF conducted showed promising performance (9). 
Enlarging transverse holes in the first post on the primary side, as well as two posts on the 
secondary side, reducing slot tab size in the nose section, and attaching the first three posts on each 
side to the guardrail with washers improved the overall performance of the system by minimizing 
the amount of debris that the vehicle encountered. However, aside from not passing AASHTO 
MASH criteria, the pickup truck required a substantial working width behind the short radius rail, 
as shown in Figure 2.1 and Figure 2.2. This working width (67.5 ft along the primary road and 
38.3 ft along the secondary road) is not available in most intersection locations due to site 
geometrical constraints.  

 
Figure 2.1. Final Vehicle Position for MwRSF Test SR-8 (9). 

 
Figure 2.2. Working Width for MwRSF Test SR-8 (9). 
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2.1.2. Recommended Test Matrix  

The test matrices that MASH defined are broken down into tests for terminals and tests 
for crash cushions. However, a short radius guardrail acts as a both a terminal and a crash 
cushion, so deciding which recommended tests are critical poses a significant challenge. 
Investigation of the geometry of a short radius system suggests the critical tests will be 3-30, 
3-31, 3-32, 3-33, and 3-35. Table 2.1 lists the test parameters, and Figure 2.3 shows their impact 
locations. 

Table 2.1. MASH TL-3 Recommended Test Matrix. 

Test Number Vehicle 
Designation 

Impact Speed Impact Angle Impact 
Tolerance (KE) 

3-30 1100C 62 mph  0° ≥288 kip-ft  
3-31 2270P 62 mph  0° ≥594 kip-ft  
3-32 1100C 62 mph  5−15° ≥288 kip-ft  
3-33 2270P 62 mph  5−15° ≥594 kip-ft  
3-35 2270P 62 mph  25° ≥106 kip-ft  

 

 
Figure 2.3. MASH TL-3 Recommended Test Matrix. 

2.2. BASE (TEMPLATE) SHORT RADIUS SYSTEM 

The template short radius system used for initial concepts and modeling simulations is 
based on the NCHRP Report 350 TL-2 short radius system (16) and TxDOT standard 31-inch 
transition details. Both the NCHRP Report 350 TL-2 short radius design and the TxDOT transition 
are shown in Figure 2.4 and Figure 2.5, respectively. The intersection system is comprised of a 
12.5-ft curved W-beam section with an 8-ft radius. This section is attached to a W-beam for the 
secondary road measuring a minimum of 25-ft, and is terminated with a positive anchor, allowing 

Test 3-31 

Test 3-33 
Test 3-35 

 
 

25° 
15° Test 3-30 

Test 3-32  
15° 
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the beam to rotate. The primary road is connected to the curved section with a spliced short 
W-beam segment measuring 6.25 ft. Along this spliced section, two posts measuring 7⅞ × 7⅞ × 
72 inches are embedded 44 inches into the soil.  

2.3. CONCEPT ANALYSES 

Some simplifications were made during the concept development as needed for efficient 
simulation. Multiple sections of the rail were bolted together in the real system but were made into 
one continuous rail with uniform cross-sectional area and inertia throughout the simplified model. 
The W-beams were simplified to a rectangular cross section of equivalent inertia to that of the 
original rail. A rail height of 31 inches was selected to account for the increased MASH TL-3 
vehicular center of gravity. Also, the soil under the system was not included in the model but 
springs were used instead to simulate the elasticity of the soil. Basic boundary conditions were used 
in lieu of rail end treatments and simple connections were incorporated instead of bolts. 

2.3.1. Baseline Simulation 

This model was used as a benchmark for subsequent simulations. It has no attenuators or 
energy-absorbing systems behind the curved section of the rail. It was used to determine the 
effectiveness of subsequent design concepts. Figure 2.6 provides several sequential images of the 
model run. Table 2.2 lists the outcome of the Test Risk Assessment Program (TRAP), which is 
used for calculating occupant impact velocity, ridedown acceleration, and other pertinent results. 

 
 

Figure 2.4. Base Short Radius System (16).
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Figure 2.6. Sequential Images of Truck Impact with Baseline System.

Base Run with no attenuators 
Time = 0.014999 s 

Base Run with no attenuators 
Time = 0.145000 s 

Base Run with no attenuators 
Time = 0.290000 s 

Base Run with no attenuators 
Time = 0.690000 s 
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Table 2.2. Baseline Simulation. 

TL 3-33 Chevy Silverado 
Impact Speed, mph  62.2  
Impact Angle, degrees 15.0 
Initial Kinetic Energy of Vehicle, ft-lb  631,515  
Kinetic Energy of Vehicle at End of Run, ft-lb  337,349 (47% reduction) 
X-Velocity of Vehicle at End of Run, ft/s  63.57  
Max Occupant Impact Velocity (OIV), ft/s  15.09  
Ridedown Acceleration, Gs 11.0 
Maximum Angle Movement, degrees 17.9 (pitch) 

 
The results for this test proved that the system without any attenuators would absorb very 

little energy, and the vehicle was still moving at a relatively high velocity when the simulation 
ended. These findings were used as a foundation for comparing the results of design concepts 
and the efficiency of each system.  

2.3.2. Sliding Posts 

Sliding posts were implemented for this system. Figure 2.7 shows the sliding posts. 
Figure 2.8 depicts the whole system. Figure 2.9 presents sequential images of the truck impact. 
There were no CRT posts in the nose section for this concept. Five W6×9 steel posts were placed 
in the nose section and weighted to create friction due to the contact between the soil and the sled 
bases. As a result, energy would ideally be absorbed from friction instead of fracture on impact. 
Results revealed that the sled did not actually absorb any significant initial energy from the 
collision. Modeling this concept provided the findings given in Table 2.3. 

This concept intended for the sleds to stay in contact with the ground to provide 
resistance to the vehicle impact on the system; however, it can be seen from the images of the 
model run that this was not the case. In order for the concept to be effective, the posts would 
need to be heavier to create enough friction for energy absorption. The necessary weight for this 
to work proved that constructing the sliding posts from steel would be impractical. 
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Figure 2.7. Sliding Post Models. 

 
Figure 2.8. Short Radius Design with Sliding Posts. 
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Figure 2.9. Sequential Images of Truck Impact with Sliding Posts System. 

Sliding Posts 
Time = 0.0199 s 

Sliding Posts 
Time = 0.145 s 

Sliding Posts 
Time = 0.345 s 

Sliding Posts 
Time = 0.8 s 
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Table 2.3. Sliding Posts System. 

TL 3-33 C2500 
Impact Speed, mph  62.2  
Impact Angle, degrees 15.0 
Initial Kinetic Energy of Vehicle, ft-lb  524,578  
Kinetic Energy of Vehicle at End of Run, ft-lb  40,418 (92% reduction) 
X-Velocity of Vehicle at End of Run, ft/s  −1.75  
Max OIV, ft/s  32.48  
Ridedown Acceleration, Gs 12.7 
Maximum Angle Movement, degrees 211.3 (yaw) 

 

2.3.3. Parallel Cable to Post 

The concept of parallel cables uses the initial TTI T-intersection system with two 
additional cables behind the nose of the guardrail to help contain the vehicle. The cables behind 
the system were ½-inch in diameter, and a CRT post was placed at the center of the curved 
guardrail section. Figure 2.10 shows a visual representation of the concept. Several systems were 
modeled using 3, 4, 5, and 6 cables. However, the results revealed that only the cables 
perpendicular to the point of impact were effective because they were the only ones that were 
placed in tension upon contact. The two-cable system was modeled and yielded the results 
shown in Table 2.4. Figure 2.11 presents sequential images of the truck impact. 

 
Figure 2.10. Short Radius Design with Parallel Cables Attached to Posts. 
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Figure 2.11. Sequential Images of Truck Impact with Parallel Cables Attached to Posts. 

Two Parallel Cables 
Time = 0.02 s 

Two Parallel Cables 
Time = 0.255 s 

Two Parallel Cables 
Time = 0.53 s 

Two Parallel Cables 
Time = 0.8 s 
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Table 2.4. Parallel Cables to Post. 

TL 3-33 Chevy Silverado 
Impact Speed, mph  62.2  
Impact Angle, degrees 15.0 
Initial Kinetic Energy of Vehicle, ft-lb  631,516 
Kinetic Energy of Vehicle at End of Run, ft-lb  44,229 (93 % reduction) 
X-Velocity of Vehicle at End of Run, ft/s  15.8 
Max OIV, ft/s  24.28 
Ridedown Acceleration, Gs 7.7 
Maximum Angle Movement, degrees 76.3 (yaw) 

 
According to the results, this concept was considered promising because the vehicle did 

not override the system. It was at a complete stop at the end of the run, and the system absorbed 
almost twice the amount of internal energy as the base system. The TRAP results also revealed 
that the occupant impact velocity and ridedown acceleration would pass the safety requirements 
of NCHRP Report 350 TL-3. 

2.3.4. Stacked Parallel Cables 

When the cable concept was tested, the cables were attached to the posts rather than the 
rail. Attaching the cables to the rail would be the realistic situation and Figure 2.12 illustrates this 
concept. A model test was run to determine the consequence of attaching the cables to the rail 
rather than to the posts. The results from this test proved that there was little difference between 
attaching cables to the rail and previous analyses based on attaching cables to the posts. 
However, the cables will need to be attached to the rail when detailed simulations and crash tests 
are performed. 

2.3.5. Four Stacked Cables Attached to Rail 

Based on the effectiveness of the two-cable system at absorbing energy, it seemed logical 
to double the cables behind the system. This two-cable concept was the first that brought the 
vehicle to a stop without exceeding OIV or ridedown acceleration. The vehicle did not override 
the system, and there was almost no roll or pitch during the simulation. Figure 2.13 shows a 
visual representation of the system, and Table 2.5 gives the TRAP results for this concept. 
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Figure 2.12. Short Radius Design with Parallel Cables Attached to Rail. 

 
Figure 2.13. Four Stacked Parallel Cables to Rail. 
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Table 2.5. Four Stacked Cables Attached to Rail. 

TL 3-33 Chevy Silverado 
Impact Speed, mph  62.2  
Impact Angle, degrees 15.0 
Initial Kinetic Energy of Vehicle, ft-lb  631,516  
Kinetic Energy of Vehicle at End of Run, ft-lb  22,100 (97% reduction) 
X-Velocity of Vehicle at End of Run, ft/s  1.98  
Max OIV, ft/s  24.93  
Ridedown Acceleration, Gs 18.4 
Maximum Angle Movement, degrees 156 (yaw) 

 

2.3.6. Sand-Filled Barrels 

Steel barrels filled with sand were used for a crash cushion design to absorb kinetic 
energy from the vehicle impact. The idea came from the use of traditional crash attenuators. The 
number of barrels and back connectivity was varied for multiple simulations to determine what 
setup would be the most effective. Figure 2.14 shows an example of this concept. 

 
Figure 2.14. Short Radius Design with Sand-Filled Barrels. 
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2.3.6.1. 5-Barrel System with Back Rail 

A crash cushion was simulated with five barrels behind the guardrail held in place by a 
back rail. Figure 2.15 presents sequential images of the truck impact. Table 2.6 gives the results 
for this concept. The results from the model show that the occupant impact velocity (indicated in 
red) was too high for NCHRP Report 350 recommended values. 

 

 

 

 
Figure 2.15. Sequential Images of Truck Impact with 5-Barrel System with Back Rail. 

Cushion 5 Barrels and a Back 
Rail 
Time = 0.014999 s 

Cushion 5 Barrels and a Back 
Rail 
Time = 0.165 s 

Cushion 5 Barrels and a Back 
Rail 
Time = 0.27 s 

Cushion 5 Barrels and a Back 
Rail 
Time = 0.52 s 
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Table 2.6. 5-Barrel System with Back Rail. 

TL 3-33 Chevy Silverado 
Impact Speed, mph  62.2  
Impact Angle, degrees 15.0 
Initial Kinetic Energy of Vehicle, ft-lb  631,518 
Kinetic Energy of Vehicle at End of Run, ft-lb  20,245 (97% reduction) 
X-Velocity of Vehicle at End of Run, ft/s  2.66 (0.81) 
Max OIV, ft/s  51.51 
Ridedown Acceleration, Gs 9.0 
Maximum Angle Movement, degrees 46.3 (yaw) 

2.3.6.2. 5-Barrel System with Two Cables 

The 5-barrel crash cushion was kept in place with two cables instead of a back rail. Table 
2.7 gives the TRAP results for this model. Figure 2.16 depicts sequential images of the truck 
impact. Using the cables instead of a back rail had very little effect on the results. The vehicle 
did not override the system or pitch upward significantly. In addition, the vehicle was almost 
brought to a complete stop by the system. However, the occupant impact velocity was still very 
high, violating MASH TL-3 OIV criterion limit.  

Table 2.7. 5-Barrel System with Two Cables. 

TL 3-33 Chevy Silverado 
Impact Speed, mph  62.2  
Impact Angle, degrees 15.0 
Initial Kinetic Energy of Vehicle, ft-lb  631,519 
Kinetic Energy of Vehicle at End of Run, ft-lb 11,251 (98% reduction) 
X-Velocity of Vehicle at End of Run, ft/s 2.61  
Max OIV, ft/s 52.17  
Ridedown Acceleration, Gs −10.5 
Maximum Angle Movement, degrees 36.4 (yaw) 
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Figure 2.16. Sequential Images of Truck Impact with 5-Barrel System with Two Cables. 

Cushion 5 Barrels and 2 Cables 
Time = 0.02 s 

Cushion 5 Barrels and 2 Cables 
Time = 0.185 s 

Cushion 5 Barrels and 2 Cables 
Time = 0.365 s 

Cushion 5 Barrels and 2 Cables 
Time = 0.515 s 
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2.3.6.3. 15-Barrel System 

The system that was modeled and analyzed was comprised of a 15-barrel system with a 
back rail. Table 2.8 gives the results for the 15-barrel system with a back rail. Figure 2.17 
presents sequential images of the truck impact 

The results from the model show that the occupant impact velocity (indicated in red) was 
too high for NCHRP Report 350 recommended values due to the extremely high mass of the 
15-barrel system.  

Table 2.8. 15-Barrel System. 

TL 3-33 
Impact Speed, mph (km/h) 62.2  
Impact Angle, degrees 15.0 
Initial Kinetic Energy of Vehicle, ft-lb  524,578  
Kinetic Energy of Vehicle at End of Run, ft-lb  13,593 (97% reduction) 
X-Velocity of Vehicle at End of Run, ft/s  8.45  
Max OIV, ft/s  52.82  
Ridedown Acceleration, Gs 9.0 
Maximum Angle Movement, degrees 35.3 (yaw) 

2.3.6.4. 3-Barrel System with Stacked Rail 

The number of barrels was reduced and a rubrail was added to decrease the vehicle’s 
chance of overriding the system. Figure 2.18 shows a visual representation of the system. Table 
2.9 provides the TRAP results for this simulation. 

The addition of the second rail aided in maintaining rail height and the vehicle did not 
override the system. The vehicle was almost brought to a complete stop but did pitch up 
significantly. Although the impact velocity for this run was less than in previous crash cushion 
tests, it was slightly too high to meet NCHRP Report 350 standards. 
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Figure 2.17. Sequential Images of Truck Impact with 15-Barrel System. 

Cushion 15 Barrels and Back Rail 
Time = 0.019999 s 

Cushion 15 Barrels and Back Rail 
Time = 0.25 s 

Cushion 15 Barrels and Back Rail 
Time = 0.525 s 

Cushion 15 Barrels and Back Rail 
Time = 0.8 s 



 

TR No. 0-6711-1 59 2014-12-08 

 
Figure 2.18. Short Radius Design of 3-Barrel System with Stacked Rail. 

Table 2.9. 3-Barrel System with Stacked Rail. 

TL 3-33 
Impact Speed, mph  62.2  
Impact Angle, degrees 15.0 
Initial Kinetic Energy of Vehicle, ft-lb  631,520  
Kinetic Energy of Vehicle at End of Run, ft-lb  17,610 (97% reduction) 
X-Velocity of Vehicle at End of Run, ft/s  −2.80 
Max OIV, ft/s  53.48 
Ridedown Acceleration, Gs 9.0 
Maximum Angle Movement, degrees 32.9 (yaw) 

2.3.6.5. 3-Barrel System with Reinforcement 

This concept was comprised of a 3-barrel crash cushion behind the rail. The barrels are 
placed on top of sleds in order to help absorb more energy. Figure 2.19 shows the sleds that were 
used for this system, and Figure 2.20 shows the guardrail system for this model. Figure 2.21 
provides sequential images of the model run. Table 2.10 presents the TRAP results.  
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The vehicle was almost brought to a complete stop; however, the occupant impact velocity 
was slightly high to meet NCRHP Report 350 requirements. The vehicle did not override the 
system and the vehicle experienced almost no pitch or roll (less than 8° at any point).  

 
Figure 2.19. Sleds for Barrels. 

 
Figure 2.20. Short Radius Design of Three Barrels with Sled Reinforcement. 
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Figure 2.21. Sequential Images of Truck Impact with 3-Barrel System with Sled 

Reinforcement. 

Cushion 3 Barrels and Sleds/No Cables 
Time = 0.01 s 

Cushion 3 Barrels and Sleds/No Cables 
Time = 0.11 s 

Cushion 3 Barrels and Sleds/No Cables 
Time = 0.305 s 

Cushion 3 Barrels and Sleds/No Cables 
Time = 0.8 s 
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Table 2.10. 3-Barrel System with Sled Reinforcement. 

TL 3-33 
Impact Speed, mph  62.2  
Impact Angle, degrees 15.0 
Initial Kinetic Energy of Vehicle, ft-lb  631,517  
Kinetic Energy of Vehicle at End of Run, ft-lb  8,231 (99% reduction) 
X-Velocity of Vehicle at End of Run, ft/s  −7.90  
Max OIV, ft/s  48.6  
Ridedown Acceleration, Gs 9.4 
Maximum Angle Movement, degrees 74.4 (yaw) 

2.3.7. Short Radius with Cable Barrier 

Some recent concepts were developed after evaluating the results from the previously 
described concepts. Since the cable concepts showed some success, a standard cable median 
barrier system was put in place behind the guardrail system to aid in absorbing additional kinetic 
energy. Figure 2.22 shows the system for this concept. A test was performed on this new concept 
by impacting the system at 25° relative to the primary roadway to determine the energy 
absorption abilities in a shorter segment. Results demonstrated that this could be a feasible 
option as long as the slope behind the guardrail is not an issue. The cable median was beneficial 
for absorbing additional energy out of the system. It was also determined that the cables 
themselves absorbed a significant amount of kinetic energy in the form of internal energy. 

 

Figure 2.22. Short Radius Design with Cable Median behind Rail. 

The concept was considered an inapplicable design for this situation. The cable would be 
too far behind the guardrail to be sufficiently effective and would only work if the system was on 
a level corner, which is not the case for this condition. 
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2.3.8. Short Radius with Added Nose Mass 

This concept used thin rectangular containers placed behind the posts and filled with sand 
to aid in attenuating some of the kinetic energy through momentum transfer. Figure 2.23 shows 
the system. Figure 2.24 shows sequential images of truck impact. The rectangular tubes were 
made of polystyrene because it is inexpensive, easy to form, and has brittle properties that allow 
fracturing upon impact. Results of the model indicate that the vehicle would override this system 
and the back right wheel would snag on the guardrail. Table 2.11 provides the TRAP results for 
the run. 

 
Figure 2.23. Short Radius Design with Free Mass. 
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Figure 2.24. Sequential Images of Truck Impact with Free Mass System. 

225 lb Sand 
Time = 0.014999 s 

225 lb Sand 
Time = 0.105 s 

225 lb Sand 
Time = 0.265 s 

225 lb Sand 
Time = 0.75 s 
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Table 2.11. Free Mass System Results. 

TL 3-33 Chevy Silverado 
Impact Speed, mph  62.2  
Impact Angle (degrees) 15.0 
Initial Kinetic Energy of Vehicle, ft-lb  631,523  
Kinetic Energy of Vehicle at End of Run, ft-lb  72,105 (89% reduction) 
X-Velocity of Vehicle at End of Run, ft/s  27.9  
Max OIV, ft/s  33.14 
Ridedown Acceleration, Gs 13.7 
Maximum Angle Movement, degrees 50.6 (yaw) 

 
2.4. DETAILED MODELING 

Design requests required a base model to be developed in full detail. Modifications were 
implemented to analyze the most applicable concepts for this project. The images below 
represent these concepts. The system consists of 6-inch × 8-inch CRT breakaway posts, 
10-gauge W-beams, a rotating deadman anchor, a rail height of 31 inches, ASTM A307 button 
head bolts, and TxDOT metal beam guard fence transition. The rotating anchor is simulated in 
the model with the use of a fixed rigid cylinder that allows the rail to rotate. 

2.4.1. Double Rail System 

The double rail concept is a detailed model composed of two attached rails. The double 
rail was used because the top rail was raised to 31 inches. The lower rail was implemented to 
prevent a small vehicle from snagging on the upper rail, which could shear off the top of the car. 
The system was run with a Chevy Silverado truck even though the concept was created as a 
precaution for small vehicle impact. Figure 2.25 shows the system. The x-direction runs along the 
primary roadway. The y-direction runs along the secondary roadway or driveway. Figure 2.26 
presents sequential images of the truck impact. Table 2.12 provides the TRAP results for this 
model. 

Figure 2.27 depicts the longitudinal velocity of the vehicle from the initial state of the test 
to the end of the run. Figure 2.28 visually represents the distance that the vehicle traveled from 
the initial state to the point of zero velocity. The graph in Figure 2.29 provides the x and y 
displacement from the initial position of the truck at time zero until the end of the run. The 
displacement values on the y-axis are given in feet and the x-axis is in seconds (s). The truck 
approached zero velocity at time 0.745 s. The x and y displacements at this time were 36.6 ft and 
15.8 ft. 
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Figure 2.25. Short Radius Design with Detailed Double Rail. 

Table 2.12. Detailed Double Rail System. 

TL 3-33 Chevy Silverado 
Impact Speed, mph  62.2  
Impact Angle, degrees 15.0 
Initial Kinetic Energy of Vehicle, ft-lb  631,523  
Kinetic Energy of Vehicle at End of Run, ft-lb  18,634 (97% reduction) 
X-Velocity of Vehicle at End of Run, ft/s  −2.24  
Max OIV, ft/s  26.57  
Ridedown Acceleration, Gs 11.6 
Maximum Angle Movement, degrees 100.6 (yaw) 
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Figure 2.26. Sequential Images of Truck Impact with Detailed Double Rail System. 

Double Rail 
Time = 0.02 s 

Double Rail 
Time = 0.245 s 

Double Rail 
Time = 0.495 s 

Double Rail 
Time = 0.96194 s 
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Figure 2.27. Longitudinal Velocity of the Pickup Impacting the Double Rail System. 

 
Figure 2.28. Vehicle Displacement of Detailed Double Rail System. 
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Figure 2.29. Vehicle Trajectory of Detailed Double Rail System. 

2.4.2. Double Rail System with Free Mass 

This was the first detailed model for the double rail system with the free mass attenuators. 
There were three posts at the mid-section, each filled with approximately 100 lb of sand. Figure 2.30 
shows the system. The x-axis runs along the primary roadway and the y-axis runs along the 
secondary roadway. Figure 2.31 presents sequential images of the truck impact. Table 2.13 gives the 
TRAP results.  

 

 
 

Figure 2.30. Short Radius Design of Detailed Rail with Free Mass. 
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Figure 2.31. Sequential Images of Truck Impact with Double Rail System with Free Mass. 

Double Rail with Free Mass 
Time = 0.02 s 

Double Rail with Free Mass 
Time = 0.22 s 

Double Rail with Free Mass 
Time = 0.445 s 

Double Rail with Free Mass 
Time = 1.0 s 
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Table 2.13. Double Rail System with Free Mass. 

TL 3-33 Chevy Silverado 

Impact Speed, mph  62.2  
Impact Angle (degrees) 15.0 
Initial Kinetic Energy of Vehicle, ft-lb  631,518  
Kinetic Energy of Vehicle at End of Run, ft-lb  3,580 (99% reduction) 
X-Velocity of Vehicle at End of Run, ft/s  0.23  
Max OIV, ft/s  26.9  
Ridedown Acceleration, Gs 12.0 
Maximum Angle Movement, degrees 116.2 (yaw) 

 
The results from the simulation revealed a maximum total kinetic energy of 674,121 ft-lb. 

The maximum kinetic energy of the free mass component of the system was 24,707 ft-lb. The free 
mass component of the system only absorbed 3.65 percent of the kinetic energy from impact.  

In Figure 2.32, the graph represents the x-velocity of the vehicle from the initial state of 
the test to the end of the run. Figure 2.33 visually represents the distance the vehicle traveled 
from the initial state to the time of zero velocity. The graph in Figure 2.34 represents the x and y 
displacement from the initial position of the truck at time zero until the end of the run. The truck 
approached zero velocity at 0.695 s. The x-displacement at this time was 34.1 ft and 
y-displacement was 15.8 ft. 

 
Figure 2.32. X-Velocity of Double Rail System with Free Mass. 
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Figure 2.33. Vehicle Displacement of Double Rail System with Free Mass. 

 
Figure 2.34. Vehicle Trajectory of Double Rail System with Free Mass. 

2.4.3. Double Rail with Freestanding Mass and Posts 

The system was a modification of the detailed double rail with free mass. Freestanding 
posts with 100 lb of sand were added behind the system to absorb more kinetic energy. Figure 2.35 
shows the system. The x-axis runs along the primary roadway and the y-axis runs along the 
secondary roadway. Figure 2.36 depicts sequential images of the run. Table 2.14 provides the 
TRAP analysis results. 
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The results from the model run revealed a maximum total kinetic energy of 673,723 ft-lb. 
The maximum kinetic energy of the free mass component of the system was 45,686 ft-lb. The free 
mass component of the system absorbed only 6.78 percent of the kinetic energy from impact. 

 

 
Figure 2.35. Short Radius Design of Detailed Rail with Additional Posts. 

Table 2.14. Double Rail with Additional Posts. 

TL 3-33 Chevy Silverado 
Impact Speed, mph  62.2  
Impact Angle (degrees) 15.0 
Initial Kinetic Energy of Vehicle, ft-lb  631,532  
Kinetic Energy of Vehicle at End of Run, ft-lb  3,338 (99% reduction) 
X-Velocity of Vehicle at End of Run, ft/s  −4.84  
Max OIV, ft/s  32.2  
Ridedown Acceleration, Gs 10.6 
Maximum Angle Movement, degrees 116.3 (yaw) 

 

Freestanding Posts 
with 100 lb sand 

y 

x 

Primary Roadway 

Secondary R
oadw

ay 
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Figure 2.36. Sequential Images of Truck Impact with Double Rail System with Additional 

Posts. 

Double Rail with Free Mass and Posts 
Time = 0.02 s 

Double Rail with Free Mass and Posts 
Time = 0.22 s 

Double Rail with Free Mass and Posts 
Time = 0.445 s 

Double Rail with Free Mass and Posts 
Time = 1.0 s 
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The results for this model show that the guardrail was more effective in containing the 
vehicle and the rail did not tear away from the posts. Figure 2.37 represents the x-velocity of the 
vehicle from the initial state of the test to the end of the run. The vehicle displacement from the 
initial state to zero velocity is visually represented in Figure 2.38, and the displacement is 
depicted graphically in Figure 2.39. The vehicle only traveled about 29.5 ft in the x-direction 
until it reached zero velocity at 0.77 s. This x-displacement value was less than the previous 
model, thus proving that the additional posts aided in vehicle containment. 

2.4.4. Summary for Double Rail Analysis 

The aforementioned simulations point to a potential short radius design that can pass 
MASH evaluation criteria, yet perform within the site constraint of most of these intersection 
locations. The rail along the primary roadway will have additional details including the rest of 
the transition and the bridge rail end. More simulations and calculations are required to 
determine the optimum position and number of steel posts in this segment. The rail along the 
secondary roadway will be shortened because the current length was not fully utilized during this 
impact simulation It is evident that the inertial contribution from the sand mass as seen in the last 
system in Figure 2.35 aided in reducing the vehicle trajectory. Additional simulations and 
calculations are planned to optimize the sand’s mass and position within the system to bring the 
vehicle to a complete stop within the desired site constraint and MASH evaluation criteria. Figure 
2.40 to Figure 2.43 depict the details of the prototype short radius system under evaluation.  

 
Figure 2.37. X-Velocity of Double Rail System with Additional Posts. 
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Figure 2.38. Vehicle Displacement of Double Rail System with Additional Posts. 

 
Figure 2.39. Vehicle Trajectory of Double Rail System with Additional Posts. 
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Figure 2.40. Overhead View of the Short Radius System. 

 

 
Figure 2.41. Isometric View of the Short Radius System. 
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Figure 2.42. Close-Up View of the Short Radius System. 

 

 
Figure 2.43. Field Side View of the Short Radius System. 

2.5. EXPERIMENTAL EVALUATION OF NEEDED ENERGY 

The sand inertial system was the attenuator chosen to increase the energy dissipation of 
the system. To find the optimum combination of barrels and masses, several simulations were 
run. Simplified vehicles were modeled to decrease the run time on the simulations. Figure 2.44 
and Figure 2.45 show the simplified vehicles that were used.  
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Figure 2.44. Simplified Car Model. 

 
Figure 2.45. Simplified Truck Model. 

Once the last few barrel layouts were being chosen, the simulations were run with the 
Yaris model and Silverado model instead of the simplified vehicle models. Physical experiments 
were then performed on the most promising barrel layouts. These tests served as a calibration 
and baseline for the simulations. There was very good correlation between the simulation and 
physical experiment results. 

2.5.1. Summary of Simplified Simulations 

Table 2.15 and Table 2.16 are summaries of the previous simulations done to 
investigate the use of sand barrels as an attenuator in the short radius system. Table 2.15 
consists of all the simulations that were run with the simplified car and simplified truck and the 
tests results. Table 2.16 is a summary of the simulations run for the Yaris (small car) and the 
Silverado truck models. 

2.5.2. Dimensions of Barrel Layouts 

The simulations and the experiments mentioned below have the dimensions shown in 
Figure 2.46. The barrels’ radius is 36 inches. 

The only changes made to the barrels are to their weights. Throughout this report, the 
weights of the barrels are presented in the order that the vehicle encounters them. Figure 2.47 
shows an example of a 400-lb, 400-lb, and 700-lb barrel layout. 
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Figure 2.46. Dimensions of Barrel Layout. 

 
Figure 2.47. Weight Example for Barrel Layout Naming Convention. 

2.5.3. Simulation—Car: 400-Lb, 400-Lb, and 700-Lb Barrel Layout 

Two simulations were done with the 400-lb, 400-lb, and 700-lb barrel layout. In the 
second run, two changes made were a finer mesh and a lower material failure. These changes 
were done to better simulate how the barrels broke into pieces during the physical experiment, 
which is discussed later. Figure 2.48 shows that these changes did not affect the results in a 
significant way. 

Figure 2.49 shows the kinetic energy of the car in the simulation. The results are from the 
larger mesh and material failure that were used since more data points were available. The 
correspondence between the different meshes implies that the results will be similar. The car lost 
78.67 percent of its initial kinetic energy. 

Table 2.17 presents the TRAP results of this simulation. The small car passed the MASH 
criteria for this barrel layout. 

Since this barrel layout passes the MASH criteria but just exceeds the preferred limit in 
OIV, it was chosen for a physical experiment. The purpose of this physical experiment is to serve 
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as a comparison for the simulations. How well the simulation compares to the experiment will 
speak to the validity of the simulation’s results. 

 

 
Figure 2.48. Comparison of Simulations with 400-Lb, 400-Lb, and 700-Lb Barrel Layout. 

 
Figure 2.49. Kinetic Energy of the Yaris for 400-Lb, 400-Lb, and 700-Lb Barrel Layout. 
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Table 2.17. TRAP Results for Yaris with 400-Lb, 400-Lb, and 700-Lb Barrel Layout. 
TRAP Results: Car with 400-lb, 400-lb, 700-lb Barrel 

Layout 
Impact Velocity, mph 62.2 
Impact Angle (degrees) 0 
Occupant Risk Factors 
Impact Velocity (ft/s) 

x-direction 29.9 
y-direction 0.3 

Ridedown Accelerations (Gs) 
x-direction 9.9 
y-direction 2.3 

Max Roll, Pitch, and Yaw Angles (degrees) 
Roll 1.7 
Pitch −5.7 
Yaw −1.5 

2.5.4. Physical Experiment—Car: 400-Lb, 400-Lb, and 700-Lb Barrel Layout. 

Figure 2.50 shows the kinetic energy of the car during the physical experiment. The car 
lost 77.55 percent of its initial kinetic energy in this experiment. Recall that in the simulation, the 
car lost 78.67 percent of its initial kinetic energy. Therefore, the percent difference between the 
simulation and the experiment is 1.44 percent.  

 

Figure 2.50. Kinetic Energy of Car with 400-Lb, 400-Lb, and 700-Lb Barrel Layout 
Experiment. 
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While the numbers matched well between the experiment and the simulation, the barrels 
in the simulation did not break into pieces as they did in the experiment (Figure 2.51). To create 
more frangible simulated barrels, a finer mesh and smaller material failure value were defined 
for the barrels. As previously shown, this did not impact the results of the simulation. However, 
these adjustments did help the modeled barrels break apart more like they did in the physical 
experiment (Figure 2.52). 

Table 2.18 shows the TRAP results for the car in the physical experiment with the 400-lb, 
400-lb, and 700-lb barrel layout. The car passed the MASH criteria in both OIV and ridedown 
accelerations. Since this barrel layout passed, more barrel layouts with increased weights will be 
simulated. The most promising of these heavier layouts will become a second physical experiment. 
Figure 2.53 shows the correspondence between the simulation and the physical experiment. 

 
Figure 2.51. Pieces of Barrel after Experiment.  
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Figure 2.52. Pieces of Barrels during Simulation. 

Table 2.18. TRAP Results for Car with 400-Lb, 400-Lb, and 700-Lb Barrel Layout 
Experiment. 

TRAP Results: Car with 400-lb, 400-lb, 700-lb Barrel Layout—Experiment 
Impact Velocity, mph 62.6 
Impact Angle (degrees) 0 
Occupant Risk Factors 
Impact Velocity (ft/s) 

x-direction 26.2 
y-direction 1.3 

Ridedown Accelerations (Gs) 
x-direction 13.0 
y-direction 2.3 

Max Roll, Pitch, and Yaw Angles (degrees) 
Roll −6.1 
Pitch 4.1 
Yaw −6.7 
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Figure 2.53. Simulation and Physical Experiment Comparison with 400-Lb, 400-Lb, and 

700-Lb Layout. 

2.5.5. Simulation—Car: 400-Lb, 700-Lb, and 700-Lb Barrel Layout 

Figure 2.54 shows the kinetic energy loss throughout the simulation. The car lost 
80.98 percent of its initial kinetic energy. Table 2.19 shows the TRAP results for the Yaris in the 
simulation with the 400-lb, 700-lb, and 700-lb barrel layout. The MASH criteria are all met. The 
OIV in the x-direction just surpassed the preferred limit of 29.53 ft/s at 34.1 ft/s. 

0 s 

0.16 s 

0.24 s 
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Figure 2.54. Kinetic Energy of the Yaris for 400-Lb, 700-Lb, and 700-Lb Barrel Layout. 

Table 2.19. TRAP Results for Yaris with 400-Lb, 700-Lb, and 700-Lb Barrel Layout. 
TRAP Results: Car with 400-lb, 700-lb, 700-lb Barrel 

Layout 
Impact Velocity, mph 62.2 
Impact Angle (degrees) 0 
Occupant Risk Factors 
Impact Velocity (ft/s) 

x-direction 34.1 
y-direction 0.3 

Ridedown Accelerations (Gs) 
x-direction 8.4 
y-direction 2.4 

Max Roll, Pitch, and Yaw Angles (degrees) 
Roll 2.5 
Pitch −2.6 
Yaw −2.6 

2.5.6. Simulation−—Car: 700-Lb, 700-Lb, and 700-Lb Barrel Impact 

Figure 2.55 shows the kinetic energy of the car during the simulation with the 700-lb, 
700-lb, and 700-lb barrel layout. The car lost 82.87 percent of its initial kinetic energy. Table 2.20 
presents the TRAP results for the Yaris when simulated with the 700-lb, 700-lb, and 700-lb barrel 
layout. The MASH criteria were met during this simulation. The OIV in the x-direction just 
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exceeded the preferred limit of 29.53 ft/s at 33.5 ft/s. Since this barrel layout passed the MASH 
criteria, a second physical experiment was performed using the same layout. 

 

Figure 2.55. Kinetic Energy of the Yaris for 700-Lb, 700-Lb, and 700-Lb Barrel Layout. 

Table 2.20. TRAP Results for the Yaris with 700-Lb, 700-Lb, and 700-Lb Barrel Layout. 
TRAP Results: Car with 700-lb, 700-lb, and 700-lb 

Barrel Layout 
Impact Velocity, mph 62.2 
Impact Angle (degrees) 0 
Occupant Risk Factors 
Impact Velocity (ft/s) 

x-direction 33.5 
y-direction 0.0 

Ridedown Accelerations (Gs) 
x-direction 9.7 
y-direction 3.5 

Max Roll, Pitch, and Yaw Angles (degrees) 
Roll 1.7 
Pitch −4.0 
Yaw −0.9 
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2.5.7. Physical Experiment—Car: 700-Lb, 700-Lb, and 700-Lb Barrel Layout 

Figure 2.56 presents the kinetic energy of the car throughout the experiment. The car lost 
86.30 percent of its initial kinetic energy. Recall that in the simulation, the car lost 82.87 percent 
of its kinetic energy that equates to a 4.0 percent difference between the experiment and the 
simulation. Therefore, the correlation between the simulation and experiment is still acceptable.  

 
Figure 2.56. Kinetic Energy of Car with 700-Lb, 700-Lb, and 700-Lb Barrel Layout 

Experiment. 

Table 2.21 displays the TRAP results for the physical experiment. The OIV and ridedown 
accelerations passed the MASH criteria. Therefore, the weight of the barrels that will be used in 
the short radius system will be 700-lb sand barrels. Figure 2.57 displays the correspondence 
between the simulation and the physical experiment. 
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Table 2.21. TRAP Results for Car with 700-Lb, 700-Lb, and 700-Lb Barrel Layout 
Experiment. 

TRAP Results: Car with 700-lb, 700-lb, and 700-lb Barrel Layout - 
Experiment 

Impact Velocity, mph 62.4 
Impact Angle (degrees) 0 
Occupant Risk Factors 
Impact Velocity (ft/s) 

x-direction 33.8 
y-direction 1.0 

Ridedown Accelerations (Gs) 
x-direction 11.3 
y-direction 1.5 

Max Roll, Pitch, and Yaw Angles (degrees) 
Roll −5.0 
Pitch −3.9 
Yaw −1.9 
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Figure 2.57. Simulation and Physical Experiment Comparison with 700-Lb, 700-Lb, and 
700-Lb Layout. 

2.5.8. Simulation—Truck: 400-Lb, 400-Lb, and 700-Lb Barrel Layout 

Figure 2.58 displays the kinetic energy of the truck throughout the run with the 400-lb, 
400-lb, and 700-lb barrel layout. The truck lost 67.81 percent of its initial kinetic energy in this 
simulation. Table 2.22 presents the TRAP results. The truck passed the MASH criteria. 
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0.50 s 
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Figure 2.58. Kinetic Energy of the Truck with 400-Lb, 400-Lb, and 700-Lb Barrel Layout. 

Table 2.22. TRAP Results for Truck with 400-Lb, 400-Lb, and 700-Lb Barrel Layout. 
TRAP Results: Truck With 400-lb, 400-lb, and 700-lb Barrel 

Layout 
Impact Velocity, mph 62.2 
Impact Angle (degrees) 0 
Occupant Risk Factors 
Impact Velocity (ft/s) 

x-direction 26.2 
y-direction 0.0 

Ridedown Accelerations (Gs) 
x-direction 8.6 
y-direction 1.9 

Max Roll, Pitch, and Yaw Angles (degrees) 
Roll 1.5 
Pitch −3.1 
Yaw 0.2 

2.5.9. Physical Experiment—Truck: 400-Lb, 400-Lb, and 700-Lb Barrel Layout 

Figure 2.59 depicts the kinetic energy during the truck’s experiment. The truck lost 
61.67 percent of its initial kinetic energy in the physical experiment. Recall that during the 
simulation, the truck lost 67.81 percent of its initial kinetic energy. Therefore, this is about a 
6 percent difference between the experiment and the simulation. Note that in the experiment, the 
truck hit the first row at 64.4 mph, a higher velocity than the simulation.  
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Figure 2.59. Kinetic Energy of Truck with 400-Lb, 400-Lb, and 700-Lb Barrel Layout 

Experiment. 

Table 2.23 shows the TRAP results for the truck during this run. The truck passed all 
criteria.  Figure 2.60 displays the correlation between the simulations and the physical 
experiment. 

Table 2.23. TRAP Results for Truck with 400-Lb, 400-Lb, and 700-Lb Barrel Layout 
Physical Experiment. 

TRAP Results: Truck With 400-lb, 400-lb, and 700-lb Barrel Layout—Physical 
Experiment 

Impact Velocity, mph 64.4 
Impact Angle (degrees) 0 
Occupant Risk Factors 
Impact Velocity (ft/s) 

x-direction 24.3 
y-direction 0.3 

Ridedown Accelerations (Gs) 
x-direction 11.2 
y-direction 2.1 

Max Roll, Pitch, and Yaw Angles (degrees) 
Roll 1.5 
Pitch −2.6 
Yaw 0.8 
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Figure 2.60. Simulation and Physical Experiment Comparison with 400-Lb, 400-Lb, and 
700-Lb Layout. 

2.5.10. Simulation—Truck: 400-Lb, 700-Lb, and 700-Lb Barrel Layout 

Figure 2.61 shows the kinetic energy of the truck during the simulation with the 400-lb, 
700-lb, and 700-lb barrel layout. The truck lost 70.53 percent of its initial kinetic energy. Table 2.24 
displays the TRAP results for this simulation. The truck passed the MASH criteria. 
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Figure 2.61. Kinetic Energy of the Truck with 400-Lb, 700-Lb, and 700-Lb Barrel Layout.  

Table 2.24. TRAP Results for Truck with 400-Lb, 700-Lb, and 700-Lb Barrel Layout. 
TRAP Results: Truck with 400-lb, 700-lb, and 700-lb Barrel 

Layout 
Impact Velocity, mph 62.2 
Impact Angle (degrees) 0 
Occupant Risk Factors 
Impact Velocity (ft/s) 

x-direction 29.2 
y-direction 0.0 

Ridedown Accelerations (Gs) 
x-direction 8.6 
y-direction 2.3 

Max Roll, Pitch, and Yaw Angles (degrees) 
Roll 1.0 
Pitch −2.0 
Yaw 0.3 

2.5.11. Simulation—Truck 700-Lb, 700-Lb, and 700-Lb Barrel Layout 

Figure 2.62 shows the kinetic energy of the truck through the simulation. The truck lost 
75.24 percent of its initial kinetic energy. Table 2.25 presents the TRAP results for the truck. The 
OIV and ridedown accelerations pass the preferred MASH limits.  
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Figure 2.62. Kinetic Energy of Truck with 700-Lb, 700-Lb, and 700-Lb Barrel Layout. 

Table 2.25. TRAP Results for Truck with 700-Lb, 700-Lb, and 700-Lb Barrel Layout. 
TRAP Results: Truck with 700-lb, 700-lb, and 700-lb Barrel 

Layout 
Impact Velocity, mph 62.2 
Impact Angle (degrees) 0 
Occupant Risk Factors 
Impact Velocity (ft/s) 

x-direction 30.5 
y-direction 0.0 

Ridedown Accelerations (Gs) 
x-direction 6.3 
y-direction 1.3 

Max Roll, Pitch, and Yaw Angles (degrees) 
Roll 0.3 
Pitch −3.0 
Yaw −0.3 

2.5.12. Physical Experiment—Truck: 700-Lb, 700-Lb, and 700-Lb Barrel Layout 

Figure 2.63 displays the dissipation of the kinetic energy of the truck throughout the 
physical experiment. The truck lost 74.43 percent of its initial kinetic energy in the physical 
experiment. Recall that during the simulation, the truck lost 75.24 percent of its initial kinetic 
energy. Therefore, this is about a 1 percent difference between the experiment and the 
simulation. In the physical experiment, the truck impacted the initial row of barrels at 63.5 mph. 
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Table 2.26 presents the MASH criteria for the physical experiment. All criteria were passed. 
Figure 2.64 shows the correlation between the simulation and the physical experiment. Since the 
700-lb barrels attenuated almost 75 percent of the trucks energy while not causing the car to fail 
OIV and RDA, this is the mass that will be placed in the short radius system.  

 

Figure 2.63. Kinetic Energy of Truck with 700-Lb, 700-Lb, and 700-Lb Barrel Layout 
Experiment. 

Table 2.26. TRAP Results for Truck with 700-Lb, 700-Lb, and 700-Lb Barrel Layout 
Physical Experiment. 

TRAP Results: Truck With 700-lb, 700-lb, and 700-lb Barrel Layout—Physical 
Experiment 

Impact Velocity, mph 63.5 
Impact Angle (degrees) 0 
Occupant Risk Factors 
Impact Velocity (ft/s) 

x-direction 32.8 
y-direction −0.3 

Ridedown Accelerations (Gs) 
x-direction 16.0 
y-direction 2.1 

Max Roll, Pitch, and Yaw Angles (degrees) 
Roll 2.6 
Pitch −4.2 
Yaw −5.5 

 



 

TR No. 0-6711-1 99 2014-12-08 

  

  

  
Figure 2.64. Simulation and Physical Experiment Comparison with 700-Lb, 700-Lb, and 

700-Lb Layout. 

2.6. UPDATED MODEL 

The updated model has a few changes from the last model. The two W-beams were 
replaced with a single thrie beam for the entire model. This was done to help improve the over-and 
under-riding of the truck and car, respectively. Freestanding barrels weighing 700 lb each were 
placed behind the radius to act as an attenuator. Figure 2.65 shows an example of this layout.  

 
Figure 2.65. Most Recent Model. 
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2.7. EARLIER SYSTEMS 

Figure 2.66 displays the last system that was modeled and run earlier. Figure 2.67 
displays the primary roadway in this older system. There is a W-beam and rub rail in the radius 
for about half of the primary roadway side, and then, there is a transition to a thrie beam. Figure 
2.68 shows the secondary roadway with the W-beam and rubrail. An anchor post ends this 
section of the rail. 

 
Figure 2.66. Whole System with Two W-Beams. 

 
Figure 2.67. Primary Roadway Side View. 

 
Figure 2.68. Primary Secondary Roadway Side View. 

Figure 2.69 shows the progression of the impact. The last picture of the set depicts the 
truck beginning to separate the two rails. If this is a problem for the truck, the car will probably 
separate the rails as well. There were also concerns about the height of the rail from the ground. 
It was thought that this short distance above the ground would exacerbate the vehicle, either 
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separating the rails or overriding the system. Therefore, the W-beam and rubrail were changed to 
a single thrie beam in the system design under consideration.  

 

 

 
Figure 2.69. Progression of Truck Impact. 
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2.8. CURRENT SHORT RADIUS SYSTEM DESIGN 

Figure 2.70 shows the current system that was modeled and run with the MASH 2270P 
vehicle. 

 

 

 
Figure 2.70. Current System under Investigation. 

The system has a short driveway rail to accommodate the right-of-way (ROW) 
consideration while still providing positive anchor. Figure 2.71 and Figure 2.72 show the 
anchor chosen as a rotating post design. The TTI research team has identified two design 
options for this anchor. 
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Figure 2.71. Rotating Anchor Design Option 1. 

 

Figure 2.72. Rotating Anchor Design Option 2. 
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2.9. SIMULATION OF MASH TEST 3-33; TRUCK IMPACTING SHORT RADIUS 
WITHOUT SAND BARRELS 

The research team began to evaluate the single thrie beam system design through 
simulations. Figure 2.73 depicts the whole system. Figure 2.74 shows the side view of the 
primary roadway. This side contains a cable anchor in the rail section right after the curve. There 
is also a nested thrie beam where the steel posts transition to quarter spacing. An endshoe and 
concrete parapet represents the stiffer portion of the rail. Figure 2.75 represents the side view of 
the secondary roadway. A rigid post in the simulation anchored this end. The truck impacted this 
system in the center of the radius at a 15° angle. 

 
Figure 2.73. Entire System. 

 
Figure 2.74. Side View of Primary Roadway. 

 
Figure 2.75. Side View of Secondary Roadway. 

Figure 2.76 shows the truck’s velocity during the simulation. The initial slope is gradual 
and followed by a steeper slope. The gradual slope represents the initial impact with the radius. 
In this simulation, there are no additional objects to absorb the kinetic energy (i.e., sand barrels) 
upon impact. As the simulation continues, the rail gets stretched and tension increases in the 
system. Furthermore, the stiffer portion of the system is engaged and increased tension in the rail 
causes more energy to be absorbed. The negative velocity indicates that the truck experiences a 
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slight rebound toward the end of the simulation. The truck was experiencing dynamic instability 
at the end of the simulation. It is apparent that the truck would probably roll over the system as 
time progressed.  

 
Figure 2.76. X-Velocity in Mph. 

Figure 2.77 shows sequential images of the simulation upon impact. The first image 
shows initial contact with the rail and is followed by two images of the truck interacting with 
the rail. The last image displays the end state of the simulation. At time equal to 0.245 s and 
0.545 s, the rail shows good containment of the truck, displaying little yaw, roll, and pitch. The 
last image shows the truck with a high yaw and roll, and potential to override the rail or flip. 

Figure 2.78 shows the plastic strain. The areas of interest that show potential for tearing 
are enlarged. The rail begins to twist, as shown in the bottom right figure, just before the primary 
roadway transitions to quarter spacing on the steel posts and a nested thrie beam. This behavior 
and other areas of high strain distribution may point to the failure of the W-beam, and therefore a 
lack of containment of the vehicle. 

The maximum dynamic deflection of the rail along the primary roadway is 28.2 ft. The 
maximum dynamic deflection of the rail along the secondary roadway is 21.8 ft. 
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Figure 2.77. Sequential Images of Simulation. 

Time = 0.02 s 

Time = 0.245 s 

Time = 0.545 s 

Time = 1.02 s 
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Figure 2.78. Plastic Strain. 

Figure 2.79 displays the maximum dynamic deflection of the rail. Table 2.27 shows the 
TRAP results for this simulation. The OIV and ridedown accelerations passed the criteria but the 
yaw, roll, and pitch are a concern in this run. 

 
 

Figure 2.79. Total Displacement. 
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Table 2.27. TRAP Results for MASH Test 3-33 without Barrels. 

TRAP Results: TL 3-33 Silverado 
Impact Velocity, mph 62.2 
Impact Angle (degrees) 15 
Occupant Risk Factors 
Impact Velocity (ft/s) 

x-direction 19.03 
y-direction 9.84 

Ridedown Accelerations (Gs) 
x-direction 10.4 
y-direction 13.4 

Max Roll, Pitch, and Yaw Angles (degrees) 
Roll 49.1 
Pitch −17.0 
Yaw −128.3 

 
2.10. SIMULATION OF MASH TEST 3-33; TRUCK IMPACTING SHORT RADIUS 

WITH SAND BARRELS 

Four 700-lb barrels were placed immediately behind the radius in this system. This 
addition is shown in multiple views in Figure 2.80. 

Figure 2.81 is a graph of the x-velocity of the truck during the simulation. The initial 
steep slope in this plot represents the time period where the sand barrels behind the rail are 
absorbing the energy of the impact. The next section, which has a more gradual slope, denotes 
the part of the simulation when the rail is absorbing the kinetic energy of the crash. The final 
steeper section of the graph signifies when the stiffer part of the rail is engaged in absorbing the 
kinetic energy. The truck then passes through zero velocity before rebounding back, hence the 
section of negative velocity. 

Figure 2.82 to Figure 2.85 display the interaction of the truck and the system throughout 
the simulation. Figure 2.82 shows when the first impact occurs. 

Figure 2.83 represents the point on the x-velocity curve where the first steep portion ends. 
The barrels have less impact on velocity attenuation from this point forward. The rail will 
continue to absorb kinetic energy, which denotes the milder slope section on the velocity curve. 

Figure 2.84 shows the time in the run when the stiffer portion of the rail is engaged and 
helping to absorb kinetic energy. This corresponds to the second steep slope in the velocity plot. 
Figure 2.85 shows the truck at the time of zero velocity before it begins to rebound. Figure 2.86 
shows the plastic strain in the rail. There are several areas where the rail may rupture. 
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Figure 2.80. Entire System with Barrels (Front, Back, and Top Views). 
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Figure 2.81. X-Velocity in Mph. 

 
Figure 2.82. Time = 0.02 s when Impact Begins. 
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Figure 2.83. Time = 0.12 s, after Barrels Have Had Their Greatest Impact. 

 
Figure 2.84. Time = 0.445 s, after the System Has Had Its Impact. 



 

TR No. 0-6711-1 112 2014-12-08 

 
Figure 2.85. Time = 0.645 s, when Vehicle Reaches Zero Velocity. 

 
Figure 2.86. Plastic Strain on Entire Rail. 

Figure 2.87 zooms in on part of the radius and primary roadway that contained most of the 
areas where rail rupture may occur. This zoomed-in section is encircled by an oval in Figure 2.86. 
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Figure 2.87. Plastic Strain in Several Problem Areas. 

Figure 2.88 displays the maximum dynamic deflection of the primary and secondary 
roadways. The maximum deflection of the rail along the primary roadway was 24.4 ft, and 18.6 ft 
along the secondary roadway. The maximum deflection along the primary roadway for the same 
system without sand barrels was 28.2 ft. The maximum deflection along the secondary roadway for 
the same system without sand barrels was 21.8 ft. The added mass had a significant impact on 
decreasing the velocity of the truck within a shorter distance while maintaining MASH criteria for 
OIV and ridedown accelerations.  

 

Figure 2.88. Total Displacement. 
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Table 2.28 displays the TRAP results for the simulation. This simulation passed all of the 
MASH criteria and just surpassed the preferred limit for the x-direction OIV. 

Table 2.28. TRAP Results for MASH Test 3-33 with Barrels. 

TRAP Results: TL 3-33 Silverado 
Impact Velocity, mph 62.2 
Impact Angle (degrees) 15 
Occupant Risk Factors 
Impact Velocity (ft/s) 

x-direction 33.14 
y-direction 6.56 

Ridedown Accelerations (Gs) 
x-direction 6.9 
y-direction 7 

Max Roll, Pitch, and Yaw Angles (degrees) 
Roll 4.6 
Pitch −3.8 
Yaw −88.7 

 
2.11. CONCLUSIONS 

The change to a single thrie beam instead of the two W-beams helped improve the 
interaction of the vehicle with the rail system. Adding the sand barrels to the new system not 
only helped dissipate more energy but also helped improve the behavior of the truck with the 
system as well.  

The system without sand barrels had vehicular instabilities. At the end of the simulation, 
the truck looked as if it was going to flip over. The sand barrels mitigated this behavior. 
Therefore, the yaw, pitch, and roll in the simulation with the sand barrels were significantly less 
than those in the system without mass. The roll was reduced from 49.1° to 4.6°. The yaw was 
reduced from 128.3° to 88.7°. The pitch of the vehicle was also reduced by adding sand barrels 
to the system, but the vehicle’s pitch was not critical for either simulation. 

For the simulation without the sand barrels, the truck remained under the preferred OIV 
and ridedown accelerations. The simulation with the sand barrels slightly exceeded the preferred 
limits for the OIV in the x-direction. All other areas remained under the preferred criteria for the 
simulation with the sand barrels. 

Adding the four 700-lb sand barrels to the rail system decreased the deflection of the rail 
along the primary roadway by 4 ft and the deflection of the rail along the secondary roadway by 
3 ft. In the simulation for the system with the sand mass, the vehicle came to a stop before the 
last post along the secondary roadway failed. In the system without sand, the vehicle was still 
rolling on its right side when the rail was wrapping around the anchor post at the end of the rail 
on the secondary roadway. Therefore, the sand barrels significantly helped to attenuate the 
energy of the impact. 
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The system with sand barrels had less overall distribution of high plastic strain areas 
within the rail element. The system without sand barrels had more high plastic strain areas in the 
radius of the rail. Additionally, a section of the rail along the primary roadway began to twist in 
the simulation without barrels. This occurred just before the steel post spacing switched from 
half to quarter spacing.  

2.12. RECOMMENDATION 

The research team recommended further evaluation of the latest design through enhanced 
modeling and detailed simulations due to its promising performance. The system has accepted 
test evaluation criteria while maintaining a functional performance in terms of reduced overall 
displacement into the back side of the short radius design. 
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CHAPTER 3. SIMULATION OF RECOMMENDED DESIGN 
CONCEPTS 

3.1. SIMULATION OF MASH TEST 3-32 SMALL CAR IMPACTING SHORT 
RADIUS WITHOUT FLARE AND WITHOUT SAND BARRELS 

Figure 3.1 presents the system used in this simulation. The system had no flare and no 
sand barrels. In summary, this system adequately stopped the truck within the MASH Impact 
Severity criteria and within appropriate overall displacement behind the system. The purpose of 
this simulation is to show that the system can adequately contain the small car without 
surpassing the MASH Impact Severity criteria.  

 
Figure 3.1. No Flare and No Sand Barrels. 

Figure 3.2 presents the progression of the small car in this simulation. The car remains 
stable during the simulation. The rail and deformation of the front of the car seem to progress 
into the windshield of the car, which may not pass the penetration or intrusion/deformation 
limits. 

Figure 3.3 plots the x-velocity of the car throughout the simulation. The system brought 
the vehicle to zero velocity and then the vehicle began to rebound.  

The maximum dynamic displacement of the rail was 21.8 ft in the x-direction along the 
primary roadway. The maximum dynamic y-displacement along the secondary roadway is 17 ft. 
Figure 3.4 depicts the maximum dynamic displacement of the rail. 
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Figure 3.2. Sequential Images of Simulation with No Flare and No Sand Barrels. 

 
Figure 3.3. X-Velocity in Mph in Simulation with No Flare and No Sand Barrels. 
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Figure 3.4. Total Displacement in Simulation with No Flare and No Sand Barrels. 

Table 3.1 shows that the small car passed the MASH impact severity criteria. The car 
surpassed the preferred limit for the OIV in the x-direction but was under the maximum limit. 
Since the small car is close to surpassing the OIV limit without sand barrels in this system, a 
simulation was run with 400-lb barrels clustered in the radius section. It was thought that the 
700-lb barrels used in previous truck runs would cause the car to surpass the OIV limit if 
clustered in the radius.  

Table 3.1. TRAP Summary Data in Simulation with No Flare and No Sand Barrels. 

TRAP Results: TL 3-32 (Small Car) No Flare and No Sand 
Barrels 

Impact Velocity, mph 62.2 
Impact Angle (degrees) 15 
Occupant Risk Factors 
Impact Velocity (ft/s) 

x-direction 33.5 
y-direction 2.3 

Ridedown Accelerations (Gs) 
x-direction 8.1 
y-direction 8.7 

Max Roll, Pitch, and Yaw Angles (degrees) 
Roll −15.7 
Pitch −16.3 
Yaw −41.2 



 

TR No. 0-6711-1 120 2014-12-08 

3.2. SIMULATION OF MASH TEST 3-32 SMALL CAR IMPACTING SHORT 
RADIUS WITH FLARE AND 400-LB SAND BARRELS 

Figure 3.5 presents the system layout for this simulation. As mentioned before, since the 
OIV was close to being over the acceptable limit in the last run without barrels, 400-lb barrels 
were added behind the rail in the radius. This is a reduced mass from the 700-lb barrels that were 
clustered in the radius in the truck simulation. 

 
Figure 3.5. Flare and 400-Lb Sand Barrels Behind the Radius. 

The other change to the system included a linear 4° flare added to the primary roadway to 
help with the TL 3-31 crash condition, which is presented and discussed later. 

Figure 3.6 displays sequential images of the car throughout this simulation. The car 
remained stable. The rail and the deformation of the front of the car did not pass as far into the 
windshield as it did in the previous run, suggesting that the penetration or intrusion/deformation 
limits are more likely to be passed. 

Figure 3.7 shows the x-velocity of the small car throughout the simulation. The car 
reached zero velocity and began to rebound. The steeper slope at the beginning of the velocity 
curve represents where the small car is impacting the sand barrels and experiencing greater 
energy attenuation. Once the car’s interaction with the barrels is complete, the slope flattens out. 
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Figure 3.6. Sequential Images of Simulation with Flare and 400-Lb Sand Barrels. 
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Figure 3.7. X-Velocity in Mph on Simulation with Flare and 400-Lb Sand Barrels. 

The maximum dynamic deflection of the rail was 19.8 ft in the x-direction along the 
primary roadway. This is a reduction of 2 ft compared to the last simulation of the system 
without sand barrels and without a flare. The maximum dynamic displacement was 17.6 ft in the 
y-direction along the secondary roadway, which is an increase of 0.6 ft from the last system. 
Figure 3.8 depicts the displacement of the rail in the system. The sand and the barrels have been 
hidden from the total displacement figure for clarity. 

 
Figure 3.8. Total Displacement on Simulation with Flare and 400-Lb Sand Barrels 

(Sand Hidden). 
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The small car did not pass the MASH impact severity criteria.  Table 3.2 shows that the 
car failed to fall under the x-direction OIV limit. The barrel layout will be assessed and changed 
before the next simulation. 

Table 3.2. TRAP Summary Data on Simulation with Flare and 400-Lb Sand Barrels. 

TRAP Results: TL 3-32 (Small Car) Flare and 400-lb 
Barrels 

Impact Velocity, mph 62.2 
Impact Angle (degrees) 15 
Occupant Risk Factors 
Impact Velocity (ft/s) 

x-direction 40.7 
y-direction 4.6 

Ridedown Accelerations (Gs) 
x-direction 9.1 
y-direction 7.0 

Max Roll, Pitch, and Yaw Angles (degrees) 
Roll −4.8 
Pitch −2.0 
Yaw −32.2 

 
 
3.3. SIMULATION OF MASH TEST 3-32 SMALL CAR IMPACTING SHORT 

RADIUS WITH FLARE AND 700-LB SAND BARRELS SPREAD OUT ALONG 
RAIL 

The x-velocity in the last run was over the limit by approximately 1 ft/s. To keep the OIV 
below the limit, the barrels were spread out behind the rail system instead of clustered behind the 
radius. With the barrels spread out behind the system, the car will see less mass at any single 
given moment in the simulation. The barrel mass was increased to 700 lb from 400 lb since 
spreading out the barrels would help mitigate the severity of the impact. Figure 3.9 shows the 
system tested in this simulation. Two barrels were grouped closely together along the primary 
roadway: one barrel in the center of the radius, and one barrel approximately halfway up the 
secondary roadway. 
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Figure 3.9. Flare and Spread Out 700-Lb Barrels. 

Figure 3.10 presents sequential images of the simulation to summarize the behavior of the 
vehicle. The car remained stable. Figure 3.11 presents the x-velocity of the small car throughout 
the simulation. The car reaches zero velocity at approximately 0.74 s and then begins to rebound.  

The maximum dynamic deflection of the rail was 18.7 ft in the x-direction along the 
primary roadway and 16.5 ft in the y-direction along the secondary roadway. The x-direction 
deflection was reduced by 1 ft compared to the previous simulation of the system with a flare 
and the four 400-lb barrels clustered behind the radius. The y-direction deflection was reduced 
by about 1 ft as compared to the previous system. Figure 3.12 shows the car’s displacement 
within the whole system. The sand and the barrels have been hidden from the total displacement 
figure for clarity. 
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Figure 3.10. Sequential Images of Simulation with Flare and Spread Out 700-Lb Barrels. 
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Figure 3.11. X-Velocity in Mph of Simulation with Flare and Spread Out 700-Lb Barrels. 

 

 
Figure 3.12. Total Displacement of Simulation with Flare and Spread Out 700-Lb Barrels 

(Sand Hidden). 
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Table 3.3 shows that the small car passed the MASH impact severity criteria in this 
simulation. Therefore, the 700-lb barrels spread out behind the rail is the promising barrel layout 
for the short radius system. This layout is run with the truck in the next simulation to see how the 
system performs in the TL 3-33 case. 

Table 3.3. TRAP Summary Data of Simulation with Flare and Spread Out 700-Lb Barrels. 

TRAP Results: TL 3-32 (Small Car) Flare and 700-lb 
Barrels 

Impact Velocity, mph 62.2 
Impact Angle (degrees) 15 
Occupant Risk Factors 
Impact Velocity (ft/s) 

x-direction 37.4 
y-direction 4.6 

Ridedown Accelerations (Gs) 
x-direction 12.2 
y-direction 8.1 

Max Roll, Pitch, and Yaw Angles (degrees) 
Roll −2.4 
Pitch −1.8 
Yaw −30.0 

 
 
3.4. SIMULATION OF MASH TEST 3-33 TRUCK IMPACTING SHORT RADIUS 

WITH FLARE AND SAND BARRELS  

The following changes were made to the system in response to the simulations of the 
short radius system with the small car presented above. There are four 700-lb barrels in the 
system used in this simulation, spread out from the radius along the primary and secondary 
roadways. Spreading out the barrels adequately attenuated the severity of the small car’s OIV 
and ridedown acceleration. The goal of this simulation is to affirm that the truck is adequately 
captured within an acceptable distance behind the rail. Figure 3.13 shows the system used in this 
simulation.  

Figure 3.14 plots the x-velocity of the truck throughout the simulation. The vehicle 
reached zero velocity at approximately 0.68 s and began to rebound at the end of the simulation. 
Figure 3.15 depicts the truck throughout the simulation. The truck remained stable during the 
simulation and is adequately contained by the system.  
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Figure 3.13. Flare and Spread Out 700-Lb Barrels. 

 
Figure 3.14. X-Velocity in Mph of Simulation with Truck, Flare, and Spread Out 700-Lb 

Barrels. 
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Figure 3.15. Sequential Images of Simulation with Truck, Flare, and Spread Out 700-Lb 

Barrels. 

The previous simulation with the truck and the system that was not flared and had 700-lb 
barrels clustered in the radius had a maximum dynamic deflection in the x-direction of 24.4 ft 
and 18.6 ft in the y-direction. The maximum dynamic deflection in the x-direction of the flared 
system with the spread out 700-lb barrels is 27 ft, and the maximum dynamic deflection in the 
y-direction is 23 ft.  
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Figure 3.16 depicts the maximum dynamic deflection of the rail. The sand and barrels 
have been hidden from the following figure for clarity. 

 

 
Figure 3.16. Total Displacement in Simulation with Truck, Flare, and 700-lb Sand Barrels 

(Sand Hidden). 

The truck passed the MASH impact severity criteria. Table 3.4 presents the TRAP results. 
The 700-lb spread out barrel layout captured the truck within an acceptable displacement while 
also bringing the car to a stop at adequate OIV and ridedown acceleration. Therefore, this barrel 
layout will be used in the final system. 

 
3.5. SIMULATION OF MASH TEST 3-31 TRUCK IMPACTING SHORT RADIUS 

WITH FLARE AND 700-LB SAND BARRELS SPREAD OUT ALONG RAIL 

This test case aligns the truck parallel with the primary roadway. Figure 3.17 shows the 
system used in this simulation and the alignment of the truck within the system. The system 
contains the spread out 700-lb sand barrel layout as well as the 4° flare. 
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Figure 3.17. Flare and 700-Lb Barrels Spread Out behind Rail. 

Figure 3.18 displays the truck in sequential images throughout the simulation. The first 
BCT post along the primary roadway after the radius breaks and the cable loses its tension 
capacity. After the tension cable loses its capacity, the rail begins to turn down and the driver-
side front wheel begins to ride up onto the rail at approximately 0.12 s. The truck becomes 
unstable as early as 0.17 s.  

 
Figure 3.18. Sequential Images of Simulation with Truck, Flare, and 700-Lb Barrels 

Spread Out behind Rail. 
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Figure 3.19 shows the velocity of the truck throughout the simulation. The truck passed 
the MASH impact severity criteria but was unstable at the end of the run, and therefore did not 
pass. Table 3.4 shows the TRAP summary. 

 
Figure 3.19. X-Velocity in Mph of Simulation with Truck, Flare, and 700-Lb Barrels 

Spread Out behind Rail. 

Table 3.4. TRAP Summary Data for Simulation with Truck, Flare, and 700-Lb Barrels 
Spread Out behind Rail. 

TRAP Results: TL 3-31 (Truck) Flare and Spread Out 700-lb 
Barrels 

Impact Velocity, mph 62.2 
Impact Angle (degrees) 0 
Occupant Risk Factors 
Impact Velocity (ft/s) 

x-direction 26.2 
y-direction 1.3 

Ridedown Accelerations (Gs) 
x-direction 11.9 
y-direction 5.6 

Max Roll, Pitch, and Yaw Angles (degrees) 
Roll 58.6 
Pitch 4.5 
Yaw −10.0 
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Since the instability problem arose from the BCT post breaking and the tension cable 
losing its capacity, a new system design, which would allow the cable to remain in tension 
despite the BCT post on the primary roadway breaking, will be simulated next.  

 
3.6. SIMULATION OF MASH TEST 3-31 TRUCK IMPACTING SHORT RADIUS 

WITH FLARE, SPREAD OUT 700-LB SAND BARRELS, AND TENSION CABLE 
AROUND POST IN RADIUS 

The following simulation includes the updated tension cable design. This new design 
moved the cable anchor from the upper valley of the thrie beam to the lower valley of the thrie. 
This design reduces the angle at which the tension cable must be oriented to get to the ground by 
the first BCT post on the primary roadway. The tension cable runs under the angle attached at 
ground level to the BCT post on the primary roadway. The cable then runs along the ground and 
under the angle attached to the BCT post at the center of the radius. The tension cable passes 
along the ground and terminates at the BCT post on the secondary roadway. Figure 3.20 and 
Figure 3.21 depict the new tension cable design that is described above. Figure 3.22 and Figure 
3.23 provide a back and front view, respectively, of the tension cable from the simulation. The 
sand barrels are hidden from the last two figures for clarity. 

Figure 3.24 depicts the truck alignment with the system. The centerline of the truck is 
aligned with the traffic face of the concrete parapet located on the primary roadway. 

 
Figure 3.20. Flare, Spread Out 700-Lb Sand Barrels, and Tension Cable around Post in 

Radius. 

 



 

TR No. 0-6711-1 134 2014-12-08 

 
Figure 3.21. Anchor Cable Angle Attachment to BCT Post. 

 
Figure 3.22. Back View of Tension Cable (Sand Hidden). 
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Figure 3.23. Front View of Cable (Sand Hidden). 

 
Figure 3.24. Alignment of Truck with System. 

Figure 3.25 shows sequential images depicting the performance of the system. The 
first BCT post on the primary roadway breaks at 0.045 s. The cable maintains tension 
capacity and is still under the angle attached to the steel tube of the broken BCT post. The 
tire begins to ride along the cable at 0.09 s. By 0.12 s, the front left truck tire has passed from 
riding along the cable to riding up the rail. The front left truck tire leaves the rail before 
0.245 s and the truck is unstable. From studying the behavior of the tire riding along the 
tension cable, it became evident that the cable was behaving more like a rod than a wire 
cable. Therefore, before running another simulation with the tension cable, researchers will 
calculate the wire cable’s moment of inertia in order to have better behavioral representation 
of the wire cable. 
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Figure 3.25. Sequential Images of Simulation of Truck, Flare, Spread Out 700-Lb Sand 

Barrels, and Tension Cable around Post in Radius (Sand Hidden). 

Figure 3.26 shows how the front left tire rides up the cable onto the rail and becomes 
unstable, causing the truck to roll. Figure 3.27 zooms in on the interaction between the tire and 
the cable. Notice how as the tire pushes the rail into the field side of the system, it begins to ride 
along the cable. To make them stand out, the cable and cable bracket have been colored lime 
green and aqua, respectively.  

Figure 3.28 shows the velocity of the truck. There was less reduction in velocity in this 
simulation than the previous simulation. Table 3.5 displays the truck passed the MASH impact 
severity criteria. However, the truck was not stable at the end of the simulation, and therefore, 
the system did not pass the test.  

The next system to be simulated will test a tension cable design that is set farther back into 
the field side of the short radius system. This will help to attenuate the interaction of the cable with 
the vehicle’s tires while still maintaining the tension in the cable for the redirection test cases.  

 



 

TR No. 0-6711-1 137 2014-12-08 

 
Figure 3.26. Sequential Images of Tire and Cable Interaction (Sand Hidden). 

 
Figure 3.27. Tire and Cable Interaction (Sand Hidden). 
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Figure 3.28. X-Velocity in Mph of Simulation of Truck, Flare, Spread Out 700-Lb Sand 

Barrels, and Tension Cable around Post in Radius. 

Table 3.5. TRAP Summary Data for Simulation of Truck, Flare, Spread Out 700-Lb Sand 
Barrels, and Tension Cable around Post in Radius. 

TRAP Results: TL 3-31 (Truck) Flare, Spread Out 700-lb Sand 
Barrels, and Tension Cable Around Post in Radius 

Impact Velocity, mph 62.2 
Impact Angle (degrees) 25 
Occupant Risk Factors 
Impact Velocity (ft/s) 

x-direction 14.8 
y-direction 8.2 

Ridedown Accelerations (Gs) 
x-direction 1.7 
y-direction 2.8 

Max Roll, Pitch, and Yaw Angles (degrees) 
Roll 24.9 
Pitch 7.4 
Yaw 5.7 
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3.7. SIMULATION OF MASH TEST 3-31 TRUCK IMPACTING SHORT RADIUS 
WITH FLARE, SPREAD OUT 700-LB SAND BARRELS, AND TENSION CABLE 
BEHIND POST IN RADIUS 

The following simulation includes the promising tension cable design. To help prevent 
the tire and cable from interacting during the redirection tests, researchers moved the angle to the 
back of the BCT post on the primary roadway. Now the cable passes from the bottom valley of 
the thrie beam to underneath the angle that has been moved to the back of the BCT post. From 
this post, the cable passes along the ground to be captured beneath the angle on the front of the 
BCT post, which is in the center of the radius. The blockout has been removed from this center 
post in the radius in order to cause the geometry to allow the cable to bear on all BCT posts. 
Then the cable continues along the ground to end at the first BCT post on the secondary 
roadway. The simulation and new cable layout can be seen in Figure 3.29. Figure 3.30 and 
Figure 3.31 show the tension cable design described above from the back and front of the rail, 
respectively.  

For the TL 3-31 test, the truck was parallel to the primary roadway. The center of the 
truck was aligned with the traffic face of the concrete parapet at the end of the primary roadway. 
Figure 3.32 shows the truck’s alignment with the system. 

Figure 3.33 shows the impact from the front of the rail. The truck remained stable 
throughout the impact, which was one goal of the new cable design. The sand barrels have been 
hidden from the following images for clarity.  

 
Figure 3.29. Flare, Spread Out 700-Lb Sand Barrels, and Tension Cable behind Post in 

Radius. 
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Figure 3.30. Back View of Rail (Sand Hidden). 

 
Figure 3.31. Front View of Rail (Sand Hidden). 

 
Figure 3.32. Alignment of Truck with System. 
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Figure 3.33. Sequential Images of Simulation from Front of Rail (Sand Hidden). 

The sequential images in Figure 3.34 show the truck’s interaction with the rail from the 
back of the rail. The sand has been hidden from these images in order to better see the rail and 
truck interaction. 

The sequential images in Figure 3.35 zoom in on the interaction of the tire and the cable. 
In Figure 3.35, the sand barrels have been hidden and the cable bracket and cable have been 
colored for clarity. The first BCT on the primary roadway breaks at 0.025 s. At 0.075 s, the front 
driver side tire passes over the bottom of the broken BCT post on the primary roadway. The 
cable is still under the angle on the BCT post at this point in the simulation. At 0.13 s, the truck 
has pushed the rail into the interior of the system and the cable moves out from beneath the angle 
on the broken BCT post on the primary roadway. The cable maintains tension capacity. At 
0.15 s, the BCT post at the center of the radius breaks. The cable still has tension capacity in this 
design. By 0.4 s, the truck has been redirected and its interaction with the system is complete. At 
this point in the simulation, the cable is still held under the angle on the BCT post at the center of 
the radius. 

Figure 3.36 zooms in on the tire and cable interaction. As the tire pushes the rail back, the 
tire does not ride along the cable. The cable and the cable bracket are colored lime green and 
aqua in the figure to help them stand out. 
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Figure 3.34. Sequential Images of Simulation from Back of Rail (Sand Hidden). 

 
Figure 3.35. Sequential Images of Truck and Cable Interaction (Sand Hidden). 
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Figure 3.36. Tire and Cable Interaction (Sand Hidden). 

Figure 3.37 depicts the final displacement of the vehicle; the sand has been hidden for 
clarity. Figure 3.38 portrays the velocity of the truck throughout the simulation. The truck is 
redirected at 25 percent of its initial velocity.  

 
Figure 3.37. Final Displacement of the Truck (Sand Hidden). 
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Figure 3.38. X-Velocity in Mph of Simulation with Flare, Spread Out 700-Lb Sand Barrels, 

and Tension Cable behind Post in Radius. 

The truck passed the MASH impact severity criteria that can be seen in Table 3.6. Since 
the truck also remained stable throughout the simulation, the truck passed the TL 3-31 test with 
this new tension cable design, which passes behind the first BCT post on the primary roadway.  

Design checks were done following this phase of simulation in order to check certain 
aspects of the final short radius system that would be used in the physical crash tests.  
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Table 3.6. TRAP Summary Data for Simulation with Truck, Flare, Spread Out 700-Lb 
Sand Barrels, and Tension Cable behind Post in Radius. 

TRAP Results: TL 3-31 (Truck) Spread 700-lb Sand Barrel, 
Flare, and Tension Cable Behind Post 

Impact Velocity, mph 62.2 
Impact Angle (degrees) 0 
Occupant Risk Factors 
Impact Velocity (ft/s) 

x-direction 15.4 
y-direction 10.5 

Ridedown Accelerations (Gs) 
x-direction 7.0 
y-direction 7.3 

Max Roll, Pitch, and Yaw Angles (degrees) 
Roll −6.2 
Pitch −4.9 
Yaw 15.2 
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CHAPTER 4. CRASH TEST MATRIX 

This chapter briefly explains the purpose behind each MASH TL-3 tests in the test matrix. 
The promising short radius system and the respective alignment of the vehicles with the system 
are also pictured for each case. The following test cases chosen are all originally applied to 
terminals or crash cushions. They have been modified in accordance with their original intent. 

4.1. MASH TEST 3-31 

MASH Test 3-31 is intended to show whether the system is capable of safely and stably 
decelerating a 2270P vehicle to a stop. For this system, the 2270P vehicle should be redirected or 
safely captured when the impact is parallel to one of the sides of the system. In gating systems, 
like this one, the test will evaluate the occupant impact risk and vehicle trajectory criteria. In this 
system, the truck was aligned parallel to the primary of the roadway. The centerline of the truck 
was aligned with the traffic face of the concrete parapet at the end of the system. Figure 4.1 
shows the chosen alignment described. 

 
Figure 4.1. Alignment of Truck with System for MASH Test 3-31. 

4.2. MASH TEST 3-32 

MASH Test 3-32 examines the behavior of the short radius system during an oblique 
impact on the nose of the system. Occupant risk and vehicle trajectory are the main concerns 
with regard to this test. The 1100C vehicle impacts the center of the radius of the system at a 15° 
angle. Figure 4.2 shows the alignment of the car with the system. 
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Figure 4.2. Alignment of Car with System for MASH Test 3-32. 

4.3. MASH TEST 3-33 

This test examines the behavior of the short radius system during an oblique impact on the 
nose of the system. Occupant risk and vehicle trajectory are the main concerns with regard to this 
test. The 2270P vehicle impacts the center of the radius of the system at a 15° angle. Figure 4.3 
shows the alignment of the truck with the system. 

 
Figure 4.3. Alignment of Truck with System for MASH Test 3-33. 
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4.4. MASH TEST 3-35 

MASH Test 3-35 case was simulated to determine the rail’s capacity for containing or 
redirecting the truck. The impact location is defined in MASH as the beginning of length of need 
at a 25° angle. The truck impacted the system at a 25° angle in the first section of guardrail along 
the primary roadway after the radius. This location is near where the rail behavior changes from 
capturing to redirecting. Figure 4.4 shows the alignment of the truck with the system.  

 
Figure 4.4. Alignment of Truck with System for MASH Test 3-35. 
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CHAPTER 5. SYSTEM DETAILS 

5.1. TEST ARTICLE DESIGN AND CONSTRUCTION 

5.1.1. Test Installation for Test Nos. 467114-3 through 467114-6 

Each test installation consisted of a 31-inch tall, 58-ft 10-inch long, thrie-beam short 
radius guardrail system constructed with a 27 ft 7¼ inch long primary-road leg (as measured 
along the guardrail) that transitioned to a section of bridge parapet, and an 18-ft 9-inch long 
secondary-road leg that terminated with a rounded thrie-beam end section (RTE02a). The curved 
12-ft 6-inch (post-to-post) arc length thrie-beam section (RTM02a) was rolled to an 8-ft-4½-inch 
inside radius. The primary-road side thrie-beam of the system was flared to the field side 4¼° 
from the tangent line of the parapet face, and the secondary-roadside thrie-beam was 
perpendicular to the parapet face tangent. Four sand barrels were strategically placed on the 
inboard, field side of the installation. The end anchor on the secondary roadway and the modified 
BCT foundation tube were analyzed and designed to withstand expected loads due to vehicular 
impact.  The simulated parapet section was not designed for direct impact by a vehicle. Details of 
the analysis process are shown in Appendix A.  See Appendix B, Sheets 1, 2, and 3 for overall 
installation details. 

The spacing for posts 1 to 2, posts 2 to 3, and posts 3 to 4 was 6 ft 3 inches. Posts 4 to 5 
and posts 5 to 6 were spaced at 6 ft 3 inches as measured along the arc of the curved thrie-beam. 
The spacing for posts 6 to 7 was 6 ft 3 inches, and posts 7 to 11 were each spaced at 
3 ft 1½ inches. Posts 11 to 16 were equally spaced at 1 ft 6¾ inches. Post 16 to the end face of 
the concrete parapet was approximately 12½ inches. See Appendix B, Sheet 3 for details.  

Several sections comprised the guardrail. Beginning with a rounded thrie-beam End 
Section (RTE02a) attached to post 1, a 75-inch-long thrie-beam anchor rail connected post 1 to 
post 2. A standard thrie-beam, 8-space, 12-ft 6-inch span (RTM08) connected posts 2, 3, and 4. 
Posts 4, 5 and 6 supported the aforementioned curved 12-ft 6-inch (post-to-post) arc length 
radiused thrie-beam section (RTM02a). Another 75-inch thrie-beam anchor rail spanned between 
posts 6 and 7. A single 9-ft 4½-inch-long thrie-beam section spanned between post 7 and post 
10, and a doubled 12-ft 6-inch-long thrie-beam section spanned between post 10 and post 16 and 
the parapet (i.e., two sections of thrie-beam were nested one within the other). At post 10, the 
upstream single thrie-beam section was attached between the post and nested double thrie-beams 
on the traffic side, and all three layers were bolted to post 10. Finally, a thrie-beam terminal 
connector (RTE01b) completed the transition from the guardrail to the parapet. All guardrail 
sections were galvanized standard 12-gauge material.  

Post 1 at the thrie-beam End Section was comprised of an 8-inch Schedule 80 pipe 
(8⅝ inch OD, ½ inch wall) installed in a 10-inch square tube socket (HSS 10 × 10 × ½ inch wall 
A500 Grade B) embedded in a concrete foundation. The post was 80 inches tall with a 10-inch × 
10-inch × ½-inch thick ASTM A36 square support collar welded to it at 21¾ inches below the 
top. The post was inserted into the 72-inch long square tube, and its support collar rested on top 
of the square tube, which was 9¾ inches above grade. Thus, the top of the post was 31½ inches 
above grade. The square tube was void of concrete and included a 9¼-inch square plate on the 
bottom. See Appendix B, Sheets 8, 15, and 16 for post 1 details. 
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Post 1’s square tube socket was embedded 62¼ inches deep into a 96-inch deep × 30-inch 
diameter steel reinforced concrete foundation. The foundation contained a concentric 24-inch 
diameter reinforcing bar cage. Each rebar cage was fabricated using eight 24-inch diameter #3 
(⅜-inch) rings vertically spaced at 12 inches, and eight 91-inch long #5 (⅝-inch) vertical bars. 
The vertical bars were equally spaced circumferentially inside the rings. Concrete cover over 
rebar at the top of the foundation was 2 inches, and the top of the foundation was at grade level. 
See Attachment A, Sheet 8 of 22 for details.  

Post 1 was connected to the thrie-beam anchor rail with two sets of BCT anchor cable 
assemblies (FCA01), guardrail anchor brackets (FPA01), and eight associated ⅝-inch diameter × 
2-inch long A307 Grade 5 hex bolts, washers, and recessed guardrail nuts. Each of the two 
¾-inch (6×19) galvanized wire rope anchor cables was 6 ft 6¾ inches end to end, inclusive of 
terminal fittings. Each termination consisted of a standard swaged fitting with a 1-inch diameter 
threaded stud, washer, and nut; the swage was specified to exceed the breaking strength of the 
wire rope. The upstream ends of the anchor cables were inserted through post 1 via two sets of 
holes on 7⅝-inch vertical centerlines in the post: two 1¾-inch diameter holes on the downstream 
or swage side, and two 1¼-inch diameter holes on the upstream or threaded side. The swage stud 
nuts were tightened such that all slack was removed from the cable.  See Appendix B, Sheets 7 
and 15 for details.  

Post 2 was a modified BCT timber post (PDF01) 5½ inches × 7½ inches × 48¼ inches 
long. A 2½ inch diameter weakening hole was located 30¾ inches from the top near grade. A 
⅞-inch diameter hole was located 33¼ inches from the top through which a strut bolt was 
installed as described below. Post 2’s foundation tube was a 6-inch × 8-inch × 3/16-inch thick 
ASTM A500 grade B steel HSS structural tube (PTE05), 72 inches long and embedded 
approximately 70 inches deep into drilled holes with compacted strong soil as per MASH. 
Two 13/16-inch diameter holes were located 1 inch below the top of the tube (centered in the 
lateral direction) to secure the timber post in the tube and accommodate the strut bolt. 

The post 1 tube socket and the post 2 foundation tube were joined at grade level with two 
(1 field side, 1 traffic side; legs outward) C4×7.25 ASTM A36 channel struts, each 71½ inches 
long. A strut bracket made of C8×11.5 ASTM A36 channel, 4 inches long, was bolted with two 
½ × 1½ inch A307 Grade 5 hex bolts and nuts to the downstream face of the tube socket. The 
ends of the struts were bolted to the strut bracket and the foundation tube and post with one ⅝ × 
10-inch A307 Grade 5 hex bolt and nut on each end. See Appendix B, Sheets 7 and 20 for details.  

Post 3 was a modified CRT timber post (PDE09) 6 inches × 8 inches × 72 inches long. 
Two 3½-inch diameter weakening holes were located at 32 inches (grade level) and 44½ inches 
below the top. The guardrail was attached to post 3 via a 6-inch × 8-inch × 22-inch tall thrie-beam 
timber blockout (PDB02a) and two ⅝ × 18-inch guardrail bolts (FBB04) and recessed guardrail 
nuts.  Post 3 was installed in a drilled hole with compacted strong soil as per MASH without a 
foundation tube.  

Post 4 was a modified BCT timber post (PDF01) 5½ inches × 7½ inches × 48¼ inches 
long. A 2½ inch diameter weakening hole was located 30¾ inches from the top near grade. A 
⅞-inch diameter hole was located 33¼ inches from the top through which a ⅝-inch × 10-inch 
A307 Grade 5 hex bolt, flat washer, recessed guardrail nut were installed to secure the post in 
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the foundation tube. Post 4’s foundation tube was a 6-inch × 8-inch × 3/16-inch thick ASTM 
A500 grade B steel HSS structural tube (PTE05), 72 inches long and embedded approximately 
70 inches deep in a drilled hole with compacted strong soil as per MASH. Two 13/16-inch 
diameter holes were located 1 inch below the top of the tube (centered in the lateral direction) 
to secure the timber post in the tube as described above. The guardrail was attached to post 4 
via a thrie-beam timber blockout (PDB02a) and two ⅝ × 18-inch guardrail bolts (FBB04) and 
recessed guardrail nuts.  

Post 5 was a modified BCT timber post (PDF01) 5½ inches × 7½ inches × 48¼ inches 
long. A 2½ inch diameter weakening hole was located 30¾ inches from the top near grade. A 
⅞-inch diameter hole was located 33¼ inches from the top through which a ⅝-inch × 10-inch 
A307 Grade 5 hex bolt, flat washer, and recessed guardrail nut were installed to secure the post 
in the foundation tube. Post 5’s foundation tube was a 6-inch × 8-inch × 3/16-inch thick ASTM 
A500 grade B steel HSS structural tube (PTE05), 72 inches long and embedded approximately 
70 inches deep into a drilled hole with compacted strong soil as per MASH. Two 13/16-inch 
diameter holes were located 1 inch below the top of the tube (centered in the lateral direction) to 
secure the timber post in the tube as described above. Additionally, an anchor cable bearing 
saddle made from half of a 4-inch Schedule 40 pipe ( 4½ inches OD × 0.2375-inch wall 
thickness) was welded (U-side up) to, and protruded 2 inches from, the external traffic side of 
the foundation tube. See Appendix B, Sheet 21 for details. The guardrail was attached directly 
to post 5 with two ⅝-inch × 10-inch guardrail bolts (FBB03) and recessed guardrail nuts.  

Post 6 was a modified BCT timber post (PDF01) 5½ inches × 7½ inches × 48¼ inches 
long. A 2½-inch diameter weakening hole was located 30¾ inches from the top near grade. A 
⅞-inch diameter hole was located 33¼ inches from the top through which a ⅝ × 10-inch A307 
Grade 5 hex bolt, flat washer, and recessed guardrail nut were installed to secure the post in the 
foundation tube. Post 6’s foundation tube was a 6-inch × 8-inch × 3/16-inch thick ASTM A500 
grade B steel HSS structural tube (PTE05), 72 inches long and embedded approximately 
70 inches deep into a drilled hole with compacted strong soil as per MASH. Two 13/16-inch 
diameter holes were located 1 inch below the top of the tube (in the lateral direction) to secure 
the timber post in the tube as described above. Additionally, an anchor-cable-bearing saddle 
made from half of a 4-inch Schedule 40 pipe (4½ inches OD × 0.2375-inch wall thickness) was 
welded (U-side up) to, and protruded 2 inches from, the external field side of the foundation 
tube. See Appendix B, Sheet 21 for details. The guardrail was attached to post 6 via a thrie-beam 
timber blockout (PDB02a) and two ⅝ × 18-inch guardrail bolts (FBB04) and recessed guardrail 
nuts.  

Posts 7 and 8 were modified CRT timber posts (PDE09) 6 inches × 8 inches × 72 inches 
long. Two 3½ inch diameter weakening holes were located at 32 inches (grade level) and 
44½ inches from the top. The guardrail was attached to each of posts 7 and 8 via a thrie-beam 
timber blockout (PDB02a) and two ⅝-inch × 18-inch guardrail bolts (FBB04) and recessed 
guardrail nuts. Posts 7 and 8 were installed 40 inches deep into a drilled hole with compacted 
strong soil as per MASH without a foundation tube.  

Posts 9 and 10 were W6×8.5 flange guardrail posts (PWE06), 72 inches long. The 
guardrail was attached to each of posts 9 and 10 via a thrie-beam timber routered blockout 
(6 inches × 8 inches × 18 inches tall; with a 4½-inch wide × ⅜-inch deep relief, similar ro a 
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PDB02) and two ⅝-inch × 10-inch guardrail bolts (FBB03) and recessed guardrail nuts. Posts 9 
and 10 were installed 40 inches into a drilled hole with compacted strong soil as per MASH. 
See Appendix B, Sheets 5 and 19 for details.  

Posts 11 through 16 were W6×8.5 wide flange guardrail posts (PWE07), 84 inches long. 
The guardrail was attached to each of posts 11 through 16 via a thrie-beam timber routed 
blockout (6 inches × 8 inches × 18 inches tall; with a 4½-inch wide × ⅜-inch deep relief, similar 
to a PDB02) and two ⅝-inch × 10-inch guardrail bolts (FBB03 and recessed guardrail nuts. Posts 
11 through 16 were installed 52 inches deep into a drilled hole with compacted strong soil as per 
MASH. See Appendix B, Sheets 5 and 19 for details.  

A thrie-beam terminal connector (RTE01b) was used to connect and transition the thrie-
beam to parapet. Five A325 ⅞-inch diameter hex bolts, nuts, and 1¾-inch outside diameter 
hardened flat washers secured the connector to the parapet: three 14-inch bolts in the upper, 
wider part of the parapet, and two 12-inch bolts in the lower, narrower part of the parapet. The 
terminal connector and doubled thrie beam were joined with twelve sets of ⅝-inch diameter × 
2-inch long guardrail bolts (FBB02), rectangular washers (FWR03), and recessed guardrail nuts.  
See Appendix B, Sheet 4 for details.  

An anchor cable attached at post 4, wove around post 5 on the traffic side and around 
post 6 on the field side utilizing the anchor cable U-shaped bearing saddles installed near grade 
on the foundation tubes, and terminated on the thrie-beam near post 7. The ¾-inch (6×19; or 
IWRC; AASHTO M-30; 46 kips min) galvanized wire rope was 18 ft 5 inches end to end, 
inclusive of terminal fittings. Each termination consisted of a standard swaged fitting with a 
1-inch diameter threaded stud, washer, and nut; the swage was specified to exceed the breaking 
strength of the wire rope. The post 4 weakening hole at grade contained a 2-inch Schedule 40 
(0.1535-inch wall thickness) BCT post sleeve (FMM02a) through which one terminal end of the 
anchor cable was secured via a 8-inch × 8-inch × ⅝-inch thick BCT bearing plate (FPB01), flat 
washer, and nut. The opposite end of the anchor cable was secured to the lower field side 
involute of the thrie-beam with a guardrail anchor bracket (FPA01). The swage stud nuts were 
tightened such that all slack was removed from the cable.  See Appendix B, Sheets 4, 6, and 22 
for details.  

For this test installation, a reinforced concrete bridge parapet was constructed by adding on 
to the existing concrete runway apron. The parapet base tapered from 60 inches to 56⅝ inches 
wide at the guardrail attachment end (yielding a 2° offset angle) and was 8 ft long, 18 inches thick, 
and constructed of steel-reinforced TxDOT Class C concrete with a minimum specified strength of 
3600 psi. All reinforcing steel was ASTM Grade 60, and unions of longitudinal, traverse, and 
vertical rebar were wire-tied on site. See Appendix B, Sheets 9 through 14 for details.  

The parapet itself was 32 inches tall with a smooth vertical traffic side face and a stepped 
field side face. Its profile was 10½ inches wide at the base and transitioned with a 1½-inch 
chamfer to a 12-inch wide top portion beginning 18½ inches above grade. Exposed edges were 
chamfered ¾-inch. The traffic side face conformed to the 2° offset and was 24 inches from the 
edge of the runway on the upstream end, and 20⅝ inches from the edge of the runway on the 
guardrail end. On the traffic side, the width of the parapet tapered from 12 inches to 10 inches 
over the final 12 inches on the guardrail attachment end. Five 1-inch diameter holes were cast 
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into the parapet at the time of the concrete pour to accommodate the thrie-beam terminal 
connector. See Appendix B, Sheet 9 for details.  

Reinforcement in the parapet consisted of 16 ½-inch nominal diameter reinforcing steel 
(#4 rebar) S-bars longitudinally spaced on 6-inch longitudinal centers and four 82-inch long #4 
bent bars vertically spaced on 8-inch centers on the traffic side, and four 93-inch long #4 straight 
bars vertically spaced on 8-inch centers on the field side. The parapet was tied to the base with 
fifteen ½-inch nominal diameter reinforcing steel (#4 rebar) U-bars longitudinally spaced on 6-
inch centers. Each 25½-inch-tall U-bar extended from the bottom base mat to 10 inches into the 
lower portion of the parapet.  

The base was secured to the runway apron with six ⅝-inch diameter (#5 rebar) × 24-inch 
long tie bars located on 16-inch horizontal centers. The tie bars were approximately 3 inches 
below the top surface, embedded 6 inches deep into holes drilled horizontally into the edge of the 
apron, and secured with Hilti RE200-A epoxy. See Appendix B, Sheet 11 for details.  

Reinforcement in the base consisted of two mats of ⅝-inch nominal diameter reinforcing 
steel (#5 rebar) located approximately 1½ inches and 15 inches below the upper surface of the 
base. The upper mat rested on the new tie bars installed in the edge of the apron. The fifteen 
53-inch long upper transverse bars were spaced on 6-inch centers and joined with seven 90-inch 
long longitudinal bars on 8-inch centers. The eight 53-inch lower transverse bars were spaced on 
12-inch centers and joined with five 90-inch longitudinal bars on 12-inch centers. Five U-shaped 
support bars spaced on 18-inch centers provided structure and continuity between the upper and 
lower mats on the field side of the base.  

Four sand barrels (Energy Absorption Systems, Inc. “ENERGITE III” Model 640 barrel 
and 320 cone with lid) weighing 700 lb each were strategically placed on the field side of the 
thrie-beam. The distances from each outer shell to the back side of the rail at posts 3, 5, 7, and 8 
were 15, 10, 10, and 12 inches, respectively. See Attachment A, Sheet 3 of 22 for placement 
geometry.  

Figure 5.1 and Figure 5.2 show the layout and overall details of the Short Radius 
Guardrail used in Test Nos. 467114-3 through 467114-6, and Figure 5.3 and Figure 5.4 present 
photographs of the complete installation. Appendix B provides further details. 
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Figure 5.3. Short Radius Guardrail (Overall, Secondary Road, and Radius) prior to Test 

Nos. 467114-3 through 467114-6. 

Along Secondary Roadway 
 

Along Radius 

Overall 



 

TR No. 0-6711-1 159 2014-12-08 

 
 

 
 

Figure 5.4. Short Radius Guardrail (Primary Road) before Test Nos. 467114-3 through 
467114-6. 
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5.1.2. Test Installation for Test No. 467114-7 

The test installation for Test No. 467114-7 differed from that for Test Nos. 467114-3 
through 467114-6 in that an extra post was added to the thrie-beam section between post 10 and 
the parapet, resulting in a total of 17 posts for the installation.  Furthermore, a shorter blockout 
(14 inches versus 18 inches) was installed at posts 9, 10, and 11. The following is a summary of 
the changes for Test No. 467114-7 from Tests 3-4-5-6 as described above: 

Posts 7 to 10 were each spaced at 3 ft 1½ inches. Posts 10 to 17 were equally spaced at 
1 ft 6¾ inches. Post 17 to the end face of the concrete parapet was approximately 12½ inches. 
See Appendix C, Sheet 3 for details. At post 10, the upstream single thrie-beam section was 
sandwiched between the nested double thrie-beams (as opposed to behind them in Tests Nos. 
467114-3 through 467114-6), and all three layers were bolted to post 10.  

Posts 9, 10, and 11 were W6×8.5 wide flange guardrail posts (PWE01), 72 inches long. 
The guardrail was attached to each of posts 9, 10, and 11 via a timber routed blockout 
(PDB01b) (6 inches × 8 inches × 14 inches tall; with a 4½-inch wide × ⅜-inch deep relief) and 
one ⅝-inch × 10-inch guardrail bolt (FBB03) and recessed guardrail nut. Posts 9, 10, and 11 
were installed 40 inches into a drilled hole with compacted strong soil as per MASH. See 
Appendix C, Sheets 5 and 19 for details.  

Posts 12 through 17 were W6×8.5 wide flange guardrail posts (PWE07), 84 inches 
long. The guardrail was not attached to posts 12 and 13; however, a thrie-beam timber routed 
blockout (6 inches × 8 inches × 18 inches tall, with a 4½-inch wide × ⅜-inch deep relief, 
similar to a PDB02) was attached to each post with two ⅝-inch × 10-inch guardrail bolts 
(FBB03) and recessed guardrail nuts. The guardrail was attached to each of posts 14 through 
17 via a thrie-beam timber routed blockout (6 inches × 8 inches × 18 inches tall; with a 
4½-inch wide × ⅜-inch deep relief, similar to a PDB02) and two ⅝-inch × 10-inch guardrail 
bolts (FBB03) and recessed guardrail nuts. Posts 12 through 17 were installed 52 inches deep 
into a drilled hole with compacted strong soil as per MASH. See Appendix C, Sheets 5 and 19 
for details.  

Figure 5.5 and Figure 5.6 show the layout and overall details of the Short Radius 
Guardrail used in Test No. 467114-7, and Figure 5.7 and Figure 5.8 present photographs of the 
complete installation. Appendix C provides further details. 

5.2. MATERIAL SPECIFICATIONS 

The TxDOT Class C specified minimum unconfined compressive strength of the concrete 
for the parapet was 4000 psi and for the anchor post foundation was 5000 psi. The parapet was 
poured on July 1, 2014, and the anchor post foundation was poured on July 11, 2014. The 
compressive strengths of the concrete used for the parapet was 4126 psi (at 16 days age), and for 
the anchor post foundation measured an average of 5789 psi (at 6 days age).  

ASTM A615 Grade 60 rebar with a specified minimum yield strength of 60 ksi that TTI 
fabricated on site comprised the reinforcement of the base and parapet. Appendix D contains mill 
certifications sheets and other certification documents for the materials used in the bridge deck 
test installation. 
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Figure 5.7. Short Radius Guardrail (Overall, Secondary Road, and Radius) prior to Test 

No. 467114-7. 

Overall 

Along Secondary Road 

Along Radius 
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Figure 5.8. Short Radius Guardrail (Primary Road) before Test No. 467114-7. 
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5.3. SOIL CONDITIONS  

As stated previously, the test installation was set up in standard soil meeting AASHTO 
standard specifications for “Materials for Aggregate and Sol Aggregate Subbase, Base and 
Surface Courses,” designated M147-65(2004), grading B. 

In accordance with Appendix B of MASH, soil strength was measured the day of the 
crash test. During installation of the Short Radius Guardrail for full-scale crash testing, two 
standard W6×16 posts were installed in the immediate vicinity of the Short Radius Guardrail, 
using the same fill materials and installation procedures in the standard dynamic test. 

As determined in the soil strength tests, the minimum post load required for deflections at 
5 inches, 10 inches, and 15 inches, measured at a height of 25 inches, is 3940 lb, 5500 lb, and 
6540 lb, respectively (90 percent of static load for the initial standard installation). On the day of 
Test No. 467114-5, July 29, 2014, load on the post at deflections of 5 inches, 10 inches, and 
15 inches was 11,868 lbf; 11,616 lbf; and 11,212 lbf, respectively. On the day of Test No. 
467114-6, August 6, 2014, load on the post at deflections of 5 inches, 10 inches, and 15 inches 
was 7677 lbf, 7525 lbf, and 7525 lbf, respectively. On the day of Test No. 467114-7, August 22, 
2014, load on the post at deflections of 5 inches, 10 inches, and 15 inches was 7626 lbf, 7525 lbf, 
and 7373 lbf, respectively. 

The strength of the backfill material met minimum requirements.  
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CHAPTER 6. CRASH TEST PROCEDURES 

6.1. TEST FACILITY 

The full-scale crash test reported here was performed at the TTI Proving Ground, an 
International Standards Organization (ISO) 17025 accredited laboratory with American 
Association for Laboratory Accreditation (A2LA) Mechanical Testing certificate 2821.01. The 
full-scale crash test was performed according to TTI Proving Ground quality procedures and 
according to the MASH guidelines and standards. 

The TTI Proving Ground is a 2000-acre complex of research and training facilities 
located 10 miles northwest of the main campus of Texas A&M University. The site, formerly a 
United States Army Air Corps base, has large expanses of concrete runways and parking aprons 
well suited for experimental research and testing in the areas of vehicle performance and 
handling, vehicle-roadway interaction, durability and efficacy of highway pavements, and safety 
evaluation of roadside safety hardware. The site selected for construction and testing of the 
TxDOT Short Radius Guardrail evaluated under this project was along the edge of an out-of-
service apron, which consists of an unreinforced jointed-concrete pavement in 12.5-ft × 15-ft 
blocks nominally 6 inches deep. The aprons were constructed in 1942, and the joints have some 
displacement but are otherwise flat and level. 

6.2. VEHICLE TOW AND GUIDANCE PROCEDURES 

The test vehicle was towed into the test installation using a steel cable guidance and 
reverse tow system. A steel cable for guiding the test vehicle was tensioned along the path, 
anchored at each end, and threaded through an attachment to the front wheel of the test vehicle. 
An additional steel cable was connected to the test vehicle, passed around a pulley near the 
impact point, through a pulley on the tow vehicle, and then anchored to the ground such that the 
tow vehicle moved away from the test site. A 2:1 speed ratio between the test and tow vehicle 
existed with this system. Just prior to impact with the installation, the test vehicle was released to 
be unrestrained. The vehicle remained freewheeling (i.e., no steering or braking inputs) until it 
cleared the immediate area of the test site, after which the brakes were activated to bring it to a 
safe and controlled stop. 

6.3. DATA ACQUISITION SYSTEMS 

6.3.1. Vehicle Instrumentation and Data Processing 

The test vehicle was instrumented with a self-contained, onboard data acquisition system. 
The signal conditioning and acquisition system is a 16-channel, Tiny Data Acquisition System 
(TDAS) Pro that Diversified Technical Systems, Inc. produced. The accelerometers, which 
measure the x, y, and z axis of vehicle acceleration, are strain gauge type with linear millivolt 
output proportional to acceleration. Angular rate sensors, measuring vehicle roll, pitch, and yaw 
rates, are ultra-small, solid state units designed for crash test service. The TDAS Pro hardware 
and software conform to the latest SAE J211, Instrumentation for Impact Test. Each of the 16 
channels is capable of providing precision amplification, scaling, and filtering based on 
transducer specifications and calibrations. During the test, data are recorded from each channel at 
a rate of 10,000 values per second with a resolution of one part in 65,536. Once data are 
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recorded, internal batteries back these up inside the unit should the primary battery cable be 
severed. Initial contact of the pressure switch on the vehicle bumper provides a time zero mark 
as well as initiates the recording process. After each test, the data are downloaded from the 
TDAS Pro unit into a laptop at the test site. The TRAP software then processes the raw data to 
produce detailed reports of the test results. All TDAS Pro units are returned to the factory 
annually for complete recalibration. Accelerometers and rate transducers are also calibrated 
annually with traceability to the National Institute for Standards and Technology. Acceleration 
data are measured with an expanded uncertainty of ±1.7 percent at a confidence factor of 95 
percent (k=2). 

TRAP uses the data from the TDAS Pro to compute occupant/compartment impact 
velocities, time of occupant/compartment impact after vehicle impact, and the highest 
10˗millisecond (ms) average ridedown acceleration. TRAP calculates change in vehicle velocity 
at the end of a given impulse period. In addition, maximum average accelerations over 50˗ms 
intervals in each of the three directions are computed. For reporting purposes, the data from the 
vehicle-mounted accelerometers are filtered with a 60-Hz digital filter, and acceleration versus 
time curves for the longitudinal, lateral, and vertical directions are plotted using TRAP.  

TRAP uses the data from the yaw, pitch, and roll rate transducers to compute angular 
displacement in degrees at 0.0001-s intervals, then plots yaw, pitch, and roll versus time. These 
displacements are in reference to the vehicle-fixed coordinate system with the initial position and 
orientation of the vehicle-fixed coordinate systems being initial impact. Rate of rotation data is 
measured with an expanded uncertainty of ±0.7 percent at a confidence factor of 95 percent (k=2). 

6.3.2. Anthropomorphic Dummy Instrumentation 

An Alderson Research Laboratories Hybrid II, 50th percentile male anthropomorphic 
dummy, restrained with lap and shoulder belts, was placed in the driver’s position of the 1100C 
vehicle. The dummy was uninstrumented. Use of a dummy in the 2270P vehicle is optional 
according to MASH, and no dummy was used in the tests with the 2270P vehicle. 

6.3.3. Photographic Instrumentation and Data Processing 

Photographic coverage of the test included three high-speed cameras:  

• One overhead with a field of view perpendicular to the ground and directly over the 
impact point. 

• One placed behind the installation at an angle. 
• One placed to have a field of view parallel to and aligned with the installation at the 

downstream end.  

A flashbulb activated by pressure-sensitive tape switches was positioned on the 
impacting vehicle to indicate the instant of contact with the installation and was visible from 
each camera. The video from these high-speed cameras were analyzed on a computer-linked 
motion analyzer to observe phenomena occurring during the collision and to obtain time-event, 
displacement, and angular data. A digital video camera and still cameras recorded and 
documented conditions of the test vehicle and installation before and after the test. 
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CHAPTER 7. CRASH TEST RESULTS 

7.1. MASH TEST 3-33 (CRASH TEST NO. 467114-3) 

7.1.1. Test Designation and Actual Impact Conditions 

MASH Test 3-33 involves a 2270P vehicle weighing 5000 lb ±110 lb and impacting the 
test article at an impact speed of 62.2 mph ±2.5 mph and an angle of 15°±1.5° relative to the 
traffic face of the concrete parapet. The target impact point was the centerline of the vehicle 
aligned with the nose of the radius. The 2008 Dodge Ram 1500 Quad Cab pickup truck used in 
the test weighed 5041 lb, and the actual impact speed and angle were 62.8 mph and 14.4°, 
respectively. The actual impact point was at the nose of the radius. Target impact severity (IS) 
was 43.0 kip-ft, and actual IS was 41.1 kip-ft (−4 percent). 

7.1.2. Test Vehicle 

Figure 7.1 shows the 2008 Dodge Ram 1500 Quad Cab pickup truck used for the crash 
test. Test inertia weight of the vehicle was 5041 lb, and its gross static weight was 5041 lb. The 
height to the lower edge of the vehicle bumper was 15.25 inches, and it was 26.75 inches to the 
upper edge of the bumper. The height to the vehicle’s center of gravity was 28.38 inches. Tables 
E1 and E2 in Appendix E give additional dimensions and information on the vehicle. The 
vehicle was directed into the installation using the cable reverse tow and guidance system, and 
was released to be freewheeling and unrestrained just prior to impact. 

  
Figure 7.1. Vehicle/Installation Geometrics before Test No. 467114-3. 

7.1.3. Weather Conditions 

The test was performed on the morning of July 17, 2014. Weather conditions at the time 
of testing were as follows:  

• Wind speed: 6 mph. 
• Wind direction: 183° with respect to the vehicle (vehicle was traveling in a 

northwesterly direction). 
• Temperature: 81°F. 
• Relative humidity: 75 percent. 



 

TR No. 0-6711-1 170 2014-12-08 

7.1.4. Test Description 

The 2008 Dodge Ram pickup truck, traveling at an impact speed of 62.8 mph, impacted 
the radius of the Short Radius Guardrail at an impact angle of 14.4° (relative to the traffic face of 
the parapet). At 0.024 s after impact, the front of the vehicle contacted the sand barrel in the 
center of the radius (barrel no. 2), and at 0.053 s, the vehicle began to yaw counterclockwise. The 
rail element contacted the sand barrel near post 3 (barrel no. 1) at 0.094 s, and the right front 
corner of the bumper contacted the sand barrel between posts 6 and 7 (barrel no. 3) at 0.109 s. At 
0.110 s, the rail element began to push on barrel no. 1, and at 0.113 s, the barrel began to tear. 
Barrel no. 3 began to tear at 0.121 s, and the barrel then contacted the sand barrel between post 7 
and 8 (barrel no. 4) at 0.161 s. At 0.240 s, barrel no. 4 began to tear open. The vehicle began to 
roll clockwise at 0.599 s, and reached a maximum roll of 45° at 1.242 s. Brakes on the vehicle 
were not applied, and the vehicle subsequently came to rest upright. Figure E1 in Appendix E 
show sequential photographs of the test period. Figure 7.2 shows the vehicle at rest. 

  
Figure 7.2. Vehicle/Installation after Test No. 467114-3. 

7.1.5. Damage to Test Installation 

Figure 7.3 shows damage to the Short Radius Guardrail installation. Post 1 rotated 
approximately 50° counterclockwise. Post 2 fractured at ground line and remained attached to 
the rail element. Post 3 fractured at ground line, and was resting 9 ft toward the field side of the 
rail and aligned with post 2 initial location. The soil around post 3 had been displaced 6 inches 
before the post fractured. Post 4 fractured at ground line and had deflected ½-inch. Post 5 
fractured at ground line and was resting 16 ft toward the field side and aligned with post 11. The 
bolt head partially pulled through the sleeve and the sleeve was leaning toward the field side 4°. 
Post 6 deflected ⅝ inch in the soil, fractured at ground line, and came to rest 25 ft toward the 
field side of the parapet and 6 ft downstream. Posts 7 and 8 deflected ¼ inch through the soil, 
fractured at ground line, and were resting 12 ft toward the field side of post 9. The rail element in 
front of post 8 had a partial tear. Post 9 released from the rail element and was leaning 45° 
downstream. A partial tear of the rail element was also noted on the radius rail at the downstream 
splice. All of the sand barrels were torn into several pieces.  

Maximum dynamic deflection during the test was 25.0 ft toward the field side of the 
traffic face of the parapet (‘primary roadway’) and 22.9 ft toward the field side from the 
‘secondary roadway’ side. Working width was 25.1 ft relative to the ‘primary road’ and 22.9 ft 
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relative to the ‘secondary roadway.’ Vehicle intrusion was 25.2 ft relative to the ‘primary 
roadway’ and 23.4 ft relative to the ‘secondary roadway.’ Maximum permanent deformation of 
the rail element was 19.0 ft relative to the ‘primary roadway’ and 24.0 ft relative to the 
‘secondary roadway.’ 

  

  

  
  

Figure 7.3. Installation after Test No. 467114-3. 

7.1.6. Vehicle Damage 

Figure 7.4 shows the vehicle after the test. The front bumper, radiator and support, grill, 
hood, right front tire and wheel rim, right front fender, right front and rear doors, right rear 
exterior bed, and rear bumper were damaged. Maximum exterior crush to the vehicle was 
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7.75 inches in the front plane at the right front corner of the bumper at bumper height. No 
occupant compartment deformation was noted. Figure 7.5 shows the impact region of the interior 
of the vehicle after the test. Exterior crush and occupant compartment measurements are 
provided in Tables E3 and E4 of Appendix E. 

  
Figure 7.4. Vehicle after Test No. 467114-3. 

  
Figure 7.5. Interior of Vehicle after Test No. 467114-3. 

7.1.7. Occupant Risk Factors 

Data from the accelerometer, located at the vehicle center of gravity, were digitized for 
evaluation of occupant risk. In the longitudinal direction, the occupant impact velocity was 
28.5 ft/s at 0.129 s, the highest 0.010-s occupant ridedown acceleration was 8.2 Gs from 0.129 
to 0.139 s, and the maximum 0.050-s average acceleration was −9.9 Gs between 0.016 and 
0.066 s. In the lateral direction, the occupant impact velocity was 5.9 ft/s at 0.129 s, the highest 
0.010-s occupant ridedown acceleration was 10.0 Gs from 0.131 to 0.141 s, and the maximum 
0.050-s average was −5.3 Gs between 0.104 and 0.154 s. Theoretical Head Impact Velocity 
(THIV) was 32.9 km/h or 9.1 m/s at 0.130 s; Post-Impact Head Decelerations (PHD) was 
12.6 Gs between 0.130 and 0.140 s; and Acceleration Severity Index (ASI) was 0.86 between 
0.041 and 0.091 s. Figure 7.6 summarizes these data and other pertinent information from the 
test. In Appendix E, Figures E2 through E8 show the vehicle angular displacements and 
accelerations versus time traces. 
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7.1.8. Assessment of Test Results 

An assessment of the test based on the applicable MASH safety evaluation criteria is 
provided below. 

7.1.8.1. Structural Adequacy 

A. Test article should contain and redirect the vehicle or bring the vehicle to a 
controlled stop; the vehicle should not penetrate, underride, or override the 
installation although controlled lateral deflection of the test article is 
acceptable. 

Results: The Short Radius Guardrail brought the 2270P vehicle to a controlled 
stop. The vehicle did not penetrate, underride, or override the installation. 
Maximum dynamic deflection during the test was 25.0 ft relative to the 
“primary roadway” and 22.9 ft relative to the “secondary roadway.” 
(PASS) 

7.1.8.2. Occupant Risk 

D. Detached elements, fragments, or other debris from the test article should not 
penetrate or show potential for penetrating the occupant compartment, or 
present an undue hazard to other traffic, pedestrians, or personnel in a work 
zone.  
Deformation of, or intrusions into, the occupant compartment should not 
exceed limits set forth in Section 5.3 and Appendix E of MASH. (roof 
≤4.0 inches; windshield = ≤3.0 inches; side windows = no shattering by test 
article structural member; wheel/foot well/toe pan ≤9.0 inches; forward of 
A-pillar ≤12.0 inches; front side door area above seat ≤9.0 inches; front side 
door below seat ≤12.0 inches; floor pan/transmission tunnel area 
≤12.0 inches). 

Results: Some of the posts fractured and separated from the rail, and these and all 
other debris remained adjacent to the installation. These items did not 
penetrate, or show potential for penetrating the occupant compartment. 
The post and other debris traveled relatively close to the ground and 
remained near the installation, and thereby did not present undue hazard to 
others in the area. (PASS) 

 No occupant compartment deformation or intrusion occurred. (PASS) 
 
F. The vehicle should remain upright during and after collision. The maximum 

roll and pitch angles are not to exceed 75°. 
Results: The 2270P vehicle remained upright during and after the collision event. 

Maximum roll and pitch angles were 45° and 10°, respectively. (PASS) 
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H. Occupant impact velocities should satisfy the following: 
Longitudinal and Lateral Occupant Impact Velocity 

Preferred Maximum 
30 ft/s 40 ft/s 

Results: Longitudinal occupant impact velocity was 28.5 ft/s, and lateral occupant 
impact velocity was 5.9 ft/s. (PASS) 

 
I. Occupant ridedown accelerations should satisfy the following: 

Longitudinal and Lateral Occupant Ridedown Accelerations 
Preferred Maximum 
15.0 Gs 20.49 Gs 

Results: Maximum longitudinal occupant ridedown acceleration was 8.2 G, and 
maximum lateral occupant ridedown acceleration was 10.0 G. (PASS) 

7.1.8.3. Vehicle Trajectory 

For redirective devices, it is desirable that the vehicle be smoothly redirected and exit 
the barrier within the “exit box” criteria (not less than 32.8 ft), and should be 
documented. Vehicle rebound distance and velocity should be reported for crash 
cushions. 

Result: The vehicle did not exit the installation. No significant rebound occurred. 

7.2. MASH TEST 3-32 (CRASH TEST NO. 467114-4) 

7.2.1. Test Designation and Actual Impact Conditions 

MASH Test 3-32 involves an 1100C vehicle weighing 2420 lb ±55 lb and impacting the 
test article at an impact speed of 62.2 mph ±2.5 mph and an angle of 15° ±1.5° relative to the 
traffic face of the concrete parapet. The target impact point was the centerline of the vehicle 
aligned with the nose of the radius. The 2009 Kia Rio used in the test weighed 2424 lb, and the 
actual impact speed and angle were 62.1 mph and 14.8°, respectively. The actual impact point 
was at the nose of the radius. Target IS was 21.0 kip-ft, and actual IS was 20.4 kip-ft (−3 percent). 

7.2.2. Test Vehicle 

Figure 7.7 shows the 2009 Kia Rio that was used for the crash test. Test inertia weight of 
the vehicle was 2424 lb, and its gross static weight was 2589 lb. The height to the lower edge of 
the vehicle bumper was 8.5 inches, and it was 21.5 inches to the upper edge of the bumper. 
Tables F1 and F2 in Appendix F give additional dimensions and information on the vehicle. The 
vehicle was directed into the installation using the cable reverse tow and guidance system, and 
was released to be freewheeling and unrestrained just prior to impact. 
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7.2.3. Weather Conditions 

The test was performed on the morning of July 23, 2014. Weather conditions at the time 
of testing were as follows:  

• Wind speed: 3 mph. 
• Wind direction: 63° with respect to the vehicle (vehicle was traveling in a 

northwesterly direction). 
• Temperature: 86°F. 
• Relative humidity: 71 percent. 

 

  
  

Figure 7.7. Vehicle/Installation Geometrics before Test No. 467114-4. 

7.2.4. Test Description 

The 2009 Kia Rio, traveling at an impact speed of 62.1 mph, impacted the center of the 
radius of the Short Radius Guardrail at an impact angle of 14.8° (relative to the traffic face of 
the parapet). At approximately 0.024 s after impact, the vehicle began to yaw counterclockwise, 
and at 0.034 s, the front of the vehicle contacted the barrel in the center (barrel no. 2) of the 
radius near post 5. The rail element contacted the side of barrel at post 3 (barrel no. 1) at 
0.106 s, and the barrel began to move toward the field side at 0.127 s. At 0.189 s, the rail 
element contacted the barrel between post 6 and 7 (barrel no. 3), and at 0.230 s, the barrel began 
to move toward the field side. The side of barrel no. 3 contacted the barrel between posts 7 and 
8 (barrel no. 4) at 0.276 s, and the blockout at post 7 contacted barrel no. 4 at 0.366 s. At 
0.445 s, barrel no. 4 began to rotate clockwise and move toward the field side, and at 0.495 s, 
the rear of the vehicle contacted the rail element. Brakes on the vehicle were not applied, and 
the vehicle came to rest 14.0 ft toward the field side of the parapet (‘primary roadway’) and 
14.6 ft toward the field side relative to the traffic face of the rail on the ‘secondary roadway’ 
side. Figures F1 and F2 in Appendix F show sequential photographs of the test period. Figure 
7.8 shows the vehicle at final rest. 
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Figure 7.8. Vehicle/Installation after Test No. 467114-4. 

7.2.5. Damage to Test Installation 

Figure 7.9 shows the damage to the Short Radius Guardrail. The anchor plate between 
post 1 and 2 was pulled downstream 0.12 inch, and post 2 deflected through the soil 2.5 inches. 
Post 3 fractured at ground line and remained in place, but separated from the rail element. Post 4 
fractured at ground line and was resting 32 ft toward the field side. Post 5 and 6 fractured at 
ground line and were resting at the left front tire and right front tire of the vehicle, respectively. 
Post 7 fractured at ground line and was resting 31 inches toward the field side. Post 8 displaced 
0.25 inch toward the field side. Posts 9 and 10 were disturbed, and no movement was noted at 
the remaining posts.  

Maximum dynamic deflection during the test was 16.3 ft toward the field side of the 
traffic face of the parapet (‘primary roadway’) and 16.4 ft toward the field side from the 
‘secondary road’ side. Working width was 16.3 ft relative to the ‘primary roadway’ and 16.4 ft 
relative to the ‘secondary road.’ Vehicle intrusion was 15.8 ft relative to the ‘primary roadway’ 
and 16.1 ft relative to the ‘secondary roadway.’ Maximum permanent deformation of the rail 
element was 14.1 ft relative to the ‘primary roadway’ and 14.5 ft relative to the ‘secondary 
roadway.’ 

7.2.6. Vehicle Damage 

Figure 7.10 shows damage sustained by the vehicle. The front bumper, grill, radiator and 
support, hood, right and left front fenders, and right and left front doors were deformed. The 
windshield sustained stress fractures. Maximum exterior crush to the vehicle was 10.0 inches in 
the front plane just left of center front of the vehicle at bumper height. Maximum occupant 
compartment deformation was 0.5 inch in the right side front passenger door at hip height. 
Figure 7.11 shows the interior of the vehicle after the test. Exterior crush measurements and 
occupant compartment deformation are provided in Tables F2 and F3 in Appendix F. 

7.2.7. Occupant Risk Factors 

Data from the accelerometer, located at the vehicle center of gravity, were digitized for 
evaluation of occupant risk. In the longitudinal direction, the occupant impact velocity was 
36.4 ft/s at 0.105 s, the highest 0.010-s occupant ridedown acceleration was 12.0 Gs from 0.108 
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to 0.118 s, and the maximum 0.050-s average acceleration was −13.5 Gs between 0.026 and 
0.076 s. In the lateral direction, the occupant impact velocity was 3.6 ft/s at 0.105 s, the highest 
0.010-s occupant ridedown acceleration was 6.2 Gs from 0.131 to 0.141 s, and the maximum 
0.050-s average was −3.5 Gs between 0.091 and 0.141 s. THIV was 40.6 km/h or 11.3 m/s at 
0.105 s; PHD was 13.0 Gs between 0.108 and 0.118 s; and ASI was 1.11 between 0.050 and 
0.100 s. Figure 7.12 summarizes these data and other pertinent information from the test. In 
Appendix F, Figures F3 through F9 show the vehicle angular displacements and accelerations 
versus time traces. 

  

  

  
  

Figure 7.9. Installation after Test No. 467114-4. 
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Figure 7.10. Vehicle after Test No. 467114-4. 

  
  

Figure 7.11. Interior of Vehicle after Test No. 467114-4. 

7.2.8. Assessment of Test Results 

An assessment of the test based on the applicable MASH safety evaluation criteria is 
provided below. 

7.2.8.1. Structural Adequacy 

A. Test article should contain and redirect the vehicle or bring the vehicle to a 
controlled stop; the vehicle should not penetrate, underride, or override the 
installation although controlled lateral deflection of the test article is 
acceptable. 

Results: The Short Radius Guardrail contained the 1100C vehicle and brought it to 
a controlled stop. The vehicle did not penetrate, underride, or override the 
installation. Maximum dynamic deflection of the rail element during the 
test was 16.3 ft relative to the “primary roadway” and 16.4 ft relative to 
the “secondary roadway.” (PASS) 
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7.2.8.2. Occupant Risk 

D.  Detached elements, fragments, or other debris from the test article should not 
penetrate or show potential for penetrating the occupant compartment, or 
present an undue hazard to other traffic, pedestrians, or personnel in a work 
zone.  
Deformation of, or intrusions into, the occupant compartment should not 
exceed limits set forth in Section 5.3 and Appendix E of MASH. (roof 
≤4.0 inches; windshield = ≤3.0 inches; side windows = no shattering by test 
article structural member; wheel/foot well/toe pan ≤9.0 inches; forward of 
A-pillar ≤12.0 inches; front side door area above seat ≤9.0 inches; front side 
door below seat ≤12.0 inches; floor pan/transmission tunnel area 
≤12.0 inches). 

Results: All debris remained adjacent to the installation area and did not penetrate 
or show potential for penetrating the occupant compartment, or to present 
hazard to others in the area. (PASS) 

 Maximum occupant compartment deformation was 0.5 inches in the right 
front passenger area at hip height. (PASS) 

 
F.  The vehicle should remain upright during and after collision. The maximum 

roll and pitch angles are not to exceed 75°. 
Results: The 1100C vehicle remained upright during and after the collision event. 

Maximum roll and pitch angles were 6° and 11°, respectively. (PASS) 
 
H. Occupant impact velocities should satisfy the following: 

Longitudinal and Lateral Occupant Impact Velocity 
Preferred Maximum 
30 ft/s 40 ft/s 

Results: Longitudinal occupant impact velocity was 36.4 ft/s, and lateral occupant 
impact velocity was 3.6 ft/s. (PASS) 

 
I. Occupant ridedown accelerations should satisfy the following: 

Longitudinal and Lateral Occupant Ridedown Accelerations 
Preferred Maximum 
15.0 Gs 20.49 Gs 

Results: Maximum longitudinal occupant ridedown acceleration was 12.0 G, and 
maximum lateral occupant ridedown acceleration was 6.2 G. (PASS) 

7.2.8.3. Vehicle Trajectory 

 For redirective devices, it is desirable that the vehicle be smoothly redirected 
and exit the barrier within the “exit box” criteria (not less than 32.8 ft), and 
should be documented. Vehicle rebound distance and velocity should be 
reported for crash cushions. 

Result: The vehicle did not exit the installation. No significant rebound was noted.  
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7.3. MASH TEST 3-31 (CRASH TEST NO. 467114-5) 

7.3.1. Test Designation and Actual Impact Conditions 

MASH Test 3-31 involves a 2270P vehicle weighing 5000 lb ±110 lb and impacting the 
test article at an impact speed of 62.2 mph ±2.5 mph and an angle of 0° ±1.5° relative to the 
traffic face of the concrete parapet. The target impact point was the centerline of the truck 
aligned with the traffic face of the parapet. The 2008 Dodge Ram 1500 Quad Cab pickup truck 
used in the test weighed 5023 lb and the actual impact speed and angle were 63.5 mph and 0.2°, 
respectively. The actual impact point was at the nose of the radius.  

7.3.2. Test Vehicle 

Figure 7.13 shows a 2008 Dodge Ram 1500 pickup that was used for the crash test. Test 
inertia weight of the vehicle was 5023 lb, and its gross static weight was 5023 lb. The height to 
the lower edge of the vehicle bumper was 16.0 inches, and it was 27.0 inches to the upper edge 
of the bumper. The height to the vehicle’s center of gravity was 28.9 inches. Tables G1 and G2 in 
Appendix G give additional dimensions and information on the vehicle. The vehicle was directed 
into the installation using the cable reverse tow and guidance system, and was released to be 
freewheeling and unrestrained just prior to impact. 

  
  

Figure 7.13. Vehicle/Installation Geometrics before Test No. 467114-5. 

7.3.3. Weather Conditions 

The test was performed on the morning of July 29, 2014. Weather conditions at the time 
of testing were as follows:  

• Wind speed: 3 mph. 
• Wind direction: 96° with respect to the vehicle (vehicle was traveling in a northerly 

direction). 
• Temperature: 84°F. 
• Relative humidity: 69 percent. 
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7.3.4. Test Description 

The 2008 Dodge Ram 1500 pickup, traveling at an impact speed of 63.5 mph, contacted 
the guardrail 39.7 inches upstream of post 6 at an impact angle of 0° relative to the face of the 
concrete parapet. At approximately 0.026 s after impact, the vehicle began to yaw clockwise, and 
at 0.043 s, the left front bumper contacted post 6. The left front tire contacted post 6 at 0.054 s, 
and the rear of the guardrail contacted barrel 2 at 0.058 s. At 0.067 s, the rear of the guardrail 
contacted barrel 3, and at 0.069 s, the left front tire snagged on post 6 and blew out. The left front 
bumper of the vehicle contacted barrel 3 at 0.077 s, and post 7 began to deflect toward the field 
side at 0.104 s. The left front bumper contacted post 7, 8, and 9 at 0.111 s, 0.152 s, and 0.185 s, 
respectively. At 0.282 s, the left rear tire snagged on post 7 and blew out; at 0.293 s, the rear of 
the vehicle contacted the guardrail. The vehicle lost contact with the guardrail at 0.366 s, and 
was traveling at an exit speed and angle of 54.8 mph and 7.8°. Brakes on the vehicle were 
applied at 2.1 s after impact, and the vehicle subsequently came to rest 42 ft downstream of 
impact and 32 ft toward traffic lanes. Figures G1 and G2 in Appendix G show sequential 
photographs of the test period. Figure 7.14 shows the vehicle at final rest. 

 

 
  

Figure 7.14. Vehicle/Installation after Test No. 467114-5. 

7.3.5. Damage to Test Installation 

Figure 7.15 shows damage to the installation. Post 4 was leaning upstream 6°. Posts 5 and 
6 fractured at ground level and were leaning upstream 12°, and toward the field side 8° and 12°, 
respectively. Posts 7 and 8 fractured below ground level and were leaning toward field side 13° 
and 5°, respectively. Post 7 had displaced through the soil by 0.75 inch and post 8 by 0.5 inch. 
The soil around post 9 was disturbed. A small amount of orange paint from post 6 was found on 
the left front tire, which separated from the vehicle and was resting 90 ft downstream of impact 
and 40 ft toward traffic lanes. Total length of contact with the rail element on the ‘primary 
roadway’ was 20.25 ft. Maximum dynamic deflection of the rail element during the test was 
34.1 inches, and maximum permanent deformation of the rail element was 15.0 inches. 
Maximum working width was 36.0 inches, and maximum vehicle intrusion was 16.0 inches. 
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Figure 7.15. Installation after Test No. 467114-5. 

7.3.6. Vehicle Damage 

Figure 7.16 shows damage to the vehicle.  The left front upper and lower ball joints, left 
upper and lower A-arms, left tie rod end, left frame rail, left rear U-bolts, and drive shaft were 
damaged.  Also damaged were the front bumper, left front fender, left front and rear doors, left 
rear exterior bed, left front tire and wheel rim, and left rear tire and wheel rim.  Maximum 
exterior crush to the vehicle was 9.0 inches in the side plane at the left front corner at bumper 
height.  Maximum occupant compartment deformation was 0.5 inch in the left kick panel area 
near the driver’s feet.  Figure 7.17 shows the interior damage to the vehicle. 
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Figure 7.16. Vehicle after Test No. 467114-5. 

  
  

Figure 7.17. Interior of Vehicle after Test No. 467114-5. 

7.3.7. Occupant Risk Factors 

Data from the accelerometer, located at the vehicle center of gravity, were digitized for 
evaluation of occupant risk. In the longitudinal direction, the occupant impact velocity was 
9.2 ft/s at 0.186 s, the highest 0.010-s occupant ridedown acceleration was 5.4 Gs from 0.306 to 
0.316 s, and the maximum 0.050-s average acceleration was −3.1 Gs between 0.026 and 0.056 s. 
In the lateral direction, the occupant impact velocity was 10.5 ft/s at 0.186 s, the highest 0.010-s 
occupant ridedown acceleration was 4.5 Gs from 0.204 to 0.214 s, and the maximum 0.050-s 
average was 3.0 Gs between 0.040 and 0.090 s. THIV was 15.0 km/h or 4.2 m/s at 0.179 s; PHD 
was 6.5 Gs between 0.301 and 0.311 s; and ASI was 0.37 between 0.040 and 0.090 s. Figure 7.18 
summarizes these data and other pertinent information from the test. In Appendix G, Figures G3 
through G9 show the vehicle angular displacements and accelerations versus time traces.  
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7.3.8. Assessment of Test Results 

An assessment of the test based on the applicable MASH safety evaluation criteria is 
provided below. 

7.3.8.1. Structural Adequacy 

A. Test article should contain and redirect the vehicle or bring the vehicle to a 
controlled stop; the vehicle should not penetrate, underride, or override the 
installation although controlled lateral deflection of the test article is 
acceptable. 

Results: The Short Radius Guardrail contained and redirected the 2270P vehicle. 
The vehicle did not penetrate, underride, or override the installation. 
Maximum dynamic deflection during the test was 34.1 inches. (PASS) 

7.3.8.2. Occupant Risk 

D.  Detached elements, fragments, or other debris from the test article should not 
penetrate or show potential for penetrating the occupant compartment, or 
present an undue hazard to other traffic, pedestrians, or personnel in a work 
zone.  
Deformation of, or intrusions into, the occupant compartment should not 
exceed limits set forth in Section 5.3 and Appendix E of MASH. (roof 
≤4.0 inches; windshield = ≤3.0 inches; side windows = no shattering by test 
article structural member; wheel/foot well/toe pan ≤9.0 inches; forward of 
A-pillar ≤12.0 inches; front side door area above seat ≤9.0 inches; front side 
door below seat ≤12.0 inches; floor pan/transmission tunnel area 
≤12.0 inches). 

Results: Several posts fractured, but remained attached to the rail element. No 
other detached elements, fragments, or other debris were present to 
penetrate or to show potential for penetrating the occupant compartment, 
or to present undue hazard to others in the area. (PASS) 

 Maximum occupant compartment deformation was 0.5 inch in the left 
front kick panel are near the driver’s feet.  (PASS) 

 
F.  The vehicle should remain upright during and after collision. The maximum 

roll and pitch angles are not to exceed 75°. 
Results: The 2270P vehicle remained upright during and after the collision event. 

Maximum roll and pitch angles were 13° and 12°, respectively. (PASS) 
 
H. Occupant impact velocities should satisfy the following: 

Longitudinal and Lateral Occupant Impact Velocity 
Preferred Maximum 
30 ft/s 40 ft/s 

Results: Longitudinal occupant impact velocity was 9.2 ft/s, and lateral occupant 
impact velocity was 10.5 ft/s. (PASS) 
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I. Occupant ridedown accelerations should satisfy the following: 
Longitudinal and Lateral Occupant Ridedown Accelerations 

Preferred Maximum 
15.0 Gs 20.49 Gs 

Results: Maximum longitudinal occupant ridedown acceleration was −5.4 G, and 
maximum lateral occupant ridedown acceleration was 4.5 G. (PASS) 

7.3.8.3. Vehicle Trajectory 

For redirective devices, it is desirable that the vehicle be smoothly redirected and exit 
the barrier within the “exit box” criteria (not less than 32.8 ft), and should be 
documented. Vehicle rebound distance and velocity should be reported for crash 
cushions. 
Result: The 2270P vehicle exited within the exit box criteria.  

 
7.4. MASH TEST 3-35 (CRASH TEST NO. 467114-6) 

7.4.1. Test Designation and Actual Impact Conditions 

MASH Test 3-35 involves a 2270P vehicle weighing 5000 lb ±110 lb and impacting the 
test article at an impact speed of 62.2 mph ±2.5 mph and an angle of 25° ±1.5° relative to the 
traffic face of the concrete parapet. The target impact point was post 9. The 2008 Dodge Ram 
1500 Quad Cab pickup truck used in the test weighed 5016 lb, and the actual impact speed and 
angle were 62.6 mph and 25.1°, respectively. The actual impact point was at post 9. Target 
impact severity (IS) was 115.1 kip-ft, and actual IS was 118.2 kip-ft (+3 percent). 

7.4.2. Test Vehicle 

Figure 7.19 shows the 2008 Dodge Ram 1500 pickup that was used for the crash test. 
Test inertia weight of the vehicle was 5016 lb, and its gross static weight was 5016 lb. The height 
to the lower edge of the vehicle bumper was 15.5 inches, and it was 27.0 inches to the upper 
edge of the bumper. The height to the vehicle’s center of gravity was 28.88 inches. Tables H1 
and H2 in Appendix H give additional dimensions and information on the vehicle. The vehicle 
was directed into the installation using the cable reverse tow and guidance system, and was 
released to be free-wheeling and unrestrained just prior to impact. 

7.4.3. Weather Conditions 

The test was performed on the morning of August 6, 2014. Weather conditions at the 
time of testing were as follows:  

• Wind speed: 6 mph. 
• Wind direction: 217° with respect to the vehicle (vehicle was traveling in a 

northwesterly direction). 
• Temperature: 83°F. 
• Relative humidity: 71 percent. 
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Figure 7.19. Vehicle/Installation Geometrics before Test No. 467114-6. 

7.4.4. Test Description 

The 2008 Dodge Ram 1500 pickup, traveling at an impact speed of 62.6 mph, contacted 
the Short Radius Guardrail 12 inches upstream of post 9 at an impact angle of 25.1°. At 
approximately 0.016 s after impact, posts 9 and 10 began to deflect toward the field side; at 
0.023 s, the vehicle began to redirect and post 11 began to deflect toward the field side. Post 12 
through post 14 began to deflect toward the field side at 0.029 s, and the left front corner of the 
bumper contacted post 10 at 0.033 s. The bumper reached posts 11 and post 12 at 0.062 s and 
0.075 s, respectively. At 0.091 s, the rail element began to buckle at the upstream side of post 15, 
and the bumper reached post 13 at 0.095 s. At 0.115 s, post 15 began to deflect toward the field 
side and the bumper reached post 14. The bumper reached post 14 and post 15 at 0.146 s and 
0.170 s, respectively. At 0.187 s, the left front corner of the bumper reached the upstream end of 
the concrete parapet; at 0.194 s, the vehicle was traveling parallel with the parapet. The rear of 
the vehicle contacted the rail 0.211 s. At 0.410 s, the vehicle began to roll clockwise, rolled three 
complete revolutions, and came to rest upright 145 ft downstream of impact and 85 ft toward 
traffic lanes. Figures H1 and H2 in Appendix H show sequential photographs of the test period. 
Figure 7.20 shows the vehicle at final rest relative to the Short Radius Guardrail. 

 
Figure 7.20. Vehicle/Installation after Test No. 467114-6. 

 

Vehicle at rest Vehicle at rest 
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7.4.5. Damage to Test Installation 

Figure 7.21 shows damage to the Short Radius Guardrail. Post 7 was pulled downstream 
0.25 inch and displaced through the soil toward the field side 0.12 inch. Post 8 was pulled 
downstream 0.25 inch and displaced through the soil toward the field side 0.5 inch. Post 9 was 
leaning toward field side 7° and displaced through the soil toward the field side 0.5 inch. Posts 
10 through 14 rotated 45° clockwise, leaning downstream 25°, and the top guardrail bolt pulled 
through the rail element. Post 15 rotated 20° clockwise and leaned downstream 10°. Post 16 was 
displaced through the soil 0.12 inch toward the field side. Total length of contact of the vehicle 
with the guardrail was 15 ft. Maximum dynamic deflection during the test was 21.1inches, and 
maximum permanent deformation was 16.25 inches. Working width was 24.1 inches, and 
vehicle intrusion was 29.6 inches.  

7.4.6. Vehicle Damage 

Figure 7.22 shows damage to the vehicle. The front bumper, radiator and support, hood, 
grill, left front fender, left front tire and wheel rim, left upper and lower ball joints, left rear door, 
left rear exterior bed, and rear bumper were damaged in the impact with the Short Radius 
Guardrail. The remaining damage was sustained in the rollover. Maximum exterior crush to the 
vehicle was 24.0 inches at the left front corner at bumper height. Maximum occupant 
compartment deformation related to the impact with the Short Radius Guardrail was 3.25 inches 
in the lateral area across the cab in the driver side kickpanel area. Maximum occupant 
compartment deformation related to the rollover was 9.5 inches in the floor to roof area in the 
left rear occupant compartment. Table H3 and Table H4 in Appendix H present the vehicle 
exterior crush and occupant compartment deformation measurements, respectively. 

7.4.7. Occupant Risk Factors 

Data from the accelerometer, located at the vehicle center of gravity, were digitized for 
evaluation of occupant risk. In the longitudinal direction, the occupant impact velocity was 
25.3 ft/s at 0.114 s, the highest 0.010-s occupant ridedown acceleration was 10.8 Gs from 0.142 
to 0.152 s, and the maximum 0.050-s average acceleration was −9.8 Gs between 0.079 and 
0.129 s. In the lateral direction, the occupant impact velocity was 23.3 ft/s at 0.114 s, the highest 
0.010-s occupant ridedown acceleration was 10.0 Gs from 0.142 to 0.152 s, and the maximum 
0.050-s average was 9.3 Gs between 0.081 and 0.131 s. THIV was 36.2 km/h or 10.0 m/s at 
0.110 s; PHD was 14.7 Gs between 0.142 and 0.152 s; and ASI was 1.28 between 0.086 and 
0.136 s. Figure 7.23 summarizes these data and other pertinent information from the test. In 
Appendix H, Figures H3 through H8 show the vehicle angular displacements and accelerations 
versus time traces. 
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Figure 7.21. Installation after Test No. 467114-6. 
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Figure 7.22. Vehicle after Test No. 467114-6. 

7.4.8. Assessment of Test Results 

An assessment of the test based on the applicable MASH safety evaluation criteria is 
provided below. 

7.4.8.1. Structural Adequacy 

A. Test article should contain and redirect the vehicle or bring the vehicle to a 
controlled stop; the vehicle should not penetrate, underride, or override the 
installation although controlled lateral deflection of the test article is 
acceptable. 

Results: The Short Radius Guardrail contained and redirected the 2270P vehicle. 
The vehicle did not penetrate, underride, or override the installation. 
Maximum dynamic deflection of the guardrail was 21.1 inches. (PASS) 

7.4.8.2. Occupant Risk 

D.  Detached elements, fragments, or other debris from the test article should not 
penetrate or show potential for penetrating the occupant compartment, or 
present an undue hazard to other traffic, pedestrians, or personnel in a work 
zone.  
Deformation of, or intrusions into, the occupant compartment should not 
exceed limits set forth in Section 5.3 and Appendix E of MASH. (roof 
≤4.0 inches; windshield = ≤3.0 inches; side windows = no shattering by test 
article structural member; wheel/foot well/toe pan ≤9.0 inches; forward of 
A-pillar ≤12.0 inches; front side door area above seat ≤9.0 inches; front side 
door below seat ≤12.0 inches; floor pan/transmission tunnel area 
≤12.0 inches). 

Results: No detached elements, fragments, or other debris was present to penetrate 
or to show penetration of the occupant compartment, or to show hazard to 
others in the area. (PASS) 

 Maximum occupant compartment deformation related to the impact with 
the Short Radius Guardrail was 3.25 inches in the lateral area across the 
cab in the driver side kickpanel area. Maximum occupant compartment 
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deformation related to the rollover was 9.5 inches in the floor to roof area 
in the left rear occupant compartment. (FAIL) 

 
F.  The vehicle should remain upright during and after collision. The maximum 

roll and pitch angles are not to exceed 75°. 
Results: The 2270P vehicle rolled three revolutions after exiting the installation. 

(FAIL) 
 
H. Occupant impact velocities should satisfy the following: 

Longitudinal and Lateral Occupant Impact Velocity 
Preferred Maximum 
30 ft/s 40 ft/s 

Results: Longitudinal occupant impact velocity was 25.3 ft/s, and lateral occupant 
impact velocity was 23.3 ft/s. (PASS) 

 
I. Occupant ridedown accelerations should satisfy the following: 

Longitudinal and Lateral Occupant Ridedown Accelerations 
Preferred Maximum 
15.0 Gs 20.49 Gs 

Results: Maximum longitudinal occupant ridedown acceleration was 10.8 G, and 
maximum lateral occupant ridedown acceleration as 10.0 G. (PASS) 

 

7.4.8.3. Vehicle Trajectory 

For redirective devices, it is desirable that the vehicle be smoothly redirected and exit 
the barrier within the “exit box” criteria (not less than 32.8 ft), and should be 
documented. Vehicle rebound distance and velocity should be reported for crash 
cushions. 
Result: The vehicle exited the exit box too soon.  
 

7.5. MASH TEST 3-35 (CRASH TEST NO. 467114-7) 

After the 2270P vehicle rolled in Test No. 467114-6, the test installation was modified 
and MASH Test 3-35 was repeated. The test installation for Test No. 467114-7 differed from that 
for Test Nos. 467114-3 through 467114-6 most notably in that an extra post was added to the 
thrie-beam section between post 10 and the parapet, resulting in a total of 17 posts for the 
installation. At post 10, the upstream thrie-beam section was sandwiched between the nested 
double thrie-beams, and all three layers were bolted to post 10. Section 6.1.2 and Appendix B 
provide further details. 
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7.5.1. Test Designation and Actual Impact Conditions 

MASH Test 3-35 involves a 2270P vehicle weighing 5000 lb ±110 lb and impacting the 
test article at an impact speed of 62.2 mph ±2.5 mph and an angle of 25° ±1.5° relative to the 
traffic face of the concrete parapet. The target impact point was post 9. The 2008 Dodge Ram 
1500 Quad Cab pickup truck used in the test weighed 5014 lb, and the actual impact speed and 
angle were 64.5 mph and 25.2°, respectively. The actual impact point was at post 9. Target 
impact severity (IS) was 115.1 kip-ft, and actual IS was 126.4 kip-ft (+9 percent). 

7.5.2. Test Vehicle 

Figure 7.24 shows the 2008 Dodge Ram 1500 pickup that was used for the crash test. 
Test inertia weight of the vehicle was 5014 lb, and its gross static weight was 5041 lb. The height 
to the lower edge of the vehicle bumper was 15.5 inches, and it was 27.0 inches to the upper 
edge of the bumper. The height to the vehicle’s center of gravity was 28.0 inches. Tables I1 and 
I2 in Appendix I give additional dimensions and information on the vehicle. The vehicle was 
directed into the installation using the cable reverse tow and guidance system, and was released 
to be freewheeling and unrestrained just prior to impact. 

  
  

Figure 7.24. Vehicle/Installation Geometrics for Test No. 467114-7. 

7.5.3. Weather Conditions 

The test was performed on the morning of August 22, 2014. Weather conditions at the 
time of testing were as follows:  

 Wind speed: 8 mph. 
 Wind direction: 182° with respect to the vehicle (vehicle was traveling in a northerly 

direction). 
 Temperature: 91°F. 
 Relative humidity: 59 percent. 
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7.5.4. Test Description 

The 2008 Dodge Ram 1500 pickup truck, traveling at an impact speed of 64.5 mph, 
impacted the Short Radius Guardrail at post 9 at an impact angle of 25.2°. Shortly after impact, 
post 9 began to deflect toward the field side, and at 0.011 s, post 10 began to deflect toward the 
field side. Posts 10, 11, and 12 began to deflect toward the field side at 0.011 s, 0.018 s, and 
0.026 s, respectively. At 0.032 s, the left front corner of the bumper contacted post 10 and post 
13 began to deflect toward the field side. At 0.037 s, the vehicle began to redirect and post 13 
began to deflect toward the field side. The bumper contacted post 11 at 0.044 s, and post 14 
began to deflect toward the field side at 0.048 s. At 0.057 s, the front bumper contacted post 12, 
and at 0.071 s, the left front tire and wheel assembly separated from the vehicle. The bumper 
contacted post 13 at 0.073 s, and post 15 began to deflect toward the field side at 0.077 s. At 
0.088 s, the bumper contacted post 14 and post 16 began to deflect toward the field side. The 
bumper contacted post 15, 16, and 17 at 0.104 s, 0.132 s, and 0.157 s, respectively. The bumper 
reached the end of the parapet at 0.143 s, and the rear of the vehicle contacted the guardrail at 
0.186 s. At 0.208 s, the vehicle was traveling parallel with the parapet, and at 0.423 s, the vehicle 
began to roll counterclockwise. The vehicle lost contact with the parapet at 0.451 s and was 
traveling at an exit speed and angle of 40.6 mph and 31.1°. Brakes on the vehicle were applied at 
2.5 s after impact, and the vehicle subsequently came to rest upright 160 ft downstream of impact 
and 58 ft toward traffic lanes from the traffic face of the parapet. Figures I1 and I2 in 
Appendix I show sequential photographs of the test period. Figure 7.25 shows the vehicle at 
final rest relative to the Short Radius Guardrail. 

 
Figure 7.25. Vehicle/Installation after Test No. 467114-7. 

7.5.5. Damage to Test Installation 

Figure 7.26 shows the Short Radius Guardrail after the test. The soil around posts 4 
through 7 was disturbed. Post 8 was leaning toward the field side 2° and had deflected through 
the soil 16 inches. Post 9 was leaning toward the field side 5° and had deflected through the soil 
1.5 inches. Posts 10 and 11 were leaning toward field side 15°, and post 11 rotated clockwise 
30°. Posts 12 and 13 were leaning toward field side 18° and both rotated clockwise 15°. Post 14 
was leaning toward the field side 10° and had deflected through the soil 3 inches. Post 15 was 
leaning toward the field side 5° and had deflected through the soil 0.5 inch. Post 16 was leaning 

Vehicle at rest 
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toward the field side 3°, and the soil around post 17 was disturbed. Total length of contact of the 
vehicle with the guardrail was 12.5 ft. Maximum dynamic deflection during the test was 
14.3 inches, and maximum permanent deformation was 9.0 inches. Working width was 
16.9 inches, and vehicle intrusion was 23.7 inches.  

  

  

  
  

Figure 7.26. Installation after Test No. 467114-7. 

7.5.6. Vehicle Damage 

Figure 7.27 shows the vehicle after the test.  The left upper and lower ball joints, left 
frame rail, and left rear U-bolts were damaged.  Also damaged were the front bumper, radiator 
and support, left front tire and wheel rim, left front and rear doors, left rear exterior bed, left rear 
tire and wheel rim, rear tailgate, and rear bumper.  Maximum exterior crush to the vehicle was 
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24.0 inches in the front and side planes at the left front corner at bumper height.  Maximum 
occupant compartment deformation was 2.5 inches in the left firewall area near the toe pan.   

 

  
  

Figure 7.27. Vehicle after Test No. 467114-7. 

7.5.7. Occupant Risk Factors 

Data from the accelerometer, located at the vehicle center of gravity, were digitized for 
evaluation of occupant risk. In the longitudinal direction, the occupant impact velocity was 
25.3 ft/s at 0.107 s, the highest 0.010-s occupant ridedown acceleration was 7.5 Gs from 0.132 to 
0.142 s, and the maximum 0.050-s average acceleration was −10.3 Gs between 0.046 and 
0.096 s. In the lateral direction, the occupant impact velocity was 26.2 ft/s at 0.107 s, the highest 
0.010-s occupant ridedown acceleration was 8.5 Gs from 0.139 to 0.149 s, and the maximum 
0.050-s average was 11.4 Gs between 0.051 and 0.101 s. THIV was 38.8 km/h or 10.8 m/s at 
0.103 s; PHD was 10.9 Gs between 0.132 and 0.142 s; and ASI was 1.53 between 0.081 and 
0.131 s. Figure 7.28 summarizes these data and other pertinent information from the test. In 
Appendix I, Figures I3 through I9 show the vehicle angular displacements and accelerations 
versus time traces. 

7.5.8. Assessment of Test Results 

An assessment of the test based on the applicable MASH safety evaluation criteria is 
provided below. 

7.5.8.1. Structural Adequacy 

A. Test article should contain and redirect the vehicle or bring the vehicle to a 
controlled stop; the vehicle should not penetrate, underride, or override the 
installation although controlled lateral deflection of the test article is 
acceptable. 

Results: The Short Radius Guardrail contained and redirected the 2270P vehicle. 
The vehicle did not penetrate, underride, or override the installation. 
Maximum dynamic deflection during the test was 14.3 inches. (PASS) 
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7.5.8.2. Occupant Risk 

D.  Detached elements, fragments, or other debris from the test article should not 
penetrate or show potential for penetrating the occupant compartment, or 
present an undue hazard to other traffic, pedestrians, or personnel in a work 
zone.  
Deformation of, or intrusions into, the occupant compartment should not 
exceed limits set forth in Section 5.3 and Appendix E of MASH. (roof 
≤4.0 inches; windshield = ≤3.0 inches; side windows = no shattering by test 
article structural member; wheel/foot well/toe pan ≤9.0 inches; forward of 
A-pillar ≤12.0 inches; front side door area above seat ≤9.0 inches; front side 
door below seat ≤12.0 inches; floor pan/transmission tunnel area 
≤12.0 inches). 

Results: No detached elements, fragments, or other debris were present to penetrate 
or show potential to penetrate the occupant compartment, or to present 
undue hazard to others in the area. (PASS) 

 Maximum occupant compartment deformation was 2.0 inches in the left 
side kick panel area near the driver’s feet.  (PASS)  

 
F.  The vehicle should remain upright during and after collision. The maximum 

roll and pitch angles are not to exceed 75°. 
Results: The 2270P vehicle remained upright during and after the collision event. 

Maximum roll and pitch angles were 32° and 11°, respectively. (PASS) 
 
H. Occupant impact velocities should satisfy the following: 

Longitudinal and Lateral Occupant Impact Velocity 
Preferred Maximum 
30 ft/s 40 ft/s 

Results: Longitudinal occupant impact velocity was 25.3 ft/s, and lateral occupant 
impact velocity was 26.2 ft/s. (PASS) 

 
I. Occupant ridedown accelerations should satisfy the following: 

Longitudinal and Lateral Occupant Ridedown Accelerations 
Preferred Maximum 
15.0 Gs 20.49 Gs 

Results: Maximum longitudinal occupant ridedown acceleration was 7.5 G, and 
maximum lateral occupant ridedown acceleration was 8.5 G. (PASS) 

7.5.8.3. Vehicle Trajectory 

For redirective devices, it is desirable that the vehicle be smoothly redirected and exit 
the barrier within the “exit box” criteria (not less than 32.8 ft), and should be 
documented. Vehicle rebound distance and velocity should be reported for crash 
cushions. 
Result: The 2270P vehicle exited the exit box too soon.  
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CHAPTER 8. SUMMARY AND CONCLUSIONS 

 
8.1. ASSESSMENT OF TEST RESULTS 

8.1.1. MASH Test No. 3-33 (Crash Test No. 467114-3) 

The Short Radius Guardrail brought the 2270P vehicle to a controlled stop. The vehicle 
did not penetrate, underride, or override the installation. Maximum dynamic deflection during 
the test was 25.0 ft relative to the “primary roadway” and 22.9 ft relative to the “secondary 
roadway.” Some of the posts fractured and separated from the rail, and these and all other debris 
remained adjacent to the installation. These items did not penetrate, or show potential for 
penetrating the occupant compartment. The post and other debris traveled relatively close to the 
ground and remained near the installation, and thereby did not present undue hazard to others in 
the area. No occupant compartment deformation or intrusion occurred. The 2270P vehicle 
remained upright during and after the collision event. Maximum roll and pitch angles were 45° 
and 10°, respectively. Occupant risk factors were within the preferred limits specified in MASH. 
The vehicle did not exit the installation. No significant rebound occurred. Table 8.1 gives a 
summary of the test. 

8.1.2. MASH Test No. 3-32 (Crash Test No. 467114-4) 

The Short Radius Guardrail contained the 1100C vehicle and brought it to a controlled 
stop. The vehicle did not penetrate, underride, or override the installation. Maximum dynamic 
deflection of the rail element during the test was 16.3 ft relative to the ‘primary roadway’ and 
16.4 ft relative to the ‘secondary roadway.’ All debris remained adjacent to the installation area 
and did not penetrate or show potential for penetrating the occupant compartment, or to present 
hazard to others in the area. Maximum occupant compartment deformation was 0.5 inches in the 
right front passenger area at hip height. The 1100C vehicle remained upright during and after the 
collision event. Maximum roll and pitch angles were 6° and 11°, respectively. Occupant risk 
factors were within the limits specified in MASH. The vehicle did not exit the installation. No 
significant rebound was noted. Table 8.2 gives a summary of the test. 

8.1.3. MASH Test No. 3-31 (Crash Test No. 467114-5) 

The Short Radius Guardrail contained and redirected the 2270P vehicle. The vehicle did 
not penetrate, underride, or override the installation. Maximum dynamic deflection during the 
test was 34.1 inches. Several posts fractured, but remained attached to the rail element. No other 
detached elements, fragments, or other debris were present to penetrate or to show potential for 
penetrating the occupant compartment, or to present undue hazard to others in the area. 
Maximum occupant compartment deformation was 0.5 inch in the left front kick panel area near 
the driver’s feet.  The 2270P vehicle remained upright during and after the collision event. 
Maximum roll and pitch angles were 13° and 12°, respectively. Occupant risk factors were 
within the preferred limits specified in MASH. The 2270P vehicle exited within the exit box 
criteria. Table 8.3 gives a summary of the test. 
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8.1.4. MASH Test No. 3-35 (Crash Test No. 467114-6) 

The Short Radius Guardrail contained and redirected the 2270P vehicle. The vehicle did 
not penetrate, underride, or override the installation. Maximum dynamic deflection of the 
guardrail was 21.1 inches. No detached elements, fragments, or other debris were present to 
penetrate or to show penetration of the occupant compartment, or to show hazard to others in the 
area. Maximum occupant compartment deformation related to the impact with the Short Radius 
Guardrail was 3.25 inches in the lateral area across the cab in the driver side kickpanel area. 
Maximum occupant compartment deformation related to the rollover was 9.5 inches in the floor 
to roof area in the left rear occupant compartment. The 2270P vehicle rolled three revolutions 
after exiting the installation. Occupant risk factors were within the limits specified in MASH. The 
vehicle exited the exit box too soon. Table 8.4 gives a summary of the test. 

8.1.5. Repeat MASH Test No. 3-35 (Crash Test No. 467114-7) 

The Short Radius Guardrail contained and redirected the 2270P vehicle. The vehicle did 
not penetrate, underride, or override the installation. Maximum dynamic deflection during the test 
was 14.3 inches. No detached elements, fragments, or other debris were present to penetrate or 
show potential to penetrate the occupant compartment, or to present undue hazard to others in the 
area.  Maximum occupant compartment deformation was 2.0 inches in the left side kick panel area 
near the driver’s feet.  The 2270P vehicle remained upright during and after the collision event. 
Maximum roll and pitch angles were 32° and 11°, respectively. Occupant risk factors were within 
the preferred limits specified in MASH. Table 8.5 gives a summary of the test. 

8.2. CONCLUSIONS 

When a roadway intersects a highway with restrictive features, such as a bridge rail and 
canal, it becomes difficult to fit a guardrail with the proper length, transitions, and end treatment 
along the highway. Possible solutions include relocating the constraint blocking the placement of 
the guardrail, shortening the designed guardrail length, or designing a curved guardrail.  
Curved, or short radius, guardrails typically present the most viable solution for these areas. 
However, no previously designed short radius guardrails meet NCHRP Report 350 TL-3 
guidelines. Now, crash testing criteria have been updated by AASHTO MASH. The new 
guidelines supersede NCHRP Report 350 by increasing the size of test vehicles and changing the 
test matrices to include more impact conditions. Therefore, meeting new impact standards for 
short radius guardrails has become more challenging. 
 

During the execution of this project, high fidelity simulations were conducted that 
accurately predicted the performance of the subsequent full-scale crash tests. The final short 
radius system that was simulated and crash tested consisted of a thrie beam that is 18 ft 9 inches 
long placed along the secondary roadway. The radius itself is 8 ft 4 inches and connects to the 
thrie beam on the primary roadway, which is 27 ft 5 inches long. The primary road rail section 
includes a transition section to connect the rail to the concrete parapet design. A combination of 
BCT and CRT wood posts are utilized to provide quick post releases for the capture impacts. A 
tension cable begins on the primary roadway and runs across the nose section along the ground 
and anchored on the secondary roadway. This tension cable helps to maintain the tension in the 
rail for impacts such as MASH test 3-35 and MASH test 3-31. Frangible sand barrels were spaced 
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behind the rail to help slow the vehicle down without violating OIV and ridedown acceleration 
thresholds while maintaining a desired stopping distance behind the rail. 
 

The system described above and detailed in the report was successfully crash tested under 
the MASH tests 3-32, 3-33, 3-31, and 3-35 test conditions.  
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CHAPTER 9. IMPLEMENTATION STATEMENT 

 
This new short radius system requires a placement footprint of 34 ft 10 inches along the 

primary road and 29 ft 3 inches along the secondary road. This 32-inch tall short radius system is 
MASH TL-3 complaint, and hence can be used on primary roads where TL-3 (or lower) safety 
features are recommended. It is critical that the primary rail maintain a 4 percent flare with the 
primary roadway. The secondary rail with the rigid rotating anchor is designed for driveways or 
roadways with speeds less than 30 mph. However if TL-2 compliance is needed on the secondary 
roadway, the system can be configured to accommodate that by removing the rigid anchor and 
extending the secondary rail with the needed LON and a TL-2 complaint terminal. 
 

The system requires a graded flat ground behind it at a slope of 1V:10H or flatter. 
However, a steeper slope break can be placed outside a 25-ft × 25-ft square area bordered by 
both the primary and the secondary rails. 
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APPENDIX A. ENGINEERING ANALYSIS OF END ANCHORS AND 
CABLE BEARING ON BCT 

A.1. FOUNDATION OF CONCRETE PARAPET ON THE PRIMARY ROADWAY 

The parapet segment is detailed to follow TxDOT standards and it was not designed to 
withstand any direct load or impact during the crash testing phase. This parapet is a short section 
with sole function to simulate a bridge parapet end section to connect to the thrie-beam 
transition. Therefore it was deemed unnecessary to check the parapet with a yield line analysis 
and cantilever failure action of fully functional bridge parapets. Figure A.1 shows the parapet 
and foundation.  

 
Figure A.1. Parapet and Foundation. 

A.2. BCT AND CRT AREA MOMENT OF INERTIA CALCULATIONS 

The moments of inertia for the BCT and CRT posts were calculated through the cross 
section, which contains that complete diameter of the hole. Equation A.1. shows the general 
equation used to calculate the area moment of inertia. 

𝐼 =
𝑏ℎ3

12
 

A.1 
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A.3. WIRE AREA MOMENT OF INERTIAL CALCULATIONS 

To better model the behavior of the tension cable passing around the nose, the area 
moment of inertia was estimated. This was deemed necessary since the cable does have some 
moment capacity that will affect its interaction with the vehicle if they come into contact.  

To get the effective area of steel, the mass of the cable per meter was acquired from the 
model. The density of steel is known. Researchers used the relationship between mass, density, 
and volume to calculate the area of steel in the cable. This calculation is shown in Equation A.2.  

𝑚𝑚𝑚𝑚 (𝑝𝑝𝑝 𝑚𝑝𝑚𝑝𝑝) = 𝑑𝑝𝑑𝑚𝑑𝑚𝑑 ∗ 𝑣𝑣𝑣𝑣𝑚𝑝 

A.2 
𝑚𝑚𝑚𝑚 (𝑝𝑝𝑝 𝑚𝑝𝑚𝑝𝑝) = 𝑑𝑝𝑑𝑚𝑑𝑚𝑑 ∗ 𝑣𝑝𝑑𝑙𝑚ℎ ∗ 𝑚𝑝𝑝𝑚 
𝑚𝑚𝑚𝑚 (𝑝𝑝𝑝 𝑚𝑝𝑚𝑝𝑝) = 𝑑𝑝𝑑𝑚𝑑𝑚𝑑 ∗ 1 𝑚𝑝𝑚𝑝𝑝 ∗ 𝑚𝑝𝑝𝑚 

1.4137 𝑘𝑙 = �7.85 ∗ 10−9
𝑘𝑙
𝑚3� ∗ 1 𝑚 ∗ 𝐴 

𝐴 = 180.089 𝑚𝑚2 

The effective radius of the steel wire cable was then calculated according to Equation A.3. 

𝐴 = 𝜋𝑝2 A.3  

The radius was equal to 7.57 mm and was then used to calculate the polar moment of 
inertia of the cable cross section. The wire cable used in the system is a ¾-inch diameter 6×19 
independent wire rope core (IWRC). This cable is composed of seven groups of smaller wires. 
For ease of calculation, it was assumed that each of the seven groups of wires had the same 
effective area of steel. This was calculated by dividing the total effective area of steel above by 
7. Therefore, each group of steel had an individual effective area of 25.73 mm2. The radius of 
each of the seven groups of wires was estimated by dividing the total radius calculated above by 
3. This gave a radius for each of the individual wire groups of 2.52 mm. Figure A.2 depicts the 
actual wire section used to make these estimations and assumptions on the left. On the right in 
Figure A.2, the red circles depict the seven approximated areas of steel. 

 
Figure A.2. 6×19 IWRC Steel Wire Cable Section and Approximation. 
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The individual polar moment of inertia for each of the seven groups of wires was 
calculated in Equation A.4: 

𝐽𝑖𝑖𝑖 =
𝜋𝑝4

2
 A.4 

𝐽𝑖𝑖𝑖 =
𝜋 ∗ 2.524

2
= 63.35 𝑚𝑚4 

For the six groups of wires surrounding the center group, the parallel axis theorem was 
applied. The area of each of these individual groups is 25.73 mm2 and the distance from the 
center of the whole section to the center of each individual group was calculated as twice the 
radius, which is equal to 5.04 mm. The total polar moment of inertia for the section is calculated 
in Equation A.5:  

𝐽𝑡𝑡𝑡 = �
𝜋𝑝4

2
+ �𝐴𝑑2 

A.5 
𝐽𝑡𝑡𝑡 = 7 ∗ 63.35 + 6 ∗ (25.73 ∗ 5.042) 

𝐽𝑡𝑡𝑡 = 4364.93 𝑚𝑚4 

The estimated polar moment of inertia for the 6×19 IWRC section is 85 percent of the 
polar moment of inertia for a rod with the same effective radius of steel equal to 7.57 mm. The 
moments of inertia about the horizontal and vertical axes were calculated by dividing the polar 
moment of inertia by 2. This reduction in the moment of inertia for the simulated cable will 
better physically represent actual cable behavior as opposed to rod-like behavior.  

A.4. BCT POST CHECK ON PRIMARY ROADWAY 

Several components of the BCT post on the primary roadway were checked for 
adequacy. From calculation and geometry of the model, the vertical forces imparted by the 
tension in the cable on the half pipe section is 13 kips when the cable has 40 kips of tension and 
16.5 kips when the cable has 50 kips of tension. The following components were checked with 
these forces in mind.  

With the half section of pipe welded to the BCT post, failure of the bolt is not a concern 
since the bolt is not in contact with the cable. Figure A.3 depicts the welded half pipe section on 
the 6-ft foundation tube. 
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Figure A.3. Modified 6-Ft Foundation Tube. 

A.5. CHECK BENDING CAPACITY OF PIPE SECTION 

The bending capacity for the half section of a 4-inch diameter schedule 40 pipe is 
calculated. The moment of inertia of the half section of pipe about the x-axis passing through 
what would be the center of the full pipe section is calculated in Equation A.6: 

𝐼𝑠𝑠𝑠𝑡𝑖𝑡𝑖 = 𝐼𝑅 − 𝐼𝑟 

A.6  𝐼𝑠𝑠𝑠𝑡𝑖𝑡𝑖 = �
𝜋
8
−

8
9𝜋
� ∗ (𝑅4 − 𝑝4) 

𝐼𝑠𝑠𝑠𝑡𝑖𝑡𝑖 = �
𝜋
8
−

8
9𝜋
� ∗ (2.254 − 2.0134) 

𝐼𝑠𝑠𝑠𝑡𝑖𝑡𝑖 = 1.01 
 
The maximum stress will occur at the outermost fiber of the pipe section. The distance 

from the horizontal axis about which the moment of inertia was taken to the outermost fiber is 
2.25 inches. The elastic section modulus is calculated in Equation A.7: 
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𝑆 =
𝐼
𝑐
 A.7 

𝑆 =
1.01
2.25

= 0.449 𝑑𝑑𝑐ℎ3 

Assuming that the yield strength of the pipe section is 36 ksi, the moment capacity of the 
half pipe section is calculated in Equation A.8:  

𝑀 = 𝑓𝑦 ∗ 𝑆 A.8 
𝑀 = 36 𝑘𝑚𝑑 ∗ 0.449 𝑑𝑑𝑐ℎ3 = 16.2 𝑘 ∗ 𝑑𝑑𝑐ℎ 

Assuming that the moment arm is half of the length of the 2-inch half pipe section, the 
vertical force the pipe can withstand is 16.2 kips. This is very close to the force exerted on the 
half pipe section when the cable has 50 kips of tension. According to the geometry of the cable, a 
more realistic moment arm is 0.55 inch. At this lever arm, the pipe section can resist a force of 
29 kips, which is well under the force that the cable exerted in 50 kips of tension. 

Equation A.9 computes the moment capacity when the yield strength of the pipe is 35 ksi: 

𝑀 = 𝑓𝑦 ∗ 𝑆 A.9 
𝑀 = 35 𝑘𝑚𝑑 ∗ 0.449 𝑑𝑑𝑐ℎ3 = 15.7 𝑘 ∗ 𝑑𝑑𝑐ℎ 

With a 1-inch lever arm, this half pipe section will not be adequate if the tension force 
in the cable is equal to 50 kips. At the more realistic lever arm of 0.55 inches, the force that the 
section can withstand is 28.5 kips. Therefore, the section is adequate at the more realistic 
moment arm.  

 
A.6. CHECK CAPACITY OF WELD 

The weld was checked for its shear capacity. The strength of the weld was matched to the 
pipe having a yield strength of 36 ksi. This means that the strength of the weld material can be 
either 60 ksi or 70 ksi. To be conservative, researchers used a strength of 60 ksi in the 
calculations. It was assumed that the weld would have equal length legs. Equation A.10 
calculated the effective throat of the weld:  

𝑚𝑠 = 0.707𝑚 A.10 
𝑚𝑠 = 0.707 ∗ 0.25 = 0.177 𝑑𝑑𝑐ℎ 

The fillet weld runs the entire perimeter, along both sides, of the half pipe section. The 
length of the weld is calculated in Equation A.11: 

𝐿𝑤 = 𝑃𝑡𝑜𝑡𝑠𝑟 + 𝑃𝑖𝑖𝑖𝑠𝑟 + 2𝑚 A.11 
𝐿𝑤 =

𝜋 ∗ 4.5
2

+
𝜋 ∗ 4.026

2
+ 2 ∗ 0.237 
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𝐿𝑤 = 13.87 𝑑𝑑𝑐ℎ𝑝𝑚 

The strength of the weld is calculated in Equation A.12:  

𝐹 = 𝐹𝑤𝐴𝑤 
A.12 𝐹 = (0.6 ∗ 60 𝑘𝑚𝑑) ∗ (0.177 𝑑𝑑𝑐ℎ ∗ 13.87 𝑑𝑑𝑐ℎ𝑝𝑚) 

𝐹 = 88.4 𝑘𝑑𝑝𝑚 

This force is well over the 16.5 kips that the tension cable will exert on the half pipe 
section. Therefore, the weld is adequate. 

 
A.7. ANCHOR POST ON SECONDARY ROADWAY 

The anchor at the end of the secondary roadway was checked for adequacy. Figure A.4 
shows this anchor post assembly. This check was done by making sure each component could 
withstand an 80-kip force individually. However, it is highly unlikely that the components will 
have to individually withstand the entire 80-kip load. The components in the anchor assembly 
that were checked include: 

• The thrie beam. 
• The cables. 
• The tubular section of the anchor post. 

 
Figure A.4. Anchor Post System on Secondary Roadway. 

A.8. TENSILE CAPACITY OF THRIE BEAM 

The capacity of the thrie beam was calculated in the following manner. The total 
cross-sectional area of the 12-gauge thrie beam is 2000 mm2. The thickness of the thrie beam is 
2.77 mm. The capacity calculation was determined at the cross section containing the six splice 
bolt holes. The height of these holes is 24 mm. The nominal area is calculated in Equation A.13 
for the capacity of the rail. 
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𝐴𝑖𝑡𝑛 = 𝐴𝑡𝑡𝑡𝑡𝑡 − 𝐴ℎ𝑡𝑡𝑠𝑠 A.13 𝐴𝑖𝑡𝑛 = 2000 − 6 ∗ (24 ∗ 2.77) 
𝐴𝑖𝑡𝑛 = 1601 𝑚𝑚2 

The capacity of the rail was calculated in Equation A.14. A yield strength of 50 ksi was 
assumed for a lower end yield strength that would provide a conservative estimate. The nominal 
area in square inches is equal to 2.48.  

𝐹𝑟𝑡𝑖𝑡 = 𝐴𝑖𝑡𝑛 ∗ 𝑓𝑦 
A.14 

𝐹𝑟𝑡𝑖𝑡 = 2.48 ∗ 50 
𝐹𝑟𝑡𝑖𝑡 = 124 𝑘𝑑𝑝𝑚 

Assuming that the impact will cause a load of 80 kips on the system; the rail has the 
capacity to take the load.  

A.9. CAPACITY OF THE TWO CABLES 

The next check was for the two cables used in the anchor system. The ¾-inch diameter 
6×19 IWRC has a capacity of 29.4 tons, which is 58.8 kips. The two cables have a total capacity of 
117.6 kips, and therefore, have enough capacity to withstand the 80-kip load by themselves.  

A.10. MOMENT CAPACITY OF PIPE SECTION 

The tubular section’s bending capacity was checked next. Figure A.5 depicts the pipe 
referred to in this section.  

 
Figure A.5. Anchor Post. 
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The pipe is schedule 80. The area moment of inertia of the 8-inch diameter tubular 
section is equal to 106 in4. The maximum moment will occur at the extreme fiber of the pipe 
cross section. Therefore, c is equal to the diameter divided by 2. This makes c equal to 
4.31 inches. Equation A.15 calculates the moment capacity of the section. It was assumed that 
the tubular section’s yield strength was 50 ksi. 

𝜎 =
𝑀𝑐
𝐼

 

A.15 𝑀 =
𝜎𝐼
𝑐

 

𝑀 =
50 ∗ 106

4.31
 

𝑀 = 1229 𝑘 ∗ 𝑑𝑑𝑐ℎ𝑝𝑚 

If one force of 80 kips is located at half the height of the tubular section above the 
ground, the moment arm is 11 inches. Dividing the moment capacity calculated above by the 
moment arm gives the force, which the tubular section can withstand. This force is equal to 
111 kips, which is greater than 80 kips. Therefore, the section can withstand a single force of 
80 kips applied at half of the post’s height above the ground.  

The tubular section’s capacity was also checked with two 40-kip forces applied at the 
height of the bolt holes on the tubular post. Equation A.16 shows the calculation of this moment: 

𝑀2𝐹𝑡𝑟𝑠𝑠𝑠 = 40 𝑘𝑑𝑝𝑚 ∗ 7 𝑑𝑑𝑐ℎ𝑝𝑚 + 40 𝑘𝑑𝑝𝑚 ∗ 14.625 𝑑𝑑𝑐ℎ𝑝𝑚 A.16 
𝑀2𝐹𝑡𝑟𝑠𝑠𝑠 = 865 𝑘 ∗ 𝑑𝑑𝑐ℎ𝑝𝑚 

Therefore, the tubular section has the capacity to withstand two 40-kip forces located at the bolt 
holes of the tubular section as well. Furthermore, The A307 bolt and the hex nut are chosen to 
match or exceed the expected load.  
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APPENDIX B. DETAILS OF THE TEST ARTICLE FOR TEST NOS. 467114-3 
THROUGH 467114-6. 
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APPENDIX C. DETAILS OF THE TEST ARTICLE FOR TEST NO. 467114-7. 
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APPENDIX E. INFORMATION FOR CRASH TEST NO. 467114-3 

E1. TEST VEHICLE MEASUREMENTS AND INFORMATION 
 

Table E1. Vehicle Properties for Test No. 467114-3. 
 

Date: 2014-07-14 Test No.: 467114-3 VIN No.: 1D7HA182085549506 
 
Year: 2008 Make: Dodge Model: Ram 1500 Quad Cab 
 
Tire Size: P265/70R17  Tire Inflation Pressure: 35 psi 
 
Tread Type: Highway  Odometer: 201042 
 
Note any damage to the vehicle prior to test:  None 
 

 

 

Geometry: inches 
A 78.25   F 36.00   K 20.50   P 2.88   U 28.50 
B 74.00   G 28.38   L 29.00   Q 30.50   V 30.50 
C 223.75   H 61.62   M 68.50   R 16.00   W 61.60 
D 47.25   I 15.25   N 68.00   S 15.00   X 76.80 
E 140.50   J 26.75   O 46.00   T 77.50     

Wheel Center  
Height Front 14.75 

Wheel Well  
Clearance (Front) 6.00 

Bottom Frame 
Height - Front 18.00 

Wheel Center  
Height Rear 14.75 

Wheel Well  
Clearance (Rear) 11.00 

Bottom Frame 
Height - Rear 24.75 

 

 

Mass Distribution: 
 lb LF: 1449  RF: 1381  LR: 1059  RR: 1152  

• Denotes accelerometer location. 
  
NOTES: None 
  
  
Engine Type: V-8 
Engine CID: 5.7 liter 
 
Transmission Type: 
 x Auto or   Manual 
  FWD x RWD  4WD 
 
Optional Equipment: 
 None 
 
Dummy Data:  
 Type: No dummy 
 Mass: NA 
 Seat Position: NA 

GVWR Ratings:  Mass: lb  Curb   Test Inertial   Gross Static 
Front 3700   Mfront  2887   2830   2830 
Back 3900   Mrear  2046   2211   2211 
Total 6700   MTotal  4933   5041   5041 
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Table E2. Vehicle Parametric Measurements for Vertical CG for Test No. 467114-3. 
 
Date: 2014-07-17 Test No.: 467114-3 VIN: 1D7HA182085549506 
 
Year: 2008 Make: Dodge Model: Ram 1500  
 
Body Style: Quad Cab  Mileage: 201042 
 
Engine: 5.7 liter V-8  Transmission: Automatic 
 
Fuel Level: Empty  Ballast: 176 lb     (440 lb max) 
 
Tire Pressure: Front: 35 psi Rear: 35 psi Size: 265/70R17 

 

Hood Height: 46.00 inches Front Bumper Height: 26.75 inches 
 43 ±4 inches allowed   

 
Front Overhang: 36.00 inches Rear Bumper Height: 29.00 inches 

 39 ±3 inches allowed    
 

Overall Length: 223.75 inches    
 237 ±13 inches allowed   

 

Measured Vehicle Weights:     (lb)

LF: 1449 RF: 1381 Front Axle: 2830

LR: 1059 RR: 1152 Rear Axle: 2211

Left: 2508 Right: 2533 Total: 5041
5000 ±110 lb allow ed

140.5 inches Track: F: 68.5 inches        R: 68  inches
148 ±12 inches allow ed Track = (F+R)/2 = 67 ±1.5 inches allow ed

Center of Gravity, SAE J874 Suspension Method

X: 61.62 in Rear of Front Axle (63 ±4 inches allow ed)

Y: 0.17 in Left - Right + of Vehicle Centerline

Z: 28.375 in Above Ground (minumum 28.0 inches allow ed)

Wheel Base:
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Table E3. Exterior Crush Measurements for Test No. 467114-3. 
 
Date: 2014-07-14 Test No.: 467114-3 VIN No.: 1D7HA182085549506 
 
Year: 2008 Make: Dodge Model: Ram 1500 Quad Cab 
 

VEHICLE CRUSH MEASUREMENT SHEET1 
Complete When Applicable 

End Damage Side Damage 
Undeformed end width ________ 

Corner shift: A1 ________ 

A2 ________ 

End shift at frame (CDC) 

(check one) 

< 4 inches ________ 

≥ 4 inches ________ 

  Bowing: B1 _____ X1 _____ 

B2 _____ X2 _____ 

 

 Bowing constant 

2
21 XX +  = ______ 

 

 
Note: Measure C1 to C6 from Driver to Passenger Side in Front or Rear Impacts – Rear to Front in Side Impacts. 

Specific 
Impact 
Number 

Plane* of 
C-Measurements 

Direct Damage 

Field 
L** 

C1 C2 C3 C4 C5 C6 ±D Width** 
(CDC) 

Max*** 
Crush 

1 Front plane at bumper ht 30 7.75 48 4 4 7.5 4 2.75 1.5 -6 

            

            

            

 Measurements recorded           

 in inches            

            
1Table taken from National Accident Sampling System (NASS). 
 
*Identify the plane at which the C-measurements are taken (e.g., at bumper, above bumper, at sill, above sill, at 
beltline) 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 
C locations. This may include the following: bumper lead, bumper taper, side protrusion, side taper, etc. 
Record the value for each C-measurement and maximum crush. 
 
**Measure 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. 
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Table E4. Occupant Compartment Measurements for Test No. 467114-3. 
 
Date: 2014-07-14 Test No.: 467114-3 VIN No.: 1D7HA182085549506 
 
Year: 2008 Make: Dodge Model: Ram 1500 Quad Cab 
 
 

 
 
 
 

 
 
 
 

 
 
 
 
*Lateral area across the cab from driver’s side 
kickpanel to passenger’s side kickpanel. 
 

OCCUPANT COMPARTMENT 
DEFORMATION MEASUREMENT 
  Before  After 
  ( inches )  ( inches ) 

A1  65.00  65.00 
A2  65.00  65.00 
A3  65.00  65.00 
B1  45.25  45.25 
B2  39.25  39.25 
B3  45.25  45.25 
B4  39.25  39.25 
B5  41.50  41.50 
B6  39.25  39.25 
C1  29.00  29.00 
C2  -----  ----- 
C3  26.50  26.50 
D1  12.75  12.75 
D2  -----  ----- 
D3  11.50  11.50 
E1  62.75  62.75 
E2  64.50  64.50 
E3  64.25  64.25 
E4  64.25  64.25 
F  60.00  60.00 
G  60.00  60.00 
H  39.00  39.00 
I  39.00  39.00 
J*  62.25  62.25 
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E2. SEQUENTIAL PHOTOGRAPHS 
 

 0.000 s  
   

 0.141 s  
   

 0.282 s  
   

 0.423 s  
   

Figure E1. Sequential Photographs for Test No. 467114-3 
(Overhead and Frontal Views). 
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 0.564s  
   

 0.705 s  
   

 0.846 s  
   

 0.987 s  
   

Figure E1. Sequential Photographs for Test No. 467114-3 
(Overhead and Frontal Views) (Continued). 
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E3. VEHICLE ANGULAR DISPLACEMENTS 
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E4. VEHICLE ACCELERATIONS  
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APPENDIX F. INFORMATION FOR CRASH TEST NO. 467114-4 

F1. TEST VEHICLE MEASUREMENTS AND INFORMATION 
 

Table F1. Vehicle Properties for Test No. 467114-4. 
 
Date: 2014-07-23 Test No.: 467114-4 VIN No.: KNADE223296443375 
 
Year: 2009 Make: Kia Model: Rio 
 
Tire Inflation Pressure: 32 psi Odometer: 105712 Tire Size: P185/65R14 
 
Describe any damage to the vehicle prior to test:  None 

  
 

 

 

Geometry: inches 
A 66.38   F 33.00   K 12.50   P 4.17   U 14.50 
B 58.00   G -----   L 25.00   Q 22.19   V 21.50 
C 165.75   H 35.56   M 57.75   R 15.38   W 44.00 
D 34.00   I 8.50   N 57.12   S 7.75   X 108.50 
E 98.75   J 21.50   O 31.50   T 66.12     

Wheel Center Ht Front 11.00  Wheel Center Ht Rear 11.00   
 

 

Mass Distribution: 
 lb LF: 792  RF: 759  LR: 440  RR: 433  
  

• Denotes accelerometer location. 
  
NOTES: None 
  
  
  
Engine Type:  
Engine CID:  
Transmission Type: 
 x Auto or   Manual 
 x FWD  RWD  4WD 
Optional Equipment: 
 None 
  
 
Dummy Data:  
 Type: 50th percentile male 
 Mass: 165 lb 
 Seat Position: Rt front passenger 

GVWR Ratings:  Mass: lb  Curb   Test Inertial   Gross Static 
Front 1918   Mfront  1584   1551   1642 
Back 1874   Mrear  863   873   947 
Total 3638   MTotal  2447   2424   2589 
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Table F2. Exterior Crush Measurements for Test No. 467114-4. 
 
Date: 2014-07-23 Test No.: 467114-4 VIN No.: KNADE223296443375 
 
Year: 2009 Make: Kia Model: Rio 
 

VEHICLE CRUSH MEASUREMENT SHEET1 
Complete When Applicable 

End Damage Side Damage 
Undeformed end width ________ 

Corner shift: A1 ________ 

A2 ________ 

End shift at frame (CDC) 

(check one) 

< 4 inches ________ 

≥ 4 inches ________ 

  Bowing: B1 _____ X1 _____ 

B2 _____ X2 _____ 

 

 Bowing constant 

2
21 XX +  = ______ 

 

 
Note: Measure C1 to C6 from Driver to Passenger Side in Front or Rear Impacts – Rear to Front in Side Impacts. 

Specific 
Impact 
Number 

Plane* of 
C-Measurements 

Direct Damage 

Field 
L** 

C1 C2 C3 C4 C5 C6 ±D Width** 
(CDC) 

Max*** 
Crush 

1 Front plane at bumper ht 48 10 48 9.25 10 8.5 7.25 7.25 7.5 0 

            

            

            

 Measurements recorded           

 in inches           

            
1Table taken from National Accident Sampling System (NASS). 
 
*Identify the plane at which the C-measurements are taken (e.g., at bumper, above bumper, at sill, above sill, at 
beltline) 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 
C locations. This may include the following: bumper lead, bumper taper, side protrusion, side taper, etc. 
Record the value for each C-measurement and maximum crush. 
 
**Measure 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. 
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Table F3. Occupant Compartment Measurements for Test No. 467114-4. 
 
Date: 2014-07-23 Test No.: 467114-4 VIN No.: KNADE223296443375 
 
Year: 2009 Make: Kia Model: Rio 
 
 

 
 
 
 

 
 
 
 

 
 
 
*Lateral area across the cab from 
driver’s side kickpanel to passenger’s side kickpanel. 
 

G

F

I

H

B1, B2, B3, B4, B5, B6

A1, A2, &A 3
D1, D2, & D3

C1, C2, & C3

E1 & E2
B1 B2 B3

OCCUPANT COMPARTMENT 
DEFORMATION MEASUREMENT 
  Before  After 
  ( inches )  ( inches ) 

A1  67.50  67.50 
A2  67.50  67.50 
A3  67.50  67.50 
B1  40.50  40.50 
B2  35.75  35.75 
B3  40.50  40.50 
B4  36.25  36.25 
B5  35.75  35.75 
B6  36.25  36.25 
C1  27.00  27.00 
C2  -----  ----- 
C3  27.00  27.00 
D1  9.75  9.75 
D2  -----  ----- 
D3  9.75  9.75 
E1  51.50  51.00 
E2  51.50  51.00 
F  50.50  50.50 
G  50.50  50.50 
H  37.50  37.50 
I  37.50  37.50 
J*  51.00  51.00 
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F2. SEQUENTIAL PHOTOGRAPHS 
 

 0.000 s  
   

 0.109 s  
   

 0.218 s  
   

 0.327 s  
   

Figure F1. Sequential Photographs for Test No. 467114-4 
(Overhead and Frontal Views). 
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 0.436s  
   

 0.545 s  
   

 0.654 s  
   

 0.763 s  
   

Figure F1. Sequential Photographs for Test No. 467114-4 
(Overhead and Frontal Views) (Continued). 
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0.000 s  0.436 s 

   
0.109 s  0.545 s 

   
0.218 s  0.654 s 

   
0.327 s  0.763 s 

Figure F2. Sequential Photographs for Test No. 467114-4 
(Rear View). 
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F3. VEHICLE ANGULAR DISPLACEMENTS 
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F4. VEHICLE ACCELERATIONS 
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APPENDIX G. INFORMATION FOR CRASH TEST NO. 467114-5 

G1. TEST VEHICLE MEASUREMENTS AND INFORMATION 
 

Table G1. Vehicle Properties for Test No. 467114-5. 
 
Date: 2014-07-29 Test No.: 467114-5 VIN No.: 1D7HA18N78S232225 
 
Year: 2008 Make: Dodge Model: Ram 1500 Quad Cab 
 
Tire Size: 265/70R17  Tire Inflation Pressure: 35 psi 
 
Tread Type: Highway  Odometer: 157860 
 
Note any damage to the vehicle prior to test:  None 
 

 

 

Geometry: inches 
A 78.25   F 36.00   K 20.50   P 2.88   U 28.50 
B 75.00   G 28.94   L 29.00   Q 30.50   V 30.50 
C 223.75   H 62.63   M 68.50   R 16.00   W 62.60 
D 47.25   I 16.00   N 68.00   S 15.25   X 77.00 
E 140.50   J 27.00   O 46.50   T 77.50     

Wheel Center  
Height Front 14.75 

Wheel Well  
Clearance (Front) 6.00 

Bottom Frame 
Height - Front 18.75 

Wheel Center  
Height Rear 14.75 

Wheel Well  
Clearance (Rear) 11.00 

Bottom Frame 
Height - Rear 26.00 

 

 

Mass Distribution: 
 lb LF: 1428  RF: 1356  LR: 1139  RR: 1100  

• Denotes accelerometer location. 
  
NOTES: None 
  
  
Engine Type: V-8 
Engine CID: 4.7 liter 
 
Transmission Type: 
 x Auto or   Manual 
  FWD x RWD  4WD 
 
Optional Equipment: 
 None 
 
Dummy Data:  
 Type: No dummy 
 Mass: NA 
 Seat Position: NA 

GVWR Ratings:  Mass: lb  Curb   Test Inertial   Gross Static 
Front 3700   Mfront  2834   2784   2784 
Back 3900   Mrear  1999   2239   2239 
Total 6700   MTotal  4833   5023   5023 
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Table G2. Vehicle Parametric Measurements for Vertical CG for Test No. 467114-5. 
 
Date: 2014-07-29 Test No.: 467114-5 VIN: 1D7HA18N78S232225 
 
Year: 2008 Make: Dodge Model: Ram 1500 
 
Body Style: Quad Cab  Mileage: 157860 
 
Engine: 4.7 liter V-8  Transmission: Automatic 
 
Fuel Level: Empty  Ballast: 304 lb      (440 lb max) 
 
Tire Pressure: Front: 35 psi Rear: 35 psi Size: 265/70R17 

 

Hood Height: 46.50 inches Front Bumper Height: 27.00 inches 
 43 ±4 inches allowed   

 
Front Overhang: 36.00 inches Rear Bumper Height: 29.00 inches 

 39 ±3 inches allowed    
 

Overall Length: 223.75 inches    
 237 ±13 inches allowed   

 

Measured Vehicle Weights:     (lb)

LF: 1428 RF: 1356 Front Axle: 2784

LR: 1139 RR: 1100 Rear Axle: 2239

Left: 2567 Right: 2456 Total: 5023
5000 ±110 lb allow ed

140.5 inches Track: F: 68.5 inches        R: 68  inches
148 ±12 inches allow ed Track = (F+R)/2 = 67 ±1.5 inches allow ed

Center of Gravity, SAE J874 Suspension Method

X: 62.63 in Rear of Front Axle (63 ±4 inches allow ed)

Y: -0.76 in Left - Right + of Vehicle Centerline

Z: 28.9375 in Above Ground (minumum 28.0 inches allow ed)

Wheel Base:
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Table G3. Exterior Crush Measurements for Test No. 467114-5. 
 
Date: 2014-07-29 Test No.: 467114-5 VIN No.: 1D7HA18N78S232225 
 
Year: 2008 Make: Dodge Model: Ram 1500 Quad Cab 
 

VEHICLE CRUSH MEASUREMENT SHEET1 
Complete When Applicable 

End Damage Side Damage 
Undeformed end width ________ 

Corner shift: A1 ________ 

A2 ________ 

End shift at frame (CDC) 

(check one) 

< 4 inches ________ 

≥ 4 inches ________ 

  Bowing: B1 _____ X1 _____ 

B2 _____ X2 _____ 

 

 Bowing constant 

2
21 XX +  = ______ 

 

 
Note: Measure C1 to C6 from Driver to Passenger Side in Front or Rear Impacts – Rear to Front in Side Impacts. 

Specific 
Impact 
Number 

Plane* of 
C-Measurements 

Direct Damage 

Field 
L** 

C1 C2 C3 C4 C5 C6 ±D Width** 
(CDC) 

Max*** 
Crush 

1 Front plane at bumper ht 20.0 7.0 30 7 2 1 0.5 0.5 0 -15 

2 Side plane at bumper ht 20.0 9.0 56 3.5 ----- ----- ----- 7 9 +72 

            

            

 Measurements recorded           

 in inches            

            
1Table taken from National Accident Sampling System (NASS). 
 
*Identify the plane at which the C-measurements are taken (e.g., at bumper, above bumper, at sill, above sill, at 
beltline) 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 
C locations. This may include the following: bumper lead, bumper taper, side protrusion, side taper, etc. 
Record the value for each C-measurement and maximum crush. 
 
**Measure 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. 
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Table G4. Occupant Compartment Measurements for Test No. 467114-5. 
 
Date: 2014-07-29 Test No.: 467114-5 VIN No.: 1D7HA18N78S232225 
 
Year: 2008 Make: Dodge Model: Ram 1500 Quad Cab 
 
 

 
 
 
 

 
 
 
 

 
 
 
*Lateral area across the cab from driver’s side 
kickpanel to passenger’s side kickpanel. 
 

OCCUPANT COMPARTMENT 
DEFORMATION MEASUREMENT 
  Before  After 
  ( inches )  ( inches ) 

A1  65.00  65.00 
A2  64.75  64.75 
A3  65.25  65.25 
B1  45.00  45.00 
B2  39.00  39.00 
B3  45.00  45.00 
B4  42.25  42.25 
B5  45.00  45.00 
B6  42.25  42.25 
C1  29.00  29.00 
C2  -----  ----- 
C3  26.75  26.75 
D1  12.75  12.75 
D2  -----  ----- 
D3  11.50  11.50 
E1  62.75  62.50 
E2  64.75  65.00 
E3  64.00  64.25 
E4  64.50  64.50 
F  60.00  60.00 
G  60.00  60.00 
H  39.00  39.00 
I  39.00  39.00 
J*  62.25  61.75 
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G2. SEQUENTIAL PHOTOGRAPHS 
 

 0.000 s  
   

 0.060 s  
   

 0.120 s  
   

 0.180 s  
   

Figure G1. Sequential Photographs for Test No. 467114-5 
(Overhead and Rear Views). 
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 0.240s  
   

 0.300 s  
   

 0.360 s  
   

 0.420 s 

Camera turned off 

   
Figure G1. Sequential Photographs for Test No. 467114-5 

(Overhead and Rear Views) (Continued). 
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0.000 s  0.240 s 

   
0.060 s  0.300 s 

   
0.120 s  0.360 s 

  

Camera turned off 

0.180 s  0.763 s 
Figure G2. Sequential Photographs for Test No. 467114-5 

(Rear View). 
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G3. VEHICLE ANGULAR DISPLACEMENTS  
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G4. VEHICLE ACCELERATIONS 
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APPENDIX H. INFORMATION FOR CRASH TEST NO. 467114-6 

H1. TEST VEHICLE MEASUREMENTS AND INFORMATION 
 

Table H1. Vehicle Properties for Test No. 467114-6. 
 
Date: 2014-08-06 Test No.: 467114-6 VIN No.: 1D7HA18288S468451 
 
Year: 2008 Make: Dodge Model: Ram 1500 Quad Cab 
 
Tire Size: 265/70R17  Tire Inflation Pressure: 35 psi 
 
Tread Type: Highway  Odometer: 154771 
 
Note any damage to the vehicle prior to test:  None 
 

 

 

Geometry: inches 
A 78.25   F 36.00   K 21.25   P 2.88   U 28.50 
B 75.00   G 28.88   L 29.75   Q 30.50   V 30.50 
C 223.75   H 61.34   M 68.50   R 16.00   W 61.30 
D 47.25   I 15.50   N 68.00   S 16.00   X 76.25 
E 140.50   J 27.00   O 45.50   T 77.50     

Wheel Center  
Height Front 14.75 

Wheel Well  
Clearance (Front) 6.00 

Bottom Frame 
Height - Front 18.00 

Wheel Center  
Height Rear 14.75 

Wheel Well  
Clearance (Rear) 11.00 

Bottom Frame 
Height - Rear 25.50 

 

 

Mass Distribution: 
 lb LF: 1428  RF: 1398  LR: 1103  RR: 1087  

• Denotes accelerometer location. 
  
NOTES: None 
  
  
Engine Type: V-8 
Engine CID: 5.7 liter 
 
Transmission Type: 
 x Auto or   Manual 
  FWD x RWD  4WD 
 
Optional Equipment: 
 None 
 
Dummy Data:  
 Type: None 
 Mass: NA 
 Seat Position: NA 

GVWR Ratings:  Mass: lb  Curb   Test Inertial   Gross Static 
Front 3700   Mfront  2882   2826   2826 
Back 3900   Mrear  2053   2190   2190 
Total 6700   MTotal  4935   5016   5016 
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Table H2. Vehicle Parametric Measurements for Vertical CG for Test No. 467114-6. 
 
Date: 2014-08-06 Test No.: 467114-6 VIN: 1D7HA18288S468451 
 
Year: 2008 Make: Dodge Model: Ram 1500 
 
Body Style: Quad Cab  Mileage: 154771 
 
Engine: 5.7 liter V-8  Transmission: Automatic 
 
Fuel Level: Empty  Ballast: 175 lb      (440 lb max) 
 
Tire Pressure: Front: 35 psi Rear: 35 psi Size: 265/70R17 

 

Hood Height: 45.50 inches Front Bumper Height: 27.00 inches 
 43 ±4 inches allowed   

 
Front Overhang: 36.00 inches Rear Bumper Height: 29.75 inches 

 39 ±3 inches allowed    
 

Overall Length: 223.75 inches    
 237 ±13 inches allowed   

 

Measured Vehicle Weights:     (lb)

LF: 1428 RF: 1398 Front Axle: 2826

LR: 1103 RR: 1087 Rear Axle: 2190

Left: 2531 Right: 2485 Total: 5016
5000 ±110 lb allow ed

140.5 inches Track: F: 68.5 inches        R: 68  inches
148 ±12 inches allow ed Track = (F+R)/2 = 67 ±1.5 inches allow ed

Center of Gravity, SAE J874 Suspension Method

X: 61.34 inches Rear of Front Axle (63 ±4 inches allow ed)

Y: -0.31 inches Left - Right + of Vehicle Centerline

Z: 28.875 inches Above Ground (minumum 28.0 inches allow ed)

Wheel Base:
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Table H3. Exterior Crush Measurements for Test No. 467114-6. 
 
Date: 2014-08-06 Test No.: 467114-6 VIN No.: 1D7HA18288S468451 
 
Year: 2008 Make: Dodge Model: Ram 1500 Quad Cab 
 

VEHICLE CRUSH MEASUREMENT SHEET1 
Complete When Applicable 

End Damage Side Damage 
Undeformed end width ________ 

Corner shift: A1 ________ 

A2 ________ 

End shift at frame (CDC) 

(check one) 

< 4 inches ________ 

≥ 4 inches ________ 

  Bowing: B1 _____ X1 _____ 

B2 _____ X2 _____ 

 

 Bowing constant 

2
21 XX +  = ______ 

 

 
Note: Measure C1 to C6 from Driver to Passenger Side in Front or Rear Impacts – Rear to Front in Side Impacts. 

Specific 
Impact 
Number 

Plane* of 
C-Measurements 

Direct Damage 

Field 
L** 

C1 C2 C3 C4 C5 C6 ±D Width** 
(CDC) 

Max*** 
Crush 

1 Front plane at bumper ht ----- 24 ----- ----- ----- ----- ----- ----- ----- ----- 

2 Side plane at bumper ht ----- 17 ----- ----- ----- ----- ----- ----- ----- ----- 

            

            

 Measurements recorded           

 in inches           

            
1Table taken from National Accident Sampling System (NASS). 
 
*Identify the plane at which the C-measurements are taken (e.g., at bumper, above bumper, at sill, above sill, at 
beltline) 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 
C locations. This may include the following: bumper lead, bumper taper, side protrusion, side taper, etc. 
Record the value for each C-measurement and maximum crush. 
 
**Measure 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. 
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Table H4. Occupant Compartment Measurements for Test No. 467114-6. 
 
Date: 2014-08-06 Test No.: 467114-6 VIN No.: 1D7HA18288S468451 
 
Year: 2008 Make: Dodge Model: Ram 1500 Quad Cab 
 
 

 
 
 

 
 
 

 
 
*Lateral area across the cab from driver’s side 
kickpanel to passenger’s side kickpanel. 
 

OCCUPANT COMPARTMENT 
DEFORMATION MEASUREMENT 
  Before  After 
  ( inches )  ( inches ) 

A1  65.00  64.25 
A2  65.00  64.50 
A3  65.25  63.50 
B1  45.50  49.00 
B2  39.00  42.00 
B3  45.50  38.00 
B4  42.00  32.50 
B5  44.75  45.50 
B6  42.00  42.50 
C1  28.75  ----- 
C2  -----  ----- 
C3  26.50  ----- 
D1  12.75  12.00 
D2  -----  ----- 
D3  11.75  11.50 
E1  62.75  61.50 
E2  64.50  65.50 
E3  64.00  NA 
E4  64.25  NA 
F  60.00  NA 
G  60.00  NA 
H  39.00  NA 
I  39.00  NA 
J*  62.25  59.00 
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H2. SEQUENTIAL PHOTOGRAPHS 
 

 0.000 s  
   

 0.079 s  
   

 0.158 s  
   

 0.237 s  
   

Figure H1. Sequential Photographs for Test No. 467114-6 
(Overhead and Rear Views). 
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 0.316s  
   

 0.395 s  
   

 0.474 s 

Out of View 

   

 0.553 s 

Out of View 

   
Figure H1. Sequential Photographs for Test No. 467114-6 

(Overhead and Rear Views) (Continued). 
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H3. VEHICLE ANGULAR DISPLACEMENTS  
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H4. VEHICLE ACCELERATIONS 
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APPENDIX I. INFORMATION FOR CRASH TEST NO. 467114-7 

I1. TEST VEHICLE MEASUREMENTS AND INFORMATION 
 

Table I1. Vehicle Properties for Test No. 467114-7. 
 
Date: 2014-08-22 Test No.: 467114-7 VIN No.: 1D7HA18N68S575523 
 
Year: 2008 Make: Dodge Model: Ram 1500 Quad Cab 
 
Tire Size: 265/70R17  Tire Inflation Pressure: 35 psi 
 
Tread Type: Highway  Odometer: 160282 
 
Note any damage to the vehicle prior to test:  None 
 

 

 

Geometry: inches 
A 78.25   F 36.00   K 21.25   P 2.88   U 28.50 
B 45.00   G 28.00   L 29.75   Q 30.50   V 30.50 
C 223.75   H 61.82   M 68.50   R 16.00   W 61.80 
D 47.25   I 15.50   N 68.00   S 15.50   X 76.50 
E 140.50   J 27.00   O 45.50   T 77.50     

Wheel Center  
Height Front 14.75 

Wheel Well  
Clearance (Front) 6.00 

Bottom Frame 
Height - Front 18.00 

Wheel Center  
Height Rear 14.75 

Wheel Well  
Clearance (Rear) 11.00 

Bottom Frame 
Height - Rear 25.50 

 

 

Mass Distribution: 
 lb LF: 1450  RF: 1358  LR: 1100  RR: 1106  

• Denotes accelerometer location. 
  
NOTES: None 
  
  
Engine Type: V-8 
Engine CID: 4.7 liter 
 
Transmission Type: 
 x Auto or   Manual 
  FWD x RWD  4WD 
 
Optional Equipment: 
 None 
 
Dummy Data:  
 Type: No dummy used 
 Mass: NA 
 Seat Position: NA 

GVWR Ratings:  Mass: lb  Curb   Test Inertial   Gross Static 
Front 3700   Mfront  2799   2808   2808 
Back 3900   Mrear  1913   2206   2206 
Total 6700   MTotal  4712   5014   5014 
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Table I2. Vehicle Parametric Measurements for Vertical CG for Test No. 467114-7. 
 
Date: 2014-08-22 Test No.: 467114-7 VIN: 1D7HA18N68S575523 
 
Year: 2008 Make: Dodge Model: Ram 1500 
 
Body Style: Quad Cab  Mileage: 160282 
 
Engine: 4.7 liter V-8  Transmission: Automatic 
 
Fuel Level: Empty  Ballast: 247 lb     (440 lb max) 
 
Tire Pressure: Front: 35 psi Rear: 35 psi Size: 265/70R17 

 

Hood Height: 45.50 inches Front Bumper Height: 27.00 inches 
 43 ±4 inches allowed   

 
Front Overhang: 36.00 inches Rear Bumper Height: 29.75 inches 

 39 ±3 inches allowed    
 

Overall Length: 223.75 inches    
 237 ±13 inches allowed   

 

Measured Vehicle Weights:     (lb)

LF: 1450 RF: 1358 Front Axle: 2808

LR: 1100 RR: 1106 Rear Axle: 2206

Left: 2550 Right: 2464 Total: 5014
5000 ±110 lb allow ed

140.5 inches Track: F: 68.5 inches        R: 68  inches
148 ±12 inches allow ed Track = (F+R)/2 = 67 ±1.5 inches allow ed

Center of Gravity, SAE J874 Suspension Method

X: 61.82 in Rear of Front Axle (63 ±4 inches allow ed)

Y: -0.59 in Left - Right + of Vehicle Centerline

Z: 28 in Above Ground (minumum 28.0 inches allow ed)

Wheel Base:
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Table I3. Exterior Crush Measurements for Test No. 467114-7. 
 
Date: 2014-08-22 Test No.: 467114-7 VIN No.: 1D7HA18N68S575523 
 
Year: 2008 Make: Dodge Model: Ram 1500 Quad Cab 
 

VEHICLE CRUSH MEASUREMENT SHEET1 
Complete When Applicable 

End Damage Side Damage 
Undeformed end width ________ 

Corner shift: A1 ________ 

A2 ________ 

End shift at frame (CDC) 

(check one) 

< 4 inches ________ 

≥ 4 inches ________ 

  Bowing: B1 _____ X1 _____ 

B2 _____ X2 _____ 

 

 Bowing constant 

2
21 XX +  = ______ 

 

 
Note: Measure C1 to C6 from Driver to Passenger Side in Front or Rear Impacts – Rear to Front in Side Impacts. 

Specific 
Impact 
Number 

Plane* of 
C-Measurements 

Direct Damage 

Field 
L** 

C1 C2 C3 C4 C5 C6 ±D Width** 
(CDC) 

Max*** 
Crush 

1 Front plane at bumper ht 30.0 24.0 29 24 20 11 6 2 1 -6 

2 Side plane at bumper ht 30.0 24.0 60 2 5.5 --- --- 20 24 +77 

            

            

 Measurements recorded           

 in inches            

            
1Table taken from National Accident Sampling System (NASS). 
 
*Identify the plane at which the C-measurements are taken (e.g., at bumper, above bumper, at sill, above sill, at 
beltline) 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 
C locations. This may include the following: bumper lead, bumper taper, side protrusion, side taper, etc. 
Record the value for each C-measurement and maximum crush. 
 
**Measure 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. 
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Table I4. Occupant Compartment Measurements for Test No. 467114-7. 
 
Date: 2014-08-22 Test No.: 467114-7 VIN No.: 1D7HA18N68S575523 
 
Year: 2008 Make: Dodge Model: Ram 1500 Quad Cab 
 
 

 
 
 
 

 
 
 
 

 
 
 
*Lateral area across the cab from driver’s side 
kickpanel to passenger’s side kickpanel. 
 

OCCUPANT COMPARTMENT 
DEFORMATION MEASUREMENT 
  Before  After 
  ( inches )  ( inches ) 

A1  65.00  65.00 
A2  65.25  65.25 
A3  65.25  65.25 
B1  45.25  45.25 
B2  39.25  39.25 
B3  45.25  45.25 
B4  12.12  12.12 
B5  45.00  45.00 
B6  42.12  42.12 
C1  27.50  25.00 
C2  -----  ----- 
C3  26.50  26.50 
D1  12.75  12.75 
D2  -----  ----- 
D3  11.50  11.50 
E1  62.50  NA 
E2  64.50  NA 
E3  64.00  63.00 
E4  64.25  64.00 
F  60.00  60.00 
G  60.00  60.00 
H  39.00  39.00 
I  39.00  39.00 
J*  62.25  60.25 
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I2. SEQUENTIAL PHOTOGRAPHS 
 

 0.000 s  
   

 0.076 s  
   

 0.152 s  
   

 0.228 s  
   

Figure I1. Sequential Photographs for Test No. 467114-7 
(Overhead and Rear Views). 
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 0.304s  
   

 0.380 s  
   

 0.456 s 

Camera turned off 

   

 0.532 s 

Camera turned off 

   
Figure I1. Sequential Photographs for Test No. 467114-7 

(Overhead and Rear Views) (Continued). 
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0.000 s  0.304 s 

   
0.076 s  0.380 s 

   
0.152 s  0.456 s 

   
0.228 s  0.532 s 

Figure I2. Sequential Photographs for Test No. 467114-7 
(Rear View). 
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