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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 (/). 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 (35) 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-Ib 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-Ib 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.

1.3.1.14. 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-Ib 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 5381-1lb 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 1980-1b
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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 5424-1b 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 PLI.

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

Organization Guardrail Test | Impact | Impact OlV (ft/s) RDA (Gs) Vehicle
and Test Description Vehicle | Speed Angle | Longitudinal | Longitudinal Safely
Number P (Ib) (mph) | (degrees) Lateral Lateral Redirected

SWRI: YC-1 | 8 ftradius, 5376 45 1.4 14.4 2.7 Yes

W-beam pickup 73 71
SWRI: YC-2 YC-1 1978 50.3 0.7 9.4 0.7 Yes
car 16.0 4.7
SWRI: YC-3 YC-2 5380 44.8 19.7 14.5 6.5 No
pickup 8.3 4
SWRI: YC-4 YC-3, 5381 44.9 20.1 20.1 5.6 Yes
lengthened | pickup 11.0 ’9
secondary
side by
12.5 ft
SWRI: YC-5 YC-4 1980 442 20.0 27.8 10.5 Yes
car 73 33
SWRI: YC-6 YC-4 1980 51.1 19.4 6.8 0.1 Yes
Car 22.7 6.8
SWRI: YC-7 YC-4 5424 45.2 20.7 2.2 2.8 Yes
pickup 18.7 8.9

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.

TR No. 0-6711-1 11 2014-12-08




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 1970-1b 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 1970-1b 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 1970-1b 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.

0.059 sec ' 118 sec - . 0.177 sec

Wiia
0.099 se

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 4500-1b 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 4500-1b 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 1.19. 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-Ib 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 Impact | Impact orv RDA Vehicle
Test Guardrail : P p Longitudinal | Longitudinal |  Safely
. . Vehicle | Speed Angle
Number | Description (Ib) (mph) | (degrees) Lateral Lateral Captured/
P g (ft/s) (Gs) Redirected

1263-1 | 14 ft 3 inch 1970 58.4 20.5 41.8 12.8 No
radius, car
W-beam 10.7 2.5

1263-2 | BCT 1970 59.0 20.4 27.1 10.5 No
assembly car
replaced by a 4.2 0.8
CRT post,
increased
depth of all
CRT posts

1263-3 | 1263-2, two 1970 60.2 20.7 343 8.9 Yes
nested car
W-beams 7.9 3.5

1263-4 | 1263-3, 4500 57.1 24.7 27.6 4.8 Yes
increased sedan
radius to 16 ft 25.4 7.7

1263-5 | 1263-4 4500 58.5 26.8 20.3 7.6 No

sedan 6.2 23

1263-6 | 1263-4, 4500 58.3 2.0 10.7 1.6 Yes
weakened sedan 154 5.6
post at
beginning of
turndown

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 4409-1b 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 4409-1b 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.

0.000 s .15 s 0.301 5 0.452 s

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 4409-1b 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 1978-1b 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.

0.000 s 0,102_3 0.203 s 0,305 s

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 4500-1b 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).

Primary Findings

0.670s .

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 Impact | Impact Ol1V (ft/s) RDA (G.s) Vehicle
Test Guardrail . R Longitudinal Safely
o Vehicle | Speed Angle | Longitudinal
Number | Description (Ib) (mph) | (degrees) Lateral Lateral Captured/
p g Redirected
1442-1 |4.78 ft radius, 4409 60.9 26.0 24.1 7.1 Yes
thrie beam pickup 262 117
1442-2 1442-1 4409 1b 63.0 25.6 17.2 10.4 No
pickup 2.6 5.6
1442-3 1442-2, 4409 63.0 24.6 16.5 6.17 No
removed pickup
bolts from 3.3 9.58
posts in
curved
section
1442-4 1442-3 1978 60.1 19.1 34.7 8.59 Yes
car 7.8 3.02
1442-5 1442-3 4500 60.4 24.5 20 5.24 Yes
town car 8.0 2.75
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 4473-1b 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 4440-1b 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 4489-1b 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 4420-1b 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 MwWRSF 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 Guardrail Test Te§t Impact | Impact OIY (ft{s) RDA (G‘S) Vehicle
Number | Description | Condition Vehicle | Speed Angle | Longitudinal | Longitudinal Safely
P (Ib) (mph) | (degrees) Lateral Lateral Redirected
SR-1 8 ft radius, NCHRP 4473 61.5 19.0 20.6 9.28 No
thrie beam | Report 350 | pickup
SR-2 SR-1, two NCHRP 4440 64.7 16.1 23.6 7.05 No
posts added | Report 350 | pickup
on Test 3-33 9.6 8.51
secondary
side
SR-3 No changes | Modified | 4489 63.9 0.9 29.0 12.21 No
from SR-2 NCHRP | pickup
Report 350 43 8.01
Test 3-31
SR-4 SR-2, added | Modified 4420 66.1 1.8 14.2 23.61 No
section on NCHRP | pickup
primary Report 350 9.9 11.68
side, raised | Test 3-31
system to
33.8 inches
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 4412-1b 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 1969-1b 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.

1.3.1.54. Primary Findings

Table 1.5 presents the pertinent test results for MwRSF phase II1 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.
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Table 1.5. Summary of Midwest Roadside Safety Facility Phase II1 Crash Test (/7).

Test Guardrail Test Te§t Impact | Impact OIY (ft{s) RDA (QS) Vehicle
Number | Description | Condition Vehicle | Speed Angle Longitudinal | Longitudinal Safely
(Ib) (mph) | (degrees) Lateral Lateral Redirected
SR-5 SR-4, added | Modified 4412 63.3 0.9 13.4 5.72 Yes
anchorage to NCHRP pickup
primary Report 350 104 5.37
side, Test 3-31
lowered to
31 inches
SR-6 SR-5, NCHRP 1969 61.8 0.8 30.8 20.73 No
redesigned |Report 350 car
anchoring | Test 3-33 0.43 12.05
system
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, 11, 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 4989-1b 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 MwWRSF 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 Guardrail Test Te§ ¢ Impact |- Impact OIY (ft/.s) RD[.& (Qs) I\J];:'lllgcilet
A o Vehicle | Speed Angle Longitudinal | Longitudinal
Number | Description | Condition (Ib) (mph) | (degrees) Lateral Lateral Safely
Redirected
SR-7 SR-6 NCHRP 4989 62.3 18.1 20.1 9.61 No
Report 350 | pickup No
Test 3-30 truck 8.0 3.33
SR-8 SR-7, NCHRP 5000 62.9 17.9 21.0 6.80 Yes
enlarged | Report 350 | pickup No
holes, added | Test 3-33 truck 10.2 4.12
washers,
reduced
width of
slot tabs
TR No. 0-6711-1 27 2014-12-08




"(6) 8-US 19 L 10y sydeisojoyq enuanbag ‘¢¢* 1 3In3ig

"(6) L-¥S 9L 10y sydeisojoyq enuanbag ‘z¢ | a.an3ig

28 2014-12-08

TR No. 0-6711-1



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).

Energy at
Impact Impact Initial Peak Force 5-inch Final Total Energy
Test . .
Number Angle Velocity Displacement
(degrees) | (mph) | Displacement | Force Energy Displacement | Energy
(inches) (kips) (kips-inch) (inches) (Kip-inch)
MNCRT-1, 0 15.14 1.45 10.27 16.4 12.22 22.69
MNCRT-2,
MNCRT-3
MNCRT-4, 90 15.82 1.5 9.07 16.9 11.47 21.05
MNCRT-5,
MNCRT-6
MNCRT-7, 45 15.87 2.79 10.78 23.13 12.21 29.52
MNCRT-8,
MNCRT-9
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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).

Impact Expected Peak
Test pa Impact Angle | Peak Load Loads from Failure

Velocity . . .

Number (degrees) (Kips) Previous Testing Type
(mph) .
(kips)

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).

Impact

Test Number Angle Peak‘ Load Soil Type Description
(kips)

(degrees)
UBSP-9 0 11 Standard One of the impact side nuts stripped off instead
(round 2) strong soil of the bolt fracturing
UBSP-10 90 6.42 Standard Bolts fractured in tension
(round 2) strong soil
UBSP-13 0 5 Standard Did not break at expected force level, but did
(round 2) strong soil absorb significant energy
UBSP-20 0 10.8 Standard Bolts fractured in tension
(round 3) strong soil
UBSP-21 45 8.3 Standard Bolts fractured in tension and there was
(round 3) strong soil 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 (/3).
Item No. | Quantity Description Material Spec
la 4 ¥s-inch diameter x2/2-inch long Hex | Grade 5
1b 1 6x8x0.1875%x40 Foundation Tube A500
Ic 16 ¥s-inch Flat Washer Grade 5
1d 4 ¥s-inch Heavy Hex Nut Grade 5
le 1 12x7x0.5 Steel Plate A36
1f 1 12x5.5%0.75 Steel Plate A36
lg 1 W6x9%30.75

1.3.2.2.3. Testing the Universal Steel Breakaway Post: UBSPN-1 (73)

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.
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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 4473-1b
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 (73).

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-
Ibpickup 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 (74).

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 Ill: Investigating the Use of a New Universal Breakaway Steel Post: 2010 (15)
1.3.2.4.1. UBSPN-3

A 2024-Ib 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 4429-1b 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 '2-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 (75).

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 (/5).

Test Guardrail Test Test | Impact Impact Ol1V (ft/s) RDA (Gs) Vehicle
Number | Description | Condition | Vehicle| Speed Angle Longitudinal | Longitudinal Safely
(Ib) (mph) | (degrees) Lateral Lateral Redirected
UBSPN-1 First post NCHRP 4473 63.2 22.6 21.05 11.36 No
was BCT | Report 350
anchor post | Test 3-38 2.68 6.03
UBSPN-2 | Firsttwo NCHRP 4471 62.9 21.7 28.15 15.11 Yes
posts were | Report 350
BCT anchor | Test 3-38 0.74 17.39
posts
UBSPN-3 Same NCHRP 2026 63.3 0 32.18 7.70 Yes
system as | Report 350
UBSPN-2 | Test 3-38 4.08 7.79
UBSPN-4 Same NCHRP 4429 64.5 0 21.75 7.84 Yes
system as | Report 350
UBSPN-2 | Test 3-31 0.21 7.34

1.3.3. Evaluation of Existing T-Intersection Guardrail Systems: 2010 (/6)

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).

Impact Conditions
Feature Feat“ﬁe :l“est . Nominal | Nominal
Type® | Designation | yepicle | Speed | Angle, 0
(km/h) (degrees)
G/NG 2-30 820C 70 0
Terminals G/NG 2-31 2000P 70 0
and G/NG 2-32 820C 70 15
Redirective | G/NG 2-33 2000P 70 15
Crash NG 2-36 820C 70 15
Cushions NG 2-37 2000P 70 20
NG 2-38 2000P 70 20
G/NG 2-39 2000P 70 20

* 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 127 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 77 x 77 % 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 x 22.8 structural steel
channel that runs from post 9 to the bridge barrier. The transition has three timber posts, which
measure 97 x 9% x 78 inches. They are embedded 50 inches in soil. The five timber posts (post
8 to post 12) have 77% x 77 % 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 Impact Speed Impact Angle Impact
Designation 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

o
P i —>

Test3-30 L 15°

]

=ke=l

o
=1

Test 3-31

Test 3-35
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 (/6) 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
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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 7% x 77 x
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.

:T 1 ——POST DETAIL M

:\END TERMINAL DETAIL
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\GUARD RAIL DETAIL L

EE/ACRT POST DETAIL D
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ﬂ
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Figure 2.4. Base Short Radius System (/6).
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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

Figure 2.6. Sequential Images of Truck Impact with Baseline System.
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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-1b 631,515
Kinetic Energy of Vehicle at End of Run, ft-1b | 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 W6x9 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.

Time = 0

Figure 2.8. Short Radius Design with Sliding Posts.
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Sliding Posts
Time = 0.0199 s

Sliding Posts
Time =0.145s

Sliding Posts
Time = 0.345 s

Sliding Posts
Time=10.8 s

Figure 2.9. Sequential Images of Truck Impact with Sliding Posts System.
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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-1b 524,578
Kinetic Energy of Vehicle at End of Run, ft-1b | 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 "2-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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Two Parallel Cables
Time=0.02s

Two Parallel Cables
Time =0.255s

Two Parallel Cables
Time=0.53s

Two Parallel Cables
Time=0.8s

Figure 2.11. Sequential Images of Truck Impact with Parallel Cables Attached to Posts.
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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-1b 631,516
Kinetic Energy of Vehicle at End of Run, ft-1b | 44,229 (93 % reduction)
X-Velocity of Vehicle at End of Run, ft/s 15.8
Max OIV, ft/s 2428
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-1b 631,516
Kinetic Energy of Vehicle at End of Run, ft-1b | 22,100 (97% reduction)
X-Velocity of Vehicle at End of Run, ft/s 1.98
Max OlV, 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.

Cushion 5 Barrels and a Back
Rail
Time = 0.014999 s

Cushion 5 Barrels and a Back
Rail
Time =0.165s

Cushion 5 Barrels and a Back
Rail
Time=0.27 s

Cushion 5 Barrels and a Back
Rail
Time =0.52's

Figure 2.15. Sequential Images of Truck Impact with 5-Barrel System with Back Rail.
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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-1b 631,518
Kinetic Energy of Vehicle at End of Run, ft-1b | 20,245 (97% reduction)
X-Velocity of Vehicle at End of Run, ft/s 2.66 (0.81)
Max O1V, 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-1b 631,519
Kinetic Energy of Vehicle at End of Run, ft-1b | 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)

TR No. 0-6711-1 55 2014-12-08



Cushion 5 Barrels and 2 Cables
Time=0.02s

Cushion 5 Barrels and 2 Cables
Time=0.185s

Cushion 5 Barrels and 2 Cables
Time =0.365s

Cushion 5 Barrels and 2 Cables
Time=0.515s

Figure 2.16. Sequential Images of Truck Impact with 5-Barrel System with Two Cables.
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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-1b 524,578
Kinetic Energy of Vehicle at End of Run, ft-1b | 13,593 (97% reduction)
X-Velocity of Vehicle at End of Run, ft/s 8.45
Max OlV, 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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Cushion 15 Barrels and Back Rail
Time = 0.019999 s

Cushion 15 Barrels and Back Rail
Time=0.25s

Cushion 15 Barrels and Back Rail
Time =0.525s

Cushion 15 Barrels and Back Rail
Time=0.8s

Figure 2.17. Sequential Images of Truck Impact with 15-Barrel System.
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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-1b 631,520
Kinetic Energy of Vehicle at End of Run, ft-1b | 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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Cushion 3 Barrels and Sleds/No Cables
Time=0.01s

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

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

Cushion 3 Barrels and Sleds/No Cables
Time=0.8s

Figure 2.21. Sequential Images of Truck Impact with 3-Barrel System with Sled
Reinforcement.
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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-1b 631,517
Kinetic Energy of Vehicle at End of Run, ft-1b | 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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225 1b Sand
Time = 0.014999 s

225 1b Sand
Time=0.105s

225 1b Sand
Time =0.265 s

225 1b Sand
Time=0.75s

Figure 2.24. Sequential Images of Truck Impact with Free Mass System.
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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-1b 631,523
Kinetic Energy of Vehicle at End of Run, ft-1b | 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 x 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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T

6" x 8" CRT breakaway

Kempeoy AIepuoods

Primary Roadway

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-1b 631,523
Kinetic Energy of Vehicle at End of Run, ft-1b | 18,634 (97% reduction)
X-Velocity of Vehicle at End of Run, ft/s —2.24
Max OlV, ft/s 26.57
Ridedown Acceleration, Gs 11.6
Maximum Angle Movement, degrees 100.6 (yaw)
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Double Rail
Time=0.02s

Double Rail
Time=0.245 s

Double Rail
Time =0.495 s

Double Rail
Time =0.96194 s

Figure 2.26. Sequential Images of Truck Impact with Detailed Double Rail System.
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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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Time vs. Displacement
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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 1b 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.

— .
Rotating deadman anchor

Kempeoy A1epuoddg

100 Ib sand Y/[

X

Primary Roadway
Figure 2.30. Short Radius Design of Detailed Rail with Free Mass.
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Double Rail with Free Mass
Time=0.02s

Double Rail with Free Mass
Time=0.22s

Double Rail with Free Mass
Time =0.445s

Double Rail with Free Mass
Time=1.0s

Figure 2.31. Sequential Images of Truck Impact with Double Rail System with Free Mass.
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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-1b 631,518
Kinetic Energy of Vehicle at End of Run, ft-1b | 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-1b.
The maximum kinetic energy of the free mass component of the system was 24,707 ft-1b. 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.
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Time (s)

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.
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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 Ib 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-1b.
The maximum kinetic energy of the free mass component of the system was 45,686 ft-1b. The free
mass component of the system absorbed only 6.78 percent of the kinetic energy from impact.

T

Freestanding Posts
with 100 Ib sand

Kempeoy A1epuodog

Primary Roadway

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-1b 631,532
Kinetic Energy of Vehicle at End of Run, ft-1b | 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)
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Double Rail with Free Mass and Posts
Time=0.02s

Double Rail with Free Mass and Posts
Time=0.22s

Double Rail with Free Mass and Posts
Time =0.445 s

Double Rail with Free Mass and Posts
Time=1.0s

Figure 2.36. Sequential Images of Truck Impact with Double Rail System with Additional
Posts.
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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.
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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.
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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 400-1b, 400-1b, and 700-Ib 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 400-1b, 400-1b, and 700-1b 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.
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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 400-1b, 400-1b, 700-1b 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.
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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 400-1b,
400-1b, and 700-1Ib 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 400-1b, 400-1b, 700-1b 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 400-1b, 700-1b, and 700-1b 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.
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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 400-1b, 700-1b, 700-1b 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 700-1b,
700-1b, and 700-1b 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 700-1b, 700-1b, and 700-1b 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.
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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 700-1b, 700-1b, and 700-1b
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.
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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 700-1b 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 700-1b, 700-1b, and 700-1b 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 400-1b,
400-1b, and 700-1Ib 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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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 400-1b, 400-1b, and 700-1b 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 400-1b, 400-1b, and 700-1b 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 400-1b,
700-1b, and 700-1b 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 400-1b, 700-1b, and 700-1b Barrel

Layout
Impact Velocity, mph 62.2
Impact Angle (degrees) 0
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 700-1b, 700-1b, and 700-1b 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
700-1b 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.
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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 700-1b, 700-1b, and 700-1b 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 98 2014-12-08



0s

0.16 s

0.50s

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 Ib 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.
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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.
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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-Ib 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.
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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 700-1b 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.

%

¢

N
.

P J 0 & & f 8§ d ki e—
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 400-1b barrels clustered in the radius section. It was thought that the
700-1b 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
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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, 400-1b barrels
were added behind the rail in the radius. This is a reduced mass from the 700-1b 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 400-1b

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 Ib from 400 1b 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-Ib 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 700-1b 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 700-1b
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 700-1b 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 700-1b
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 700-1b 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 700-1b Sand Barrels
(Sand Hidden).

The truck passed the MASH impact severity criteria. Table 3.4 presents the TRAP results.
The 700-1b 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 700-1b 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 700-1b
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.
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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.
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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 700-1b 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.

TR No. 0-6711-1 139 2014-12-08



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 700-1b 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.

43. 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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44. 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 7% 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-4'%-inch
inside radius. The primary-road side thrie-beam of the system was flared to the field side 474°
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 12 inches. Posts 11 to 16 were equally spaced at 1 ft 6% inches. Post 16 to the end face of
the concrete parapet was approximately 12%2 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 (RTMO08) 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 (RTMO02a). Another 75-inch thrie-beam anchor rail spanned between
posts 6 and 7. A single 9-ft 4’-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 (RTEO01b) 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
(8% inch OD, "2 inch wall) installed in a 10-inch square tube socket (HSS 10 % 10 X %2 inch wall
AS500 Grade B) embedded in a concrete foundation. The post was 80 inches tall with a 10-inch x
10-inch x Ys-inch thick ASTM A36 square support collar welded to it at 21% 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 9% inches above grade. Thus, the top of the post was 31 inches
above grade. The square tube was void of concrete and included a 9%4-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 62%4 inches deep into a 96-inch deep x 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
(¥s-inch) rings vertically spaced at 12 inches, and eight 91-inch long #5 (¥s-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 (FCAO1), guardrail anchor brackets (FPAO1), and eight associated %s-inch diameter x
2-inch long A307 Grade 5 hex bolts, washers, and recessed guardrail nuts. Each of the two
¥a-inch (6x19) galvanized wire rope anchor cables was 6 ft 6% 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 7%%-inch vertical centerlines in the post: two 1%-inch diameter holes on the downstream
or swage side, and two 1%s-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) 5% inches x 7/ inches x 48%4 inches
long. A 2’ inch diameter weakening hole was located 30% inches from the top near grade. A
7s-inch diameter hole was located 33 inches from the top through which a strut bolt was
installed as described below. Post 2’s foundation tube was a 6-inch x 8-inch x 3/ 16-inch thick
ASTM A500 grade B steel HSS structural tube (PTE0S), 72 inches long and embedded
approximately 70 inches deep into drilled holes with compacted strong soil as per MASH.
Two '*/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) C4x7.25 ASTM A36 channel struts, each 712 inches
long. A strut bracket made of C8x11.5 ASTM A36 channel, 4 inches long, was bolted with two
72 x 12 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 7% x
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 X 8§ inches x 72 inches long.
Two 3’-inch diameter weakening holes were located at 32 inches (grade level) and 447 inches
below the top. The guardrail was attached to post 3 via a 6-inch X 8-inch x 22-inch tall thrie-beam
timber blockout (PDB02a) and two % x 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) 5% inches x 7% inches x 48%4 inches
long. A 2% inch diameter weakening hole was located 30% inches from the top near grade. A
7s-inch diameter hole was located 33" inches from the top through which a %s-inch x 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 x 8-inch x */14-inch thick ASTM
AS500 grade B steel HSS structural tube (PTE0S), 72 inches long and embedded approximately
70 inches deep in a drilled hole with compacted strong soil as per MASH. Two '3/ 4-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 % x 18-inch guardrail bolts (FBB04) and
recessed guardrail nuts.

Post 5 was a modified BCT timber post (PDFO01) 5% inches x 7% inches x 48"4 inches
long. A 2% inch diameter weakening hole was located 30% inches from the top near grade. A
7s-inch diameter hole was located 334 inches from the top through which a %-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 x 8-inch x %/ 16-inch thick ASTM
AS500 grade B steel HSS structural tube (PTEO0S5), 72 inches long and embedded approximately
70 inches deep into a drilled hole with compacted strong soil as per MASH. Two '*/¢-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 ( 4’2 inches OD x 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 ¥s-inch x 10-inch guardrail bolts (FBB03) and recessed guardrail nuts.

Post 6 was a modified BCT timber post (PDF01) 5% inches x 7/ inches x 48%4 inches
long. A 2'2-inch diameter weakening hole was located 30% inches from the top near grade. A
7s-inch diameter hole was located 33 inches from the top through which a 7 x 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 x 8-inch x 3/ 16-inch thick ASTM A500
grade B steel HSS structural tube (PTEOS), 72 inches long and embedded approximately
70 inches deep into a drilled hole with compacted strong soil as per MASH. Two '3/ 4-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 (4”2 inches OD x 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 7% x 18-inch guardrail bolts (FBB04) and recessed guardrail
nuts.

Posts 7 and 8 were modified CRT timber posts (PDEQ9) 6 inches x 8 inches % 72 inches
long. Two 3% inch diameter weakening holes were located at 32 inches (grade level) and
44'% inches from the top. The guardrail was attached to each of posts 7 and 8 via a thrie-beam
timber blockout (PDB02a) and two %-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 W6x8.5 flange guardrail posts (PWEOQ6), 72 inches long. The
guardrail was attached to each of posts 9 and 10 via a thrie-beam timber routered blockout
(6 inches x 8 inches x 18 inches tall; with a 4}%-inch wide x Y-inch deep relief, similar ro a
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PDBO02) and two ¥s-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 W6x8.5 wide flange guardrail posts (PWEO07), 84 inches long.
The guardrail was attached to each of posts 11 through 16 via a thrie-beam timber routed
blockout (6 inches x 8 inches x 18 inches tall; with a 4)4-inch wide x %-inch deep relief, similar
to a PDB02) and two 7-inch x 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 (RTEO1b) was used to connect and transition the thrie-
beam to parapet. Five A325 7s-inch diameter hex bolts, nuts, and 1%4-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 ¥s-inch diameter x
2-inch long guardrail bolts (FBB02), rectangular washers (FWRO03), 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 ¥4-inch (6x19; 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
I-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 (FMMO02a) through which one terminal end of the
anchor cable was secured via a 8-inch x 8-inch X %s-inch thick BCT bearing plate (FPBO1), 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 (FPAO1). 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 567 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 10"z inches wide at the base and transitioned with a 1'2-inch
chamfer to a 12-inch wide top portion beginning 18’ inches above grade. Exposed edges were
chamfered %4-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 20%s 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 2-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 '2-inch nominal diameter reinforcing steel (#4 rebar) U-bars longitudinally spaced on 6-
inch centers. Each 25':-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 7-inch diameter (#5 rebar) x 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 %-inch nominal diameter reinforcing
steel (#5 rebar) located approximately 1%z 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 1b 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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Overall

Along Secondary Roadway

Along Radius

Figure 5.3. Short Radius Guardrail (Overall, Secondary Road, and Radius) prior to Test
Nos. 467114-3 through 467114-6.
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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 1'% inches. Posts 10 to 17 were equally spaced at
1 ft 6% inches. Post 17 to the end face of the concrete parapet was approximately 12 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 W6x8.5 wide flange guardrail posts (PWEO1), 72 inches long.
The guardrail was attached to each of posts 9, 10, and 11 via a timber routed blockout
(PDBO01b) (6 inches x 8 inches x 14 inches tall; with a 4)5-inch wide x ¥z-inch deep relief) and
one ¥s-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 W6x8.5 wide flange guardrail posts (PWEQ07), 84 inches
long. The guardrail was not attached to posts 12 and 13; however, a thrie-beam timber routed
blockout (6 inches x 8 inches x 18 inches tall, with a 4/2-inch wide x %-inch deep relief,
similar to a PDB02) was attached to each post with two %-inch % 10-inch guardrail bolts
(FBBO03) 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 x 18 inches tall; with a
4'5-inch wide x %&-inch deep relief, similar to a PDB02) and two %:-inch x 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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Overall

Along Secondary Road

Along Radius

Figure 5.7. Short Radius Guardrail (Overall, Secondary Road, and Radius) prior to Test
No. 467114-7.
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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 W6x16 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 Ib, 5500 Ib, and
6540 1b, 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 Ibf; 11,616 Ibf; and 11,212 Ibf, 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 1bf, and 7525 1bf, 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 1bf, 7525 Ibf,
and 7373 1bf, 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 x 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, 50" 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:

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

e One placed behind the installation at an angle.

e 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 Ib £110 1b 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 1b, 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 Ib, and its gross static weight was 5041 Ib. 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
El 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:

e Wind speed: 6 mph.

e Wind direction: 183° with respect to the vehicle (vehicle was traveling in a
northwesterly direction).

e Temperature: 81°F.

e Relative humidity: 75 percent.

TR No. 0-6711-1 169 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 /2-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 7 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 % 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

provided below.

7.1.8.1.

7.1.8.2.

TR No. 0-6711-1

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

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)

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

F.

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)

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)

L 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 1b £55 Ib 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 b, 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 b, and its gross static weight was 2589 Ib. 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:

e Wind speed: 3 mph.

e Wind direction: 63° with respect to the vehicle (vehicle was traveling in a
northwesterly direction).

e Temperature: 86°F.

e 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)

L 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 Ib £110 1b 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 Ib 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 1b, and its gross static weight was 5023 1b. 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:

e  Wind speed: 3 mph.

e Wind direction: 96° with respect to the vehicle (vehicle was traveling in a northerly
direction).

e Temperature: 84°F.

e 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 fi/s 40 fi/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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L 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 1b £110 1b 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 1b, 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 1b, and its gross static weight was 5016 1b. 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:

e Wind speed: 6 mph.

e Wind direction: 217° with respect to the vehicle (vehicle was traveling in a
northwesterly direction).

e Temperature: 83°F.

e 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.

Vehicle at rest Vehicle at rest

~ ~

Figure 7.20. Vehicle/Installation after Test No. 467114-6.
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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 21.1linches, 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.

7.4.77. 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
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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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7.4.8.3.

7.5.

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)

L 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)

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.

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 Ib £110 Ib 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 1b, 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 1b, and its gross static weight was 5041 1b. 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 11 and
12 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:

e  Wind speed: 8§ mph.

e Wind direction: 182° with respect to the vehicle (vehicle was traveling in a northerly
direction).

e Temperature: 91°F.

e 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 12 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.

Vehicle at rest

\

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
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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 19 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)

L 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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CHAPTER9. 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 X 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.

_bR® Al

] = —
12
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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.

mass (per meter) = density * volume
mass (per meter) = density * length * area
mass (per meter) = density = 1 meter * area A2

kg

14137 kg = (7.85 *107° —3> *1m=xA
m
A = 180.089 mm?

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

A = nr? A3

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 %-inch diameter 6x19
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 mm?. 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. 6x19 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:

4

nr
Jina = T A4
m*2.52%
Jina = — = 63.35 mm*

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 mm? 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:
= Z m + Z Ad?
.]tOt - 2 A.S

Jeot = 7 % 63.35 + 6 % (25.73 x 5.04%)
Jeor = 4364.93 mm*

The estimated polar moment of inertia for the 6x19 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.

A4. 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:

Lsection = Ig — I

Lsection = (E - i) * (R4 - 7"4)
8 Om A.6
T 8
Lsection = <§ — %> * (2.254 — 2.0134)

Isection = 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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=2 A7
1.01

— — : 3
S = 558 0.449 inch

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=f,=*S A8
M = 36 ksi * 0.449 inch® = 16.2 k * inch

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=f,+S A9
M = 35 ksi * 0.449 inch® = 15.7 k = inch

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:

t. = 0.707a A.10
t, = 0.707 x 0.25 = 0.177 inch

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:

Ly, = Pouter + Pinner + 2t
T *45 w4026

+
v 2 2

A.11
+2x0.237
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L,, = 13.87 inches

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

F=FE,A,
F = (0.6 * 60 ksi) * (0.177 inch * 13.87 inches)
F = 88.4 kips

A.12

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:

e The thrie beam.
e The cables.
e 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 mm”. 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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Anom = Atotal — Anoles
Apom = 2000 — 6 * (24 * 2.77)
Anom = 1601 mm?

A3

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.

Frait = Anom * fy
Frqip = 2.48 x 50
Frqi1 = 124 kips

A.14

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 %-inch diameter
6x19 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 in*. The maximum moment will occur at the extreme fiber of the pipe
cross section. Therefore, ¢ 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.

Mc

7=
ol

M=— A15
C

_50*106

431

M = 1229 k = inches

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:

Myporces = 40 kips * 7 inches + 40 kips * 14.625 inches A16
M;porces = 865 k x inches

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 D. CERTIFICATION DOCUMENTATION
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CERTIFICATE OF COMPLIANCE

ROCKFORD BOLT & STEEL CO. ‘
126 MILL STREET
ROCKFORD, L 81101
815-968-0514 FAX# 815-988-3111

CUSTOMER NAME: TRIMITY INDUSTRIES
CUSTOMER FO: 458489
. _Stippers: 080267

INVOICE & DATE st#PPED: ~ 10/11/13
ROCKFORD BOLT PO#: P35030
NUCOR LOT#: 5291934
sp#cwumnon: ASTM A325-08ae1
COATING: ASTM SPECIFICATION F2329 HOT DIP GALVANIZE
ROGERS BROTHERS GALVANIZE: JOB# R54672-01

CHEMICAL COMPOSITION
Mitl, GRADE HEATH c ¥n P S St
NUCDR 1035MR NF13102254 37 .B1 .0c3 022 24

QUANTITY ARD DESCRIPTION:

‘l|,570 PCS 1/2*X 1-1/2*A325 HEAVY HEX BOLT
P/N 3288G.

22850

WE HEAEBY GERTIFY THE ABOVE PARTS HAVE BEEM MANUFAGTURED IN THE U.S.A WITH DOMESTIC STEEL. WE FURTHER CERTIFY THAT THiS
DATA IS A TRUE REPRESENTATION OF INFORMATION PROVIDED BY THE MATERIALS SUPPLIER, AND THAT OUR PROCEDURES FOR THE
CONTYROL OF PRODUCT QUALITY ASSURE THAT ALL ITEMS FURNISHED ON THIS CROER MEET OR EXGEED ALL ARPLICARLE TESTS,

PROCESS, AND INSPECTION RECQRIREMENTS PER ABOVE SFECIFICATION.

STATE OF WLINDIS
GOUNTY GF WINNERAGTD

(Ofrofr3

SIGNED BEFORE ME N THIS
J 7 DAY OF defaﬁﬁﬁ 2003

APPROVED SIGNATORY

[ r_—— .

. o

OFFICIAL SEAL

Hotary Putiic « Stata of Hingls
My Comminaion Espires &pr 232018

ey

DATE
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KRS
NI serom Seimt Joa, nctare 46755

FASTENER DIVISIAON Telephons 26011379800
CUSTOMER HO/NAME

730 ROCKFORD BOLT & STEEL CO. MUCCR QRDER & 2930481
TEST REPORY SERIALA FB413915 CUST PART B .
TEST REPORT ISSUE DATE B/1%/13
DATE SHIFPED #/19/13 CUSTOMER P.D. 4 P35ase
NAME CF LAB SAMPLER: JEFFREY MOERING, LAN TECHMHICIAN
mupaEwa XA ERTIFIER MATERIAL TEST REPORT S-SR NN NN NEEN
HUCOR PART R¢ QUANTITY  LOT NG, DESCRIFTION
160050 1570 3291934 1/2-13 X 1 L/2 A3ES HYY HX
HAMUF ACTURE DATE 7-31/13 STRUC SCREW PLAIN
~~CHEHISTRY MATERIAL GRADE -1035MR
MATERIAL HEAT IH:HEHISTRV COMPOSITION (WTX HEAT AMALYSIS) BY HATERTAL SUPPLIER
MWUMBER NUHBER e | P S 51 NOCOR STEEL - WEBRASKA
RHI28325 NF13102254 '57 .81 .09 .02 -4

~~MECHAMICAL PROPERTIES IW ACCORDANCE WITH ASTH AS25-10

SURFACE CORE PROOF LGAD TENSILE STHENGTH
HARDMESS  HARDNESS 2106  LBS & DEG-WEDGE
(RS0H} {57 (LBEY STRESS {PSI2
N/A 29.9 PASS 20159 142001
N/A 30.8 PASS 29950 147639
R/A 9.1 PASS 20303 145058
.74 23.9 ’
NAR 20.7
AVERAGE VALUES FROM TESTS PRODUCTIOH LOT SIZE 48000 PCS
23.7 204467 144253
~=WISUAL INSPECTICN IM ACCORDANCE WITH ASTM A325-10 5 PLS. SAMPLED LT PASSED

HEAT TREATHENT - AUSTENITIZED, OIL QUENCHED & TEHPERED (MEN 800 DEG F)

--DIMENSIONS PER ASHE B1B,2.4-201D

CHARACTERISTIC ESAMNPLES TESTED WINIF HAXIMU
Width Across Cornars -] ‘B.3250 5.9%0
&rip Length a 6. 4590 0.508k
Haid Height 8 8.3050 . X138
Thraads 8 PASS PASS

ALL TESTS ARE IN ACCORDANCE WITH THE LATEST REVISIONS COF THE METHCDS PRESCRISED IN THE APPLII'JBI.E SAE AND AS
SPECIFICATIONS. THE SAMPLES TESYED COMFORM TO THE SPECIFICATIONS AS DESCRIBED/LTSTER ABOVE AMD WERE H.MI.IFAE'I'UIED
FREE OF MERCURY CONTAMINATION. WO HEATS TO WHICH BISMUTH, SELENTM, TELLURIUN, OR LEAD WAS INTENTIOMALLY

ADDED MAVE BEEM USFD FO PRODUCE THE BGLTS. R

THE STEEL WaS HELTED AND MANUFACTURED IN THE U.5.4.: AND THE PRODUCT WAS MANUFACTURED AMD TESTED IN THE U.S.A.
PRODUCT COMPLIES WITH DFAAS 252.225-7¢14. WE CERTIFY THAT YHIS DATA IS A TRUE REPRESEMIYATION OF IMFORMATICH
PROVIDED BY THE MATERIAL SUPPLIER AMD DUR TESTING LABORATORY. THIS CERTEFIED MATERIAL VEST REPORT RELATES OHLY
TO THE TTEMS LISTED ON THIS DOCUMENT AND MAY NOT BE REPROBUCED EXC

MUCTR FASTEMER
A DIVISION OF MUCTR CORPORATION
ACCREDITED
MECHANICAL FASTENER W * ;
CERTIFICATE G, AZLA 9135.81 JOHN W, EERGUSON
EXPIRATION DATE 12/31/13 QUALITY ASSURANCE SUPERVISOR

Pages 1 of 1

LS4l
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32886

Faw Motertat Cort Tor Cot 3231934
B6/19/2013 B:35:45 AM DPAGE 1/002 Fax Sarver

Nucor Stesl
SpZ 325
NUCOR Miif Certification &gﬁggggﬁ
Fa: (402 $1100

NUCOR CORPORATION 81972013
MUCOR STEEL NESRAFKA

ip Ta: F HER I
Sold Ta; NUSB%?‘FAFI'HEHHWW Ship Te: gm%ﬁ INDLAMA
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Cusiomer P.O.{ 137247 Saias Order | 1287793
Preduct Group | Fed Fart umber | 32000515006L230
Grade | 1035MH . Lot# | NFIgI022m411
Size | INE4" (S158) Wirs Fod Heat# | MF$3TO2284 -
Product | Taed* (5156) Wira Fod Coll 1635MR AL Mumber { N-Z7033
Description { 1035MF . Load Number| M1-22460
Customer Spec Cowomer Parid ] 005008
Tty <artly 1% msora T < T aaeciations nd ik T S o LTS,

Folt Dabe: 192013 Mo Culs: 132013 Oty Shipped LE3: 183,413 Oly Shipped Faa: 38
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£ (il products producad e il o . iy the preciuctin of et o s .
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! Pt 07 D GALANZING

{ ROCERS -- 1825 KISHWAUKEE STREET
: BERF  ROCKFORD, i 61104-5197

: BAOTHEAS -

" CRLVANIZING | F— PHONE: B15/985-5132

i ' FAX: 815/655-3765 oncem no. 99942
¥ g £9/23/13
: Page 1
; - RKB SHIP YD
i st ROCKFORD BOLT & STEEL COMPANY ROCXFORD BOLT k STEEL COMPANY
| 126 MILL STREET 126 MILL STREET
: ROCRFORD, XL 61181 ROCKFORD, IL 6118l
3
| L J ,
! ILFPESY WA BOLLEOY PAERD TSI DS RO, NG IHVEAGE DATE INYOICE NO,
:J./n 19—-N3£I OUR TRUCK ; } X| #74323
j UYL g e T wEIGHT PRICE [ AR
i! T CWE/ EA
: )1/27 A 1-1/2” A325 BOLT 1 KEG }qu_
e J89PE26~D JOBFA54672-B1
y LK WT 199
}577_ i +
== " 1 |AVE. COATING H'EIGHT:q‘SQ-' MILS,

WE CERTIFY THE ABOVE SIZES & LOT§'S
COMPLY W/ THE COATING, WORKMANSHIF,
FINISH & APPEARANCE OF ASTM F2329,

: THE. GALVANIZIMG PRCCESS WAS
' CONDUCTED IN A TEMPERATURE RANGE
i OF 830F TO 8597

THIS PRODUCT WAS GALVANIZED IN
ROCKFORD, IL USA

WE CEQTIFY THAT THE ABOVE SIZES AND LOT
GALVANIZED IM CUR PLANT MEET SPECE ASTM
or ASTM Al23,
DATE:

£ PRI v DA R YA Tt S b DT

ROH& COMPLIANT AS IT FERTAINHS TOQ HDE.
e )

NUHBBERS THAT WERH
AlS53 CLASE

Q. C. DEPT.

Request Date: LB8/94/13

Sefbyr rpraserts that with respect to the production of tha artickes and/or tha parfornanca of He Ssrices covarsd by thia kmvoloe, i has huly compied with Secton 12

dﬁuﬁiUﬂwE:ﬂmﬁ¢f¢1Kwu-mmh

awmemummimsmmmmmsamomm
ALL PRICES SUBJECT TG CHANGE WITHDLT NOTICE.

NOTICE—CLAINMS POR LOSS OR DAMAGE MUST BE MADE WITHIN FIVE DAYS.

DELVERY RECEIPT
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- H U} | =] Mill Certification MTHg%qozoﬂ?Pf%ﬁ

Jowel, TX 75340

NUCOR CORPORATION s/212014 9{5‘33} e
NUCOR STEEL TEXAS Fax: (803} 626-6200
Sold To:  KLOECKNER METALS CORP Ship Ta: KLOECKNER METALS

506 COLONIAL GENTER PARKWAY 560 SQUTH (COF 4

3 9 BUGA, TX 78810

FOSWELL GA 30076-0000 {512) 475.65

576) 2598517

ax. (678} 2569-3894

Customer P.O.1 8785017 Sales Order | 2016921
Product Group | Mercham Bar Quality Part Number | 2504007248010W¢
Grade | NUCOR MULTIGRADE Let# | JW1410049551
Size | 4x7.254 Charnel Heat # | JW14100495
Product | 4x7.25# Channel 40' NUCCR MULTIGRADE B.L. Number | J1-670004
Description | NUGOR MULTIGRADE Load Number| J1-274104
Cuslomer Spec Customer Part# | C4725STRMA360480

| naxaly oarity 1hat the meleral dssibed heesin has Deun manuleciu od i ancedbnee wilh the spacicstions and standards 1sied above 3nd ' | saEefas these requitemems

Roli Date: 1/24/2014  Nelt Date: 1/18/2014 Qly Shipped LBS: 10,440 Qty Shipped Pes: 38

C Mn P 5 B Cu Idi Cr Mo v Ch St
0.12% 0.85% 0.012% 0.035% 0.22% 0.32% 0.15% 0.17% 0.045% 0.0267% 0.001% 0.013%

CL4020 CEAS2D
0.3% 0.38%

CE4020: C. E. CSA G4020, AASHTO M270
CEA529: A529 CARBON EQUIVALENT

Yield 1: §3,200psi (387MPa) Tensile 1: 72,300psi (498MPa) Elongation: 20% in 8"(% in 203.3mm)
Yield 2: 54,700psi (377MFa) Tensile 2. 73,500pst (S07MPa) Elongation 22% in 8"(% in 203.3mm}
ification Comments: NUCOR MULTIGRADE MEETS THE REQUIREMENTS OF; ASTM A36/A38M-08, A529/529M-05(2009

Specifical
GF}’:iSO 3455]'4 AS572/572M-07 GR50(345), A709/700M-15 GF{&G'_(ZSO & GH508345), CEA G40.21-04 GR44W(300W) & GRSOW(350
AASHTO M270/M270M-10 GR36{270} & GR50{145), ASME GA38/SA36M-07

Comments: E-mail: websales@nstexas.com

ALL MANUFACTURING PROCESSES OF THE STEEL MATERIALS IN THIS PRODUCT. INCLUDING MELTING, HAVE CCCURRED WITHIN
THE UNITED STATES. All PRODUCTS PRODUCED ARE WELD FREE. MERCURY, IN ANY FORM, HAS NOT BEEN USED IN THE
PRODUCTION OR TESTING OF THIS MATERIAL.

pEeTw,

Kim Pritchard
NEMG-10 Jeouery 4, 2092 Civision Metallurgist Page5 of &
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A1-@8-"14 11:16 FROM-ITC TAE-563-1960 T-628 PBO1Z/@B21 F-838

- 6226 W. 74th 51 ingependencetube.com
B i ttuce com
independance Tube Fay: TOR563-1960 Certificate Numbar: MAR 117562
Sold By: Furchase Order No: 8756007
INDEPENDENCE TUBE CORPORATION Sales Order No: MAR 253617 - 2
G220 W. 74th St Bill of Ladicy No: MAR 147919 -2 Shipped: 1/7/2014
Chicago, IL 60638 invoica No: Invoiced:
Tel: 706-406-0380
Fax: 708-683-1950
Sold Te: Ship To:
144 - KLOECKNER METALS CORPORATION 21 - KLOEGKNER METALS-BLIDA
500 COLONIAL PARKWAY 2560 SOUTH LOOP 4
SUITE 500 BUDA, TX 78610
ROSWELL. GA 30078
GERTIFICATE of ANALYSIS and TESTS Certiftate No: MAR 117562
Customer Part No: 002 Test Date: 1/3/2014
TUBING AS00 GRADE B{C) Total Pisces  Total Weight
0" 5Q X 8/8" X 40° b 3,053

Heat #: UG1B00 Yigld: 53,840 nsi  Tensile: 65,790 psi  Eiangafion: 37.2%  Y/T Ralic: 0.8184 Garbon Eq: 0.3303

G T Mn P S5 T &5 T A T cu | o [ "M [ VT N
0.2000 | 0.7300 | 0.0060 | 0.013C | 0.0750 | G.034D [ 0.0260 | 0.0400 § .009¢ | 0.0010 | 0.0100

Bundie Tag Figcas Weight !
794466 t 3,053

TIR FAX

Test Reporl Glark.

MELTED N £L.S.A.

Gertification;

t cerlify Ihat the above resulls are a true and correct copy of Tecords prepared and maintained by Independence Tubs
Corporatan, Sworn this day, 1/3/2014

YWE PROUDLY MANUFACTURE ALL OF QUR H3E8 1N THE USA.

INDEPENDENCE TUBE PRODUCT 15 MANUFACTURED, TESTED, d -
AND INSPECTED IN ACCORDANCE WITH ASTM STANDARDS.
CURRENT STANDARDS:

s wsireernnn ASQUASOOM-108

-A252.96 {2002} Jose Martinez, QMS Manager
ABATIABATM-11

Page -1
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NIFORM STRAIGHT BILL CF LADING Original—Not Negotiable—Domestic

Carriar Shipper's No. 16-52975
HJE torfhgrilassiflcations and fariffs In etfect gn th datu 1w fsun of this B lerlu.
Wi " é{ 7 f .. Trinity Highway ProducisLLC 3l some  jo0m
g urd
T e e S e L "wmu. T B e e

vm‘lm umlw ﬂ 15 g wmllm wherwiss 1 dellar o anolbar carrie” on |= auie to ula agreed, a5 I eath candar of alf or any of sl prepery over all of aw pardon ulnuwm':nu' bject to Seckien 7 ef Condkions of ap-
nat;m uil o 8l unnlﬂy.m SHvice Lo by nammud hnwu du ba sublur fo il the condifiant el ;%m Iy by, 'ﬂnm prinsd o nnlm herein contzined, pdlubh Bill of tading, ¥ this shipment is tor be

ruaumnemmmnm wimr-ll-uhudq'wumﬂ # shipps dnd 26881 ik z¢ll wnd bt wishye. mlﬁvmd I|u the n:amul wilhw)l‘ rITcm'rgrsamon -

6 conslgnor, Ihe consignor shall sign the

tollowi

nsigned to: SAMPLES TESTING, TRAINING MTRLS ] | T{%:,:‘;;,,:a. ot e ey o

sstination:  TT1- ATTH: GARY GERKE." .. BLDG 200 ‘ S e Weight :mii":’v‘,fuf‘m foHreenk of Trelght and =
3100 STATE HWY 47 ' S —”952- - T,E“""" HIcHAIRY

HODUE‘I'S LLc

§ Il'crurgas arg to b prej ald, write or
TREmp Fiars, To tie Pre p P

TG RE mEEAII'S

Hwa[ve:l 5 _
N S apply In piepayment of the uilurgws
ol nn the property described herson.-

‘ollect On Delivery: .. . - - C.0.D. charge Shiﬂﬁﬂf |

B Agent or Cashler
and remit to: - <o fa _h_e pald _hy l;u_nslqnu EI 1
: ) ) » . (Tha Bignatura hnraladmuwhdgus
' * the amount
Street ~ cny Chevges advanced:
I Cosctiton o Afces wy, | Clamor|. S Flece ‘ . Descrifrlon of Artician , owy |Clssor] S

ry, all materials subject to Trinity H:p;hm?m LLC
- TaDOT Shart Ratius .
remts: :
| 3000G CBL IMXOGTBL swemoum)
16| 3900C |* ROUND WASHER Fi44
16 | 510G 1° HEX NUT AS6)

icyNo[LG002. .

N
0
-y
W
b
oo
00
w
l

.é'

\-1

'manent post-office address of shipper,
| 609-AF (R 10/83) (This Blll of l.adlnq 15 1o be slgrnad by tha lhlppar ] ORIGINAL

A mmart A i m il m—

P S . .
ECIAL INSTRUGTIONS: 16 529?5 T . s
- otal Weight
SHIPPER LOAD - CONSIGNEE UNLOAD 9 5
ke shi T Moves betwaen tyo poTTs by a camer by water, the law raguinea that the bl of Jading shall stabe whather It Is "carriar’s or shipper's walght? '
o p{'nvagr;“me rale la dapsnda}:n anmlum ahppzyrs BrR requwad i Emhz specifically In writing the agreed or declared value of the property. // i
he e reed or :Inclarsd value of the property |s hereby H
seciically stated b shipper to ba nat exceeding Br
B Z ooNSIGNEE . Rataived the above dascribad property In good condition excepl as noted on
= the back hareot and Bgree to the foregoing contract lerme and condifone.
= ABENT ' I g.::.
E SIGN HERE DATE THE |
[ 1
DATE [=] ORIVER NO \r
R
|
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Assembly Specialty Products, Ine. 20oo ¢

14700 Brookpark Road
Cleveland, OH 44135

CERTIFICATE OF COMPLIANCE

Date; June 12, 2014

To: Trinity Highway Producis, LI.C
"P.O. Box 566028
Dalfas, TX 75356

We.certify that our system and progedures for the conirol of quality assures that all items furnished on the
order will meet applicable tests, requiremesits and inspection requirements as required by the purchase
order and applicable specifications and drawings.

PURCHASE ORDER # 162390

DATE SHIPPED: June: F1, 2014

ASPI SALES ORDER:#: 100800

MANUFACTURER:

QFY & DESCRIPTION: 500 pes. PIN 30006, {C-2028) Wira Rope: Assembly

ATTACHMENTS:
Eaton Steel ComyHereules Steek;; Heat #:396689 (ArcelosMittal USA) [Swage Fitting]
Keystone Threaded Products: Heat #: 10285360 Taubensce Steel & Chanter. Steel) [Threaded Rod]
Wirerope Works: Reel # 4176426 [Wirc:Rope].
Heat #: T125968, B128726 (Gerdau}
Heat#: 10226000, 10241290, 10207730 (Charter Steel) _
Act Gaivanizing Works: Galvanizing [Swape Fitting & Threaded Rod Assembly] -

MINSMUB BRIEAKING STRENGTH: 46,000 Ibs.

WIRE ROPE MANUFACTURED (N ACCORIFANCE WITH AASHTO DESIGNATION: M30-02 and ASTM
A?41TYPE2,CLASS A

FETTINGS GALVANIZED IN ACCORDANCE WITH ASTM A-153 CLASS C.
REMARKS: Ship to: Plant#16

Steel used to manufacture these items was melted & manulactured in the United States of America
All manufacturing processes supplied by or performed by Assemhbly Speciilty Produets, Inc. took
place in the United States of America

SIGNATURE +

Administration

TR No. 0-6711-1 286 2014-12-08



DELIVERY NUMBER: 105151 mﬂ" m "m |U|| m mllﬂm DOCUMENT DATE:

Wednesday, June 11, 2014

SHIPPED FROM: ‘SHIPFED TO; _
Assembly Specialfy Products, Tnc. Trinity Highway Products, Ft. Worth
147i)(} Brookpark Rd. Plant 16, Atin: Luis Qrtiz

Cleveland, OH 44135-5166 R17-065-1499

Phone #: (216) 676-5600 2548 N.E. 28th Strest

Fax t: (216) 676-676) Fort Worth, TX 76111-1781

PASSED & CERTIFIED

‘% JUN 12 204

Trinkty Highway Products, LLC
Danllas, Texas  Flang 93

Tracking Number{s}

2962597973
NO RETURNS AFTER-30 DAYS, ALL RETURNS MUST BE AUTHORIZED.AND MAY BE SUBJECT TO A RESTOCKING CHARGE.
k.. @ veww faceboak coiniASPICleveiand 8001:2008

THANK YOU FOR YOUR ORDER! e
Page 1.of 1
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- TEST. REPORT _
I i, 4, SR ¥y 'mml]r‘uéni.!ié 5 i
- [T (Ao *
v . 206094
¢ -Arcelorsittal USA ne, ST s
N [MOEANA HARBOR LONG CARBON i0/26/201% W
O 3300 DICKEY RCAD
2 EAST CHIEAGO, INDIANA 46312-1644
YEST REPONT 50, SHHTO!

HERCULES DRAWN 3TKEL CORP MERCULES [RAWN STEEL

10221 CAPITAL RVE 38901 AMRHEIN RD:

QAK PARK ML 48237 LIVONIA MI, 48151

cMs (RHG TH) 5¢ HOT ROLLED ROUNDS SAE 1035 /RSMB-1035 09/25/66 / VINE GRAIN/
/ASTM A576-30b (Reapproved 20312)/RESTRICTED MAX INCIDENTAL ELEMENTS/MRER FOR SPEC

SURF, SND & CLEAN/ASTM R39/

RND 1,875 IN X 23 F¥Fr % 1IN 0 35 ¥T

HEAT: 356685 C r 0.33 Mui .67 P : 011 5 ¢ 027 8iz 0,33
Cwi .28 Wi: D.1D cr: 0.11 Ko: .02 hl: .03z
Ch: <,008 Vv = 010 N : .po@ Tiy . DP2
R.RRTTO: 21.9:1 DI VALUE: 1.00

CART NUMBER: 1005437

MATPRIAL IS ‘FREE FRGM SURFACE YWERCURY CONTAMINATION AS OF THE TIME OF

SRIBMENT BASED ON PEESENT METHODS & BQUIPMERT FOR DETECTION OF THIS
KIND OF CONTAMINATION,
THIS MATEHLAL HAS RECEIVED WO WELD REPAIR.

MATERFAL MERTS AUSTENITIC ORAIN SIZE REQUIREMENT OF S OF PINER

THIS STEEL IS WARRANTED TU MEET DR EXCEED MACRO/RATING OF * 5S¢ R4 C4"

THIS BTEEL: T8 WARRANTED TO- MEET OR EXCEED MICROCLEANLINESS/ RATING OF "S5-05%

PRODUCT WAS ROLLED AT ARCELORMITTAL EAST CHICAUQ, INDIANR, OSA
FROM CONTINUOUSLY BILLET CAST, ELEPCTRIC .ARC FURNACE STEEL
HELTED AT ARCELORMITTAL EAST CHICAGO, INDIANA, UBA.

ASSEMBLY SPECIALTY PROCLICTS, INC.

14700 BROOKPARK ROAD RECEIVED ,
CLEVELAND, .OH 44135 APR 2 | 201t )
Einless otherwise nlned_,'lhge sieel doscribed I\u.em was rarfaciired, lospacted ‘and 1ested n ¢ with t.ha ; Of Tk | 0e dnid O B The

£antact of purchgve prderand cesldmro tothose This steed 18 Hazm. whib Elyapéan Unlon Directlve 20027Y5/EC. Na marcory,
z2¢lum oF atphs source tiatutiplf ware Used in.thie prodictismar iils steel, Thig stiel has nol been welded o repale welded. Heat gnalyfes arp
repotied: (3 arighit FErGEnT, Heat ansiyses.and taer teguive: merked wilh a0 dsterisk [') ware sepotiad by w Arcelorthuml WSA ng., tndlana.
Hasbor: Lyng Corbon dpproved third pnriy. The 7 sign o1 the baginaing of any Jine lndicates anamendment to that dine Ireen 2 prirvlausly. (ioes
d report dor the sere hestforder. AR lests were perftemed by Arcologdittsl ISk dnc..thdlaie Hasbte Long Carsofy In.sEcordance. with the
Toktowring, untess othenyiie cpecified: Chamistry par ASTHLESTS & E101Y; Hardenahiify per ASTH AR5 and SAE J404; Mecrostructurne por ATTH
L E3M & E1130; Meschinlcal Progmrties perASTM AP0, EE RUE2)p Hurdnsy per ASTI £10-Typo &, E18 b SAC'AN7; Cleantinas per SAE J42i;
Micrurrueturediciecieantiness por RETA E3, F45i E117, E1077, 1%, J2L B JI5 GRS4Y; Rounding per ASTAC K20, Tesled per most secent
standard, unfitse otherwise noted, S ; tulnly was e ana i avallitite upon reqwest; We hiereby oerilly thas the-hext
apafol text cewite in this repgrt are appilcabibe omty k' e iterny descobed heren, and wre correct ax contalned in The £ecocds of the Compeny.
| Th1; docupnast shild oot by dexerpt i fulh,

Trbtulushirkiy pincmyes af-thiy praduct,
Attt nl-UE8 ine; Wvilinin $ariar,
Lary £ibog, i1 130185 HHMTIMT
S -Comficeie: o, 40313 158 4
OO tirillng, CATNRAR M6,
AT bt AR sexmechl o b S0 Bk
oh Enesicsl kel o
it 2221 eintg-Comrtssr i
VEVE, DM and- 41ED)

. Mensicth B, Relooxie;
satiager ~Kualiy 8 Technton] Seyviess

Ry 1025740 Page.j of 1
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KEYSTONE ; "B 7600 HUB PARKWAY
MATERTAL CERTIFICATION Y HiO
& THREADED PRODUCTS VALLEY VIEW, OHID #4125
Sold To: ASLSEMBLY SPECTALTY PRODUCTS INC. order Date 1/14/14
’ 14700 BROOKPAHRK ROAD Qrder No: 34900
CLEVELAND, OHTIO 44135 shipped Date 3/31/414
Invoice Ra. 68622~01

SPECIAL STUDS ~ ROLLED THREAD
9673 Pas. 1"-6 X 8-3/4Y

PRHT WNO. C~1%81

. m e s e W e = = o~ MRTERIEL  DESCRIPTION — =~ — = — — = = = = D
Wweight Size Length Shspe Grade Type
15,902 LBS. 0.9080 4 0,9080 168.00 RND 1045 oh
Heat No. Order No. Rec. Date Code
L02A5360 DG23168 311714 TSH
e s SPECIETCATIONS — - — — — — e m =
ASTM R108-D07 SAE Jdo3
e e = - — CHEMIGALS =~ = = = ~ = = =
ELEMENTS : C MN P 5 sL NI CGR
AMOUNTS 0.48b0  0,8600 ©.011p 0.0250 G.2700 0.0500 G.0600
ELEMENTS @ MO cuU SN v AL N B
BMGUNTS 0.0100 6.0800 6.0060 n.0020 0.0340 0.0060 0. 0001
ELEMENTS TT NR
AMOUNTS 0.0010 0.0010

STEEL MELTED AND MANOFACTURED IN THE U.S5.A.

ASSEMBLY SPEQIALTY PRODLICTS, NG
14700 BROOKPARK ROAL
LEVELAND, Q1 4135

HOSEYOV!CH , o
Katary Pubiic, State of Diyo T
""TCnmrnlssmn Fiores ;
RS B 8 3
state of Ohio We certify the foregoing a true atid accurate
county af Cuyahoga report as-yepresented by oux s ppliera

Swornﬁand subschafbre me
mni%? ay af @t /A 5 V4
(.// / N

TR No. 0-6711-1 291 2014-12-08
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 TAUBENSEE STEEL & WIRE COMPANY PAGE 1
/ 600 DTENS DRIVE WHEELING, IL 60080
(847) 458-5100

MATERTAL ANALYSIS CERTIFICATION

S0LD TO:  KEYSTONE THREADED 'PROD. (B) CUST P,0, #: 0023168
TSW ORDER #: 3310040
P.D, BOX 31058 TSW INVOICE #:

TNDEPENDENCE OH 4413100592

'I'I-Ib FOLLOWING TEST CONFORMS TO THE REQUIREMENTS OF THE GRADE SPECIFTCATION
ORDERED AND LISTED BEIOW:

MATER IAL DES CRIP'I’ION

1000 SERIES (CARBON .29-.55%] COLD DRAW ROUND BARS TO ASTW AL0B-07 & SAR J403.
"gTEEL MBLTED & MANOFACTURED IN USAY

PART NUMBER {# 104509100-002

HEAT BIzE GRADE LENGTH WEI GHT AVG i
10285360 .91 1045 168 s et
HEAT: CHEMICAT. ANALYSIS: -

10285350 & 0v4B_'D Mn 0.8860 ‘P 0.011 S 0.025 Sl 0.370
Ni 0.050 Or 0.0B0. Mo 0.010 Al 0.034 Sn 0.4001
v 0.002 N 0.00& Kb C.001 Ti 0.001L cu 0.08D

Pb .000/.000

_MECHANIC‘AI{ PROPERTIES :
THE FOLLOWING MECHANICAL PROPERTIES SHCOULD REPORT TYPICAL TO ASTM Al0OS-95:

'I'EINSILE YTELD, ELORGATION, REDUCTION OF AREA, HARDWESE & HARDENRBILI’IY

WE CERTIFY THAT THE INFORMATION SHOWN ABOVE IS. TRUE AND EXACT A3
CONTATNED IN THE PERMANENT ELECTRONIC RECORDS OF TAUBENSEE STEEL & WIRE €0.

STATE OF ILLINOLS
TOURTY OF CO0K Authorized Electronic Signature
Chuck Hrycko

Quality Technician
ASSEMBLY SPEGIALTY BRODLIGTS, NG

14700 BRO-JK:‘A%(HUAD
CLEVELAGD; f 94135

TR No. 0-6711-1 292 2014-12-08



TAUBEMSER STEEL & WIRE COMPANY PAGE 2
600 IENS DRIVE WHEELING, 1L 60090
{547) 455-5100

MATERIAL ANALYSYTS CERTIFICATION

50LD TO:  KEYSTONE THREADED PROD., {B) CUST P.O. #: 0023168
TSW ORDER #: 3310040
¥.0. BOX 31058 TSW INVOICE #;

INDEPENDENCE GH 4413310059

'I‘HE FOLLOWING TEST :{JONFOEM3 TO THE REQU'IREMENTS QF THE GRATE SPECIFICATION
ORDERED AND LISTED BELOW:

SUbscrlbed and awern to before me t]us

oth day of  March a.p. 20 M DBATE 03/10/14

- !é"l% SEary FUbIia

(SEAL}

. NOTARY PUBLIC - STATE OF AL
by PN

ASSEMBLY SPEGIALY FRADUCTS, fC.
14700 BROO;PARK ROAD
CLEVELAND, G 44135

DELIVERY COFY

TR No. 0-6711-1 293 2014-12-08



CHARTER
STEFL

.
MA Tvitinn of
Charter Manidacturfng Codnpan, in.

Melied In USA: Manifactuied ifi USA:

Tauhensee Steel % Wire-
600 Diens Drive
Wheeling,f£-60090

Kind Atth :Lynn Arendt

_FILE

CHARTER STEEL TEST REPORT

2006l

1458 Cald Sprinps Road
Sauloviile, Wisssiin 53080
(z67) Z6B-2400
16004278787

Fax {282) 2682570

T e 7
" CUsiomer Pan # 11045207
Charter Sales Crdar 30067059
- "~ Heat# 10285360 |
Ship LOFH 1917338
Grade. | TO4S A SR EG Ry
Process; . _HR
Finish Size - T
Shipdate | 15NOV-13

I-hereby certify {hal fho materal described hersin Has been manufactured in iccordarics wib the specifications ond slendardy [kled bekiw and ibal i satisfies

these mpuiremehls. The

g of fAlsg, fititicys and frEUGUlent slalements gf pnirles on (k¢ dociment may be p‘uniahabfle as'a felony inder Fadaral statute.

t:nh Gode: 7380

Tes! resilte ol Heat Lot #9102BE3E0

GHEM C N P 5 Bl ] tR MO cu SN ¥
it .48 BE 33 25 270 05 .08 / .08 008 f0F)
AL ] B U} WB
N 6o o001 001 204
JOMINC{HREY _ ] ) )
Nl a3 Ja K A5 JE J7 J8 J8 . J12
L] 55 a7 3 B 25 11 - 2 22 20
JOMINY SAMPLE TYFE ENGLISH=G Di=1.33.
i E45 IHGLUSION LAR-0358-02
A B € DO
Tin 42 18 4 &
5 Heavy S5 B~ A . !
© AW AHES BT=Z0 HHLS CT= GH=0 =5 DHEY
AHES BTe.S BH=u5 Cr=5b CH&B OT=5 DH=S'
Al=5 HYe2,0, . BHEL0 CI=0 eH=Y DYeg DH=D,
Al=S BI=E BH=g Crag GH=1 D=5 DR=0
AH=E Br=10 BH=p CT=0 Ch=0 DY=§ OH=.
AH=5 BY=R.6 BH=S 10 GHexo D=8 DHH
“Test results of Rofing Lot #1711438 )
) N Valieo Wax Vafip Mipn Value- "
ROGKWELL B {(HRBW) o8 85 B85 B4 A = LISE-I2,
ROD S1ZE Inch} 259 1.006 oz
RQD OUT OF ROUND-{inch) RIS L7 Ll

'NUM DECARE=1
REDUGTION RATIO=30:1
-

AVE DECARE {inch)=.004

SpEcHicabons:

‘Wahutactured per Charter Steet Quality Maniral Ray Date Bii2i12-

Keels- specifi

Cystomer Dacument = 1045207

Additional Comments:

Ghatler Steef tons.for the fellowing custoiner dociments:

 with ahy-ap hatic
Dated =

Revklon =C

ASSEMBLY SPEGIALTY PRODUSTS, SHr. ‘
14700 BRODKPARK ROAD ‘ :
CLEVELAND; DN 44135 S S

Charier Sieel
Saokvilte, Wi USA

F!ém:.Lr:adL_F'axU,Maﬂﬂ

e
'

Thils TR suparsedes 2l previguisly ﬁatad WMERs for this order
retem i ,!J
3 x ;
Janice Barpard
Wanager of Gualily AsSurenice
Printed Date - 0302054

TR No. 0-6711-1
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The following. stalements are applicable.io the matérial desciibed on the front of Uhis Test Fopart:

1. Exgeplag naled, ne:stesl supplied for this-oiderwas melled, rolled, and pratessed in'the United States
meeting DFAKS compliafiss, ] )
2. Mierciirg was.hot used duting e manufacture of this:product, iar was the: Sieel contamiivated with mercury

turing processing.

3. Unless direcied by the ¢ustemar, heré.are.no weldsin any of the coils produice) for thls erder
4. Thadaboralory that genprited the analytical of st résults'6&n be identiled By ihe followlng key:

I

JUelheEts . .
Mumber | LabCode | Laboratory. ) Addrass
R ag- Chaiter Steel o .

0368-01 7288 CS5M Mielling Division. | 1853.Cold Sprifigs: Road, Saukvile, Wi 53080
_ G CESRI | Chartdr Steel Rofling# i ; £
0358-02 31?1 CSSP | Propessing Division, | 1658 Cold Springs Road, Savkville, Wi 53080

.y . Charter Steel Ghip; Y 23 Risiinsut. G 4% )
6358 0 123613 | CSFP | Brocessing Divislon 6255 IS Highway 23, Risingsur, GH 43457

.y s | csom g e | 4300 E. 49H ST, Guyahoga Helghts, OH
0368-0¢ | jz§544 | oscr Chianter Seef Cleveland | 50" oy

' v e Suhconvactad t_es’;[ performed by labotatory net i Charler Steet system

Wheh ruri by’a.charleréﬁéal latibratary, he followlng tests ware parlgrmed seeording o the latsst

ravisions of the speciflcalions listed beiow; as noled n the Charter Steel Latiorstory Quality Manial:
Test _ Spiecifieation - SSM] CSSRICSSP [ [CSFP | CSCMICSER |-
Ghemistry Analysis| ASTM E416; ASTM E1019 ' X
) Macroetoh ASTMEE2DT ] B X X
Hérdonablity (o | nctia szss: SaE vos; Jis goss| RS
Grain Size| ASTM E112 X X X X
Tensile Test| ASTM £8 ASTMATID X x X
Rogliviell Hordhess | ASTM E18: Asfmam X K» X X
Wicsostiuciure (spheraidization) | ASTM AB92 X L
nelusion Contant {Methuds &, €) ASTM E15 X X
.‘.Bac.arh.mizaﬁnn ASTM E1677 R

Charlér Sted] has been accrediied to perform alfof the abave tests by \ne Anterican Assoctalion for

Y aboratory fccreditation {(A2LA), These acoredititions explre 013113,
Al clher (o5t results assotiated wilkr s Charter-Stes] laboratory thal wppear on the [ront of s reper, it any:
were periomizd according o datumentell procedises developed by Chaxter Steel and are nol accredited

by A2LA.

& The'testresills on the front of this fepart are (he e values meastred on the samplds taken from e,
produiicintal They.de Aol apply lo.any other sample,
7. THiS tast rapon tanriol heteprodused or dislibuied cxeept.in fult wilhioa te wrilén perraissionrof Charler
Steel. The primary. customer Whase name and address appear on the:Font of Ihis form may repreduce this
testrepait stibject tothe following restictions: '
sl may be disiflbuted only-1o thelr clistomers
aBoth sides of 3l pages must berepiéduced in fulf
8. THis tenification’s given suliject 1o the terms-ang contlitions of sale provided in Charler Steel's
acknowledgement (designated by our Salas Order ruimber) o the rirstomer's purthase arder. Both
ardsthumbers appear.on lhe fronl page of this Report.
9. Where the custoner has provided a specificlion; the results on the-front:ol this {est reporl conforin 1o
that specification. untess olhérwise holed on thls tesf repdit:

14700 2
CLEVELA

SEATY prppy
0, O dgtag

JAOCREDSY lﬁlJa
Tesnm bk vy

CTS, NG
]
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Pit $3/6, 73 /’Z

WUV TuaTty Management Systems are r&gls"terea o STY0UT 2008 ™% AP

Examination and Test of Wire Rupa
Belorg Belng Taken info Use.

ReelNo: 4176426

““‘u P g

“This Certificate when properly excruled by'e compelent person, in agedrdance: with: 20CER 1919,37, 7§ accopted by the
Govemnmenit of the United Shites of Americs as being inatcordance with:the requirements of 29CFR 1918.12 end 185,33,

Nariwo. aihd-address.of maker or supplier: Mame-and address of customer:.
WIREROPE WORKS, INC. ASSEMBLY SPECIALTY PRODUGTS
100 MAYNARD STREET 14700 BROOKPARK RD
WILLIAMSFORT, PA 17701 CONSIGNED STOCK

CLEVELAND, OH 44135
PO 32876PT

Date Tested:  February 06, 2014

Actual Break Strength in Pounds: 59,500

Catalog Break Strength in Pounds:- 42,800

Description:  3/4 -0613W GATPSRR SAC™

Size: 34 {in‘inches, unless otherwise specified.}

Number of Strands: 06 Number of Wires per Strand: 19

Finish: Galvanized Rape

Grade: ‘mproved Plow Steel

Lay: Right Regular Lay

Core:  Wire Sfrand

Daslgn joad, stbject i.any stated qualifying somdiions sush s rminlmusn pulley diameley, diref fensila oad, at. :

“Using a désigr Facior of 5, the design working kad would bie ane-ifts of the rated cataloy breaking strength.

Manufactited in sccomlance with KRRWA10-E, F of G;. ASTM.A1023; ar APIBA specificalion where applicabla,
Mame and addiess of public service, association; company, or-tirn) mnaking tie aximinatdonand ey

Wirerop'e Warks, Inc.
100 Maynard Streef
Williamsport, PA 17701

Position of signatory in pubiic service, association, company. of firm making the: examingtion and test:
Quality Enginear

7 eertify that the above partitiilars are correcl and thet the examination and test were carrlod outby a compatant person,

Certificaie No, 018579

Signature:,. 9&2‘&2@ Date:__04/02/2014.

per au(hﬂﬂfy of Ruge{ Gililand
Diractor of Erl?msermg

and Technical Serviges:
Ia aubstaritial agredment with LL.O. Form Ho. 4 : . . o TRY
s - e oSy i e e — T

TR No. 0-6711-1 296

2014-12-08




Wiretope Works, An& 100 Maynard 5t Willamsport, PA 17707
Manlfactwer of Befhlehem Wire Rope ©
# Gy Quallty Managcmom systems are regiatered to IS0 9004; 2008.and API-Q1"

GERTIFICATE OF COMPLIANGE

CUSTOMER: ASSEMBLY SPEGIALTY
CUST, PO # 33876 WW FILE NAME 176426
WW ORDER:# 225966 LINES +

225957 LINES 1 THRUS

REEL# 4176426 ,
DESCRIPTION: 3/4" 0618. W GA IPS RR SAC GALVANIZED WIRE ROPE
|N ACCORDANCE WITH AASHTO DESIGNATION M30-02

ACTUAL TEST RESULTS

ACTUAL BREAKING STRENGYH: 48,500 LBS
REQUIRED BREAKING STRENGTH: 42800 LBS

MINMUY MASS OF COATING:

WIRE DIAMETER MAINWIRES

054" MINIMUM GLASS A-COATING 40- AGTUAL RANGE 50059 oz/fi2
040" MINIMUM CLASS A COATING 40- ACTUAL RANGE BT o2

STEEL CERTIFICATES FOR ROD MANUFACTURER ARE ATTACHED

The followintg are heatnumbars and wite diameters as shown on the Stes]
Certificates

OB HEAT#  T125968- B178726- 1022600 -

040" HEAT # 10241290

061" HEAT # B1ZB726

048" HEAT # 10207730

ALL MATERIALS " MELTED AND. MANUFAGTURED IN THE USA"

DATE: _2/07114 CERTIFICATER AAS0062

PATTI WATK?NS v Controlf QA Gustomer Coordinator

Per the-authorty of, ROGER GILLILAND, DIRECTOR OF ENGINEERING

TR No. 0-6711-1
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CHARTER
STEEL

 Divisign af )
Cliaoy MéniHscitdng Compiny; e

Mirerope Works, Jhe.

100 Maynard Si;

Roger Gilliland
Williamspor, PAX17701
Kind AttiviRoger Gillilani

Emar

-CHARTER STEEL TEST REPORT
Reverse Hax TextAnd Codes

Eioeat

158 Cad Springs Road
Saukvilie, Wistonsin 53080
£262).268-2400

1-B0G= 437709

"BAX {262} 268-2570

CUSLP.0, _ 0R9581-2 ‘
‘Customer Part # Bt '
[Chartér Sales Ocder 76036212
" Heatd — (10226000 13,
Ship Lotk 10829
Grage | 1095 R SK GG ARG 73z F
Process | HR
Finish Size 7132

1 fierghy cerilly et ihe-mokeria desiribed hereln has been menufaciuied in'adcordance will} he specificatlons and:sienderds fisted:
below Bad on'the Teversd.slde,and.that 1t-salsfles tiese requiréments. :

Lab Codé: 7368 |
CHEM [

Test Results 3F Heat Lot¥ 104268000

: W P s S M [ Mo 1] =N v
W 51 ik g ene @I D& D6 02 a0 08 b2
ALON B T M f
003 Ae0 o1 o) Eirh ] i
CHEM. DEVIATION EXT.» GREEN »
— i i Tebi RS STRaa Lery TERZEZ4 s
i ) Wof Tests i Velue Mz Ve Mewn belye: e
TENSLLE' 2 1164 12E8 120.5 TENSILE EAR = LI50-02
_REDUGYIONOF AREA- 2 55 £9 59 RALAD = 035002,
ROD SIZE & 24 222 220
RDDQUT PFROUND 3 o004 005 0ok
REDUCTION RATIO = #0321
Speciealons? “HEnap fired per Charicr STAE] Chaahly Maridl Rev 0,00-07-08 N
Maots custoner spacifications with ahy appHcable Gharter-Stel for ths fallowing docis

Custorer Dysument = 8590,

Additional Commanis:

Revision=§ Dated= 12-AUO-D3

Mgitad and'M_n'nutét;Lurbu in the United States of Americe

ASSEMBLY SPECIAITY PRODUCTS, NG,
14700 BROOKPARK ROAN
CLEVELAND, OH 44135

Charler Stoaf
Satditle, Wi, US4

"Rior: Londd,EaxOMai0.

ks i
WCCREDI T ED)
R

FPagetol T

This MTR Eupersadas at: prewviolisly
dpted MTHS forbis oer

£/ danice Samard
Manager of Qualiy-Asstrance
ToMfizidgez
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Preeor £

O ¥ et

The following staiements ave applizable lo the matetial described an the front-of Biis Tes! Regort:

1. Except as nefed, the sleel supplied for ths erder was melled, rolled, and-processed in tha Uniled Stales

megling DFAR's compllance.

2. Mty was rot used durkg the manufacture of tis product, ror was the sleel contaminated wilk mercury
during processing.

3. Unleys directed by tho cusfomer, there areno weldsin.any of he colls produced for ths order.

4. The jahoratoly Wt gerierpled the enalylical ortest résulis:tan be fdentified by the following key:

2ocol

FLertificate
Number | LabCode L abioratory Address.

0358-01 | 7388 | GSSM Chader Steel

Melting Giivlston 1653.Cold Sprims Rosd, Saukvitle: W1 SI0R0

"CSSRI | Charley Sieel Rolirg! |

- .
1 0088-02 1 BT | Eoup | Processing Pivision

1658 Cald SpringsTinad, Saukville, Wi 53080

015803 | 123633 | cspp | ChenerSeelOhlo | eons g ipanway 23, Risingsun, OH 43457

—d

rocéssing Division .
04 GSCHT | il 1 4300 £, 49th. 5t., Cuyehoga Helghits, OH
0356~04 126544 Py Chatier Ste) Slcveland 441351004 .
J 4 e ‘Subconimcled fest performed by isbotaiosy niat in Gharler Stesl systam

@

Wher pusy by-a Chamer Steal taboratory, the lollowing {ests were parformed according o the fatest
ravislans of the spiuificalions listed bieiow, as tioted in he Charter Steel Laboratory Quality Manisal:

" Yest T specification C5SM| CSSRIGSSP | GSFP | CSCMICSER
. .Chemistry Anaijms ASTM E415 ASTME101Y LN ] X
Macroetch| A5TM £281 X X
Hecdenabiily {Jominy)| asTia Azbs; SaE 0, sts ose] ) «
Groin Sizel ASTMEDZ X X X X
Tensile Tesi{ASTN EB: ASTM AST0 X X X
Rockwell Hardinss| ASTM E1% ASTH A310 X * X X
1 Microstruciire (sphefcidization)| ASTA AB92 X X
heiuslon Cortent [M;llwffs A E) ASTM E48 X X
Dagarbuiization .AS,TM 1077 « X X

Charter Steel'has besn scctadited 1o-perform all of the aboye 8sts by lhe Ametican Assodiation for

Loboratory. Awredilation (A2LA). These aecreditalions expire 01/31/10.

Ali olher test restls associated with 2 Charter Stoel Jabaratory that appsar on €@ from of this-repont, .aity,

were performed ageurding Lo-docUimented procedures developed by Charter Steel and are nol acerediied

by AZLA,

6. Tﬁe‘teﬁl restits on {he fronl of this.ceport are the true values measured onthe samplas taken flom-the

.produciion $o, They do not apply ko any other sample.

7. This tast teport cannot he réproduced or distibiled exceptin full without the written permission of Tharer
Steel. The primary eustomer whose name. and-address appear an (e fronk of this form may repmduce Ihis'
test report subjact 1 the following residctions:

=it may be distributed only 1o thelr cusiemers
atioth sides of ol pages must be.repraduced In full

B, This cartcation isgiven subject i the terms and condiinhs of Sele pravided in Charter Steef's
acknowlgdyatmeni {designated by aur Sales Order number) 1o the elslomer's purchase order. Bolh
graprnumbers appete on-the front page of this Repofl.

9, Where the custoivier has provided & speciliction, tha resulls onihe front of this testreport conform o

hal specification tinfess diherwise nofed-ofl- s testreport.

ASSEMBLY SPECIALTY PRODUCTS, i ’

£ ]
H7UU BROJKFARK ROAD ACGREGTTED|
CL EVEU—‘INE, GH 44135 Vetedyd Wiazarg,
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CHARTER
STEEL

A Divislon
Chajter Mnnufncws!ng Company, ing,

Wirerape Works, ihe.

100 Mayhard St.

‘Roger Gillitand
Williarmsport, PA-17T07
Kind Attn :Roger Giiifand

EMALL

CHARTER STEEL TESY REPGRT
Reverse Has Texwt And Cades

2000

1658 Cold Spiings Road
Saukvilie, Wisconsin 53080
(26i2) 268-2400
1-800-437-8789
FAX-(262) 2682570

EE,P.0, 0506244 ]
Custoines Part # BO0ZTE
| Charler Sales Qrdér 7|, . 74903 )
Heal # FY0z41200 |
Ship-LoL ¥ RIVEEEN
Grade 1059 M SK.CG HRO 13z
Propess . HR
Finish Size Hiz

!he:eby celfy st ihe meleril described harely has beon manu?m:lured in accordance with the spectlications snd sthngencs Givted
belo and on'the reversa sids;and ihat it satisfes these mauirome )

Lay Catle: 7368
EHEM <

Tesl Ranulls ot Heat Lul# 10241280

2 P s 5 N CR. MO cu s v
WL a4 A5 0T 007 Zob ¢ 05 M K7} 405 O0E
AL ] B mn ug
e Loae 0001 002 Nl
CHER. DEVTATION ERT.- GREEN «-
i ] ot Fosifi of RoNTg LOW 1080846 -
£of Tasts T4ln Vatue % Value Mean Valug
“tENSILE 1443 1584 1514 TENSILE LAB = D358-67
REDUCTION OF AREA 4 51 L] 54 RA LAB = 035802
ROD SITE, 7 35 TR, 2w
RO OUT OF ROUND 3 bog 006 6
REDICTION RATIO = 803:1
Specllicalions: Wanufaciied per Charter Si:l'lQulhly mnua! Ry 508-D3-05
Mests sl willj 2 Ghnr\wswal eigeptions fot the {oﬂawmg tusforer docunionts:

2y

Customer Document = €200 Revision =8

Additlansl Commiznts: Tehed and Monuifattised in the Unlled Stales.of Americs

ABSEMBLY SPEC:
14700 8Rdg

o '”DDUCTS‘ NG,
CLEVEL D, 0 gt

0:7ARK Ripy2
L0 44135

Batéd = $12-AUG-04

" Chattor Sigal
“Saukvifla, Wi -LISA

(0 cci‘éwrz

TREMTR supzr:a"ﬁs il el
MATRs {67 W5 ixcddr

élm,&mq
Jarkce Barhard

A AT TR Ve ‘;;‘;‘;‘1 Manager of Qunltoy Assuranco E
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20066
Pexat #

_ o g

The follbwing stalefients are- appiitable (o the materiaf described on U fronl of this Test Reporl;
1. Excapl 85 notéd, the sleel supplied for this order was melied; rolted,-and processed-in the Urited States
menting DF AR's compliance.
2, ‘Mercurywas not used during the mapufactire o this protud, for was the sleel contaminaled with mercwry

during processing.
3. Unless directod byahie customer, thera are no welds Indiy of the culls produeed for this order.
4, The |sbaratarythal generated the analytical or festresulls can be el e by the.faliowing key:

TEFTCAlE -
; Lah Code Laborato Address
Number Yy ) )
036801 7285 | r£ssm ﬁ‘;ﬁ“j’gﬁ’m‘fﬁ;n_ 1653 Cald Springs Road, Savkville, Wi 53080

- C3SRI | Charer Steef Rolling/ .
0358-02 Bt CSSP Pratussing Divisian. 1668 Cold Springs Road, Saukvile, \WI 83080

R i . | Charter Steel Ohio j o
0358 U_i]. 123_5_:}3 .csFP Pracessing Division B265 U5 Highway 23, Risingsut, OH 43457
o8 | mex; cscw e Clapl 1 4300 E 48th 5L, Cuyahags Heighle, O
[is8-04 125544 s FCharler Sieel Clevetand 44725-1004

. ¥ == 5ubcon|rac£ed test pe):fm'med hy laboretary-not in Chaner Steel system

8, When rurs by & Charter Steel laboratory, the following tests were perfornied acéording Yo thi ftast
revisions of the specifications isted belaw, as-neted In the Charler Sieel L sboratory Quatiyy Manuat:
Test _ Specification C55M| LSSRICSSF { CSFP | CSCMICSCR
Chemisiy Andlysls] ASTM EA15: ASTM ETE18 £ X
Macronich| ASTM EX81_ ¥ ' X
Harderability (Jomny)| 45714 A285; SAE Ja0; 45 cose]_* X
Grain Sieg] ASTME112 X X ¥ ox
_Tensile Test ASTH EB; ASTM A70 X X w
i Raciwels Hardness| ASTH E16; ASTH A370 X X X X
Microstructure {sphercidization)| ASTM 082 X, X
Helusion Cortert (Methuds A, E3| ASTM E45 X X
. Decarbutizalion] ASTM E1077 ¥ X X

Gharter Steel has been accredited io pasform alt of the above fests by the American Assotiation for
Labomatory-Accraditatfon’ (A2ER), These accrediialiohs expiré 0131413,
Alf cther tes; resufts assocated with a Gharter Steef laboratary that appear. or e front of this report. if.any,
were performed 2ecording to documested pracedures deveioped by Chaiter Steel-dnd are not accredited
A2LA.
§. %e test results on i Tiont of this repert aje he triie valuas neascred on the samples taken from the
producifon lol. They do pot apply lo any ather samiple,
3. Thistest cepori gannatbe reprodusd or distdbuted axcapt in full without the wrltien penmission of Charer
Steet, The primary custormer whosa name and- addrass appear orf the frorit of this form may reproduce this-
test repori subjactto We followlng restriciions:
wlt may be disibuted only 1o their cuslomars
wtioth sides of all pages must bereproduced Tniwl:
This certification is giver subject to the terms and condiilons of sale provided In Chaster Steel'y
acknowlsdgement {dasfgnated by our Sales Order number) fo the customer's purchase ordgr. Goth
order numbers sppear on the front page of this Reporl.
9. Where the tustomer has pravided ¥ spacificiion, the resulis on the frant of this test repon conform-to
that spediicalon unless othorwise noled on ihis last report,

B

ASSENBLY S™ecie, prpy
£ PROBUCTS,
14700 SROCKEARK Ry BT
CLEVELAND, 0K 4a13e
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EMAIL

CHARTER
STEEL

CHARTER STEEL TEST REPCRT

A Difedsliny of S
Charter Maniyactaring Company, It Reverse Has Text And Codes,

2000l

1686 Cold Springs Road
Saukville, Wisconsin 53080
(262), 268-2400
1-800-437-8789

FAX (262) 26B~2570

TG, gaBiFE-d

) ) Customer Part # 600276

Wirerape Warks, fnc. Charter Sales Order 70033068
100 Maynard St, ~ Heml¥ P I TE T

chfzr Glllijand Ship Lot # I 71

mfﬂ!&amsport,f’!\-ﬂ'lp‘l Giade 1068 M SKCG HRQ 3z

Kind Aun ;Roger Gifliland Progess HR

Fipish Size 2432

1 haraby cerlify et th saterial descdbed netsin hins besn manuisciured in acéoidance wih iho speuncalbns and standands fised

bietow and oI ihe rewerse side;and that I saflsftes these requiroments,

Tosl Resufts af Hest Lold 10203131!
Lab Codit 73EH
GHEM [+3

Tkl § e

Page 1 of1

Ren: Load 1. FaztiMalin

MK P 5 s! W or MO cu SN v
WL 9 3 Qod .0k 23 L 05 £ 06 ded o0z
AL L] 7 N3
Jor  0o&0 .09 000
GHEM, DEVIATION EXT.-GREEN =
) Tést Results of Rot_lf_r'? Lold Inedds. ]
#alTesis M Ve ax Vel Kpaf Valng
TENSILE 4 145.7 {518 1614 TERSILE LAB = 0358-02
REDUCTIONOF AREA 4 P 53 113 AN LAR » (0350-02
ACD'SRE 11 219 (224 220
RGH-OUT OF ROLND 2 201 63 DOE
AEDUCTION RATO = (081
“Specifisations: Minufaciired per Gharter Stesl Qualky Manual Rov 3,08-01 -00
Maals gustamer Spadilioalions wilk-any appheabis Ghaier Bieel Tor the vusiamer 4
CUsiofnir Dogument = §I00 Rovistors 8 Dated s 12-AUGLO4
Adgiliona| Comments: Mylied angd Manufacturcd In shi Driited Stetes-of Amatica
ASy
Elfﬂ Ly Sber
747905 LJALs‘V UG
n
-BRD)
LLE*’HA U‘C’%HK p TS e
4
Cherivr Stae! This iR = su&ersedes ol nra\tfm:sly
Sapkuille, WL USA s for this auder

ﬁfwﬁm& i
Janice Barnard :

Managar of Quemy ‘hssurance
07/25/2012:
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HQO‘"\ '3(3 \(DAL"T)Z)

The Following slatemenis are applicable Lo tie material described on the front of this Test Repoil:
1, Exceptiasnoled, the-stael sopplied lor this ordef was melled, rolied, and processed iniha Uited States
meeting DFAR'S compliance. )
2 Mercury was not used during the manigacture of \his produc), nor was e sleef conlaminated wily mercury
during processing.
3, Unless directed by the customer, there-gre niowelds in any of thé coils produced for this order.

4. Thalaboralory lhat generated the analyllcal or testvesulls can be iderilified by the following key:
[Cermisie -
Nureber i Lah Code Laboraiory ] Address
= Chatier Steel . ) .
1358-0% ?388 cSsM Mefting Divisian 1653 _Cﬂlfi Sprl_ngs Rond, Sz.ﬂ.lkv?l]a, Wi 53080
. " CSSRY | Charler Steef Rofling/ ) | A
0358-02 8171 £SSP | Prosessing Oivision 1658 Cold Springs Road, Satkville, Wi 53080
. i Chiarter Stesl OFin .
0358-03 123633 1 cspp | rocessing Divislor _ 6255 US Highway 23; Rlsingsur, OH 43167
- ot CROMY ) -~ 4300 E. 4$th St., Cuyahogs Heights, OH
0358-04 1_25544. CSCR Ch?rlet Steal Clewgland 451251004
+ . - Subicontracted test performed by iwboratory ot in Charter Steel system

o

When run by a Charler.S&_rae! laboralory, the foliowing tests were performed according to jhe fatest
mvisions of the specifications Hsied below, as noted in the Chatter Stetl Laboratory Quality Manual:

]

Lahoratory Accredilation (A2)A). Thse acoredialions expire 013113

Alf-otiier lestresuits assosiated With 8 Chaner Steel laboralory thal appear-67 Wia lfomt of this. reppql, if any.
were performied accerding {0 documemed procedures developed by Charler Sised and are riol accredited

ty AZLA.

protiutiion jot, They tho not appiy 16 2ny other sample.

Tesl ) Specifisation. Cssh] CHSRIGSSP | OSPP [ SSCMICSER
Chermislry Analysis| ASTM E415: ASTM E1019 X .
Macioelch| ASTM E3UT X ¥
Hardeisabliity {Jominy}} ag i A25e; SAE J408; st_ls.o.as * X
GrainSizelASTMETIZ x X X X
Tenslls Test ASTH E8; ASTM A370 X X X
' Rockwel Hacdrioss| ASTM E18: ASTREATID X X X x
‘Hhicsostructare {spriercldization} | ASTM ASSZ X % '
nciusion Gentent (Methods &, EJASTH E45 bt X
Dacarblization] ASTM E1077 ¥ x _-X )
Chanter Steel has been acoredited io perform.all of the above fests by the American Association for

. The lest results on the front-of this report are the trua values measured oy lhe samplas (aken fom e

. Thiz tes! report cannol bereprodijeed o cisiribued except in full without the whillan permission of Cherter

Steek. The piimary custpmer whosk name and viddress eppear on e {ront of this form may reproduce this
testreport subfactto.the following restrietfons:
altmay be disibuted enly 1o thelr customers
winth sides of All pages mustbe reproduced in full
This cerliffcalion is glven subject 1o 1hé lerns and conrdilions of sale provided in Charter Steefs
acknowledgament (desTgnaled by our Salés Order number) to the cistomer's purchase-order, Both
order numibers appear ap The font page of this Report.

thay specilcation untess otherwise noted on ihis lest repan,

SSERBLY S5 crinr ]
afZCd CANOKPARK Ry P e Toten,
CLEVELA, ;

0.0 44135
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2014-12-08



CERTS

Boce

DATE, @ A/aeoial .
‘THE ART GALVANIZ&NG WKS,, iNC
::*“‘_”:' 'SSBHVM"LEWWCEEVEHNDUH]D ATy PHONE 167 49-000 T
'PACKING SLIPICERTIFICATIONS | ‘
1O, ) A$SEMBL\5 SPES. PO# 3547 N
NOTE. — TTHETFO FDLLCZ:WING WATERIAL HAS BEEN HOT DIP GALVANIZED TO ASTM A T83/F2320 OR

" IASTM A 123 (LATES T REVISION) SPECIFIGATION AS APPLICABLE. A CORY. OF

OF THE ABDVE PLURCHASE ORDERIS AN INTEGRAL PARTOETHIS |

CERTI FlCA';FION AND SHOULD B¢ ATTACHED. ALLPRO

E.i280 1%14 THRD SLEEVE ROD

|
UCT GALVANIZED 1N THE USA. -

1680 HT#396689  [26BOPCS | o
G-iG87 HT#10285360 o o N
GALY WEIGHT 10415 (GARFWEIGHT “GALV WEIGHT
INCHES OZISQFT : JINGHES JoZISQFT JINCHES  OZ/S@FT;
_opnaal 1417 __ 4o G.00 gl uoo

" 0.g028: 168 g 0:00 ' i 4,00 ]
T baogsz; 1.85 i 2 0,00 i 0.00
40038 224 G G.00 [

0.0042 287 [ a0 _ el 0.00 -
AVE 1.9% AVE 00d AVG i Lo

SRV WEGHT

: GALY WEIGHT IGALVWEIGHT

INCAES — DZSGFT | —[INCHES OISO ET INCHES OZEaFY ”
i} 0,00 a 0 4.00
I 0.06 0 D

) 6.00 0 o6 |

[ 3.00 ) 0,00
2 0.00 0 000
AVG LS 0.00; AVG 0.00

! P @(ﬁﬁg.
Page 1 W ?@w@@
W ;
TR No. 0-6711-1 306 2014-12-08




ROCKFORD BOLT AND STEEL CO.

PHONE: 815-968-0514 ¢ FAX# B15-948-3111
E-MAIL: rackiordbolt@voyagernet
126 MILL STREET » ROCKFORD, ILLINOIS 61101

STRAIGHT BILL OF LADING - SHORT FORM
Original - Not Negotable

AECENED, subject Io the ceaalicalions el Uiz in affect o e 0ibh of issye of 6 Original L of Lading.

95334 ¥

¥ chargam are ko be prepaid
' wrfte ot stamp here; *To be Prepald.”

* ** Packing List* * *

SHIPTC: 003144

TRINITY INDUSTRIES
2548 N.E. 26TH STREET
ATTN: SCOTT DEARTH
PLANT 16

FORT WORTH, TX 76111

Shipper#: 051138
Shly Date: 02/12/14
Page#: 1
Sales Ordor#: 241342
Purchaea Ordey: 160452 FW

@mﬂ by:
SOLD TO: o
¥ : A
| TRINITY INDUSTRIES < o B CERTIFLED
MAIL STOP: 7115 PASSED BC b
P O BOX 563887
DALLAS, TX 75356-8887 reg 13 0
ttantion: Trinjty Highway Products, LLC |
A on: — ) Dzllas, Texas  Flant 99
| BN of Lading Welght Packages |
[Pnym_ont"l‘m Fralght Terms Carmier 218/ w&{i..—z 1
* COLLECT CRU FEDEX FRT PHIORITY
[ shin Gty Line _ Part Numbar Description WPD lan sied Weight |

‘2615 0001 095017-M&

1 STD WASHER GALV.

Ph50 64

CUST PARTH#zIBOOGG

2385 0001 03%5017-MG

1 STD WASHER GALV.

CUST PART#:3900G

f’%l'w%

nmmmmwwm T i A0k foOMianes S OGN G ooty of packages Nk, emefar, oangied: el daivend s aioutng huiou, whie ame company Qhe wont

sl 4 ‘Mdﬂm 1, 9l imaon, K on T
urbmmbq " thMMnhmmdd- y i bl
4 y f i
o {3} Ol Souien, ¥ elypiriy el oA
& Saction 7 of Corkilons: of Appikwiie DE of
& vt 1o ok i hmg M the ievprarg (v (o fra devarnd 1o tha constnen -

Ablpper ! e

mmmu'ré.msmn.‘w

withoul tecouray i the cbaiirior; i rwgnar sheli mos

hoper e lukdudniy saimai.
A Par mmmmmmumwm
BILUNG COPY nmwmmn m

HOCK
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CERTIFICATE OF COMPLIANCE 24 OOG
ROCKFORD BOLT & STEEL CO.

126 MILL STREET
ROCKFORD, i 61101

CUSTOMER NAME:  TRINITY INDUSTRIES

. CUSTOMER PO: 180452
SHIPPER ¥: 051138 -
INVOICE #: DATE SHIPPED: 02/12114 -
ROCKFORD LOT#:  P35%76 R65419
. WROUGHT WASHER LOT: 278640
SPECIFICATION: ASTM FB44 STANDARD SPECIFICATIONS FOR UNHARDENED
WASHERS FOR GENERAL USE
COATING:  ASTMBBOS, CLASS 55, TYPE 1 MECHANICAL GALVANIZATION \
PLATECO, INC: ID 388043
: CHEMICAL COMPOSITION
SUPFLIER HEATH ¢ Mn_ P 5
* NLICOR . ) . .238705 008 58 608 002
GUANTITY AND DESCRIPTION:

2,385 PCS 1" STANDARD WASHER
P/N 3800G

. WE HERERY CEFRTIFY THE ABOVE PARTS HAVE BEEN MANUFACTURED 1N THE U.S.A WITH DOMESTIC STEEL. WE FURTHER CERTIFY

THAT THIS DIATA IS A THUE PRERESENTATION OF INFORMATION PROVIDED BY THE MATERIALS SUPPLIER, AND THAT OUR PROCEDURES
FOR THE CONTROL OF PROENICT QUALLTY ASSURE THAT ALL ITEMS FURNISHED ON THIS GRDER MEET OR EXCEED ALL APPLICABLE
TESTS, PROCESS, AND INSPECTION REQUIREMENTS PER ABOVE SPECIFICATION.

STATE OF ILLINOIS

COUNTY OF VANNEBAGO
SIGKED BEFORE ME ON_TH
L D‘“‘W_iildﬂ"?ﬁlz_ WWM HiH1¢
E * E ! _ PROVED SIGNATORY DATE
£ OFFICIAL SEAL
DIANA RASMUSSEN

NOTARY PUBLIC - STATE J# i INDIS
MY COMMISSICH EXPIRES 191544 ¢
PEESRRAEEEE

TR No. 0-6711-1 308 2014-12-08



STAMPING THE RITURE
oo VWROUGHT WASHER MFG., INC. ZGods

Certification of Compliance
129063
ROCKFORD BOLT AND STEEL CO. . Novermber 19, 2015
126 MILL STREET
ROCKFORD, IL 6110113421
laotg 278640

Purchase Part Date Quanticy
Order Nomber Deseription Shipped Shipped
PASITG - ~ - " USS Mu 111872013 26,500

We liereby certify that the subject parts conform to the tequirements of the applicable specification indicated for the
subject parts and are in complete conformance to your-ordered specifications.

We hereby cenify that all siatutory requirements as to American Production and Labor Standards and alt conditions of
purchase applicable tothe transaction have heen cotnjiied with and that the subject parts were manufactured in the t.8.A.

Truly yours,
Wrought Washer Mfg., Inc.
2. A0 M DO
pul |
Paul Schaefer Sworn and subscribed before me on November 19, 2013
Q.C. Manager My commission expives Aprii 24, 2017.

044y ALL OTHER STD PRODUCT
WROUGHT WASHER INTERNAL USE &84 2087001 MGUT 13

ht# 238705
__mo_ 50960
ID: 388043

1961 CHICORY RD. » MOUNT PLEASANT, Wi 53403 « PHONE (262) 554-9550 + FAX (262) 554-9584
B<s419
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PLATECO INC. Order No,: 538748 ;
P - 2ol Date: 111132013
Certification Fo Entry Date; 11/08/2013

Page: 1 of 1
WROUGHT WASHER MANUFACTURIN(
2100 SOUTH BAY STREET Purchase Order No.; 278840-01
Packing List No.: 080115

MILWAUKEE Wi 53207 ID: 388043

. . SR B Material: STEEL
Wa are plessed In provide you with the following Cestification

Q ' 1 Past Numbar | Part Nama [ Part Description [ Pounds

26,500 1US$ 4,840.00
a.d, 2.500 + id, 1,082(06178) ‘
Mech Galv .002 No Chromate ! ASTM B-695 Class 50

EE. ym Scals  Minkmum Maximuri  Number  Other
THICK INCHES 002

VISUAL NO
CHROM

Other
Plating parformad in the LUISA
fasylts:

HIGH .00Z200
LOW 0020
AVE. 00244

Notes

Y

1975 INDUBTRIAL STREET REEDSBURG Wi 53080 Phone: (803) B4 E241 Fax: (808) 5246408

TR No. 0-6711-1 311 2014-12-08



ROCKFORD BOLT AND STEEL CO.
PHOMNE: 815-94B-0514 » FAY# B15-968-3111
E-MAIL: ockiordbolt@vayagetnet
124 MILL STREET » ROCKFORD, ILUNCIS 51103

STRAIGHT BILL OF LADING SHORT FORM
ot Negotiable.

muwmmwmmﬂbnumnmmmmmdﬂumudmm

*** packing List* * *

SHIP TD: 003144

TRINITY INDUBSTRIES
2548 N.E. 26TH 8TREET
ATTN: 8COTT DEARTH
PLANT 18

FORT WORTH, TX 76111

S0LD TO:

Wil

TRINITY INDUSTRIES
MAJL STOP: 7115

P O BOX 568887
DALLAS, TX 76356-8887

Bhippank: 052014
Ship Date: 05/30/14
Pagul: 1
Balee Orderd; 242161

Purchass Order: 162763

20 1% Ordared by:

PASSED & CERTIFIED

JUN -3 291

— e o
[ B8 of Lading Welght Packayes i
t
20605.0 B &
[ Payment Terms Fraigit Terms Camier |
«- COLLECT CPU x Hime lme .
ShipGty Line  PariMumber _ Description vy Sl Welght)
200 0001 095005-D 5/16 STD WASHER HOG Pagm
CUST PARTH:3240G _
9957 0002 903645-D 5/16 NOT HDG P35'5ﬂ
CUST PARTH:3245G
5040 0003 095794-MG 5/8 RECT WASHER. GALV P351%
GUST: BARTH: P/N' 33206
520 0004 001232~DG 5/8 X 2 BGS A307 HDG P 34305 '
_ CUST PART#:3403G
2000 0006 0953%4-D 1/8 SRE WASHER HDG Pq_)gfgqo
CUST PARTH:3725G
1000 G067 904180-D 7/8 HVY HX NUT DE HDG PS‘)Z.’}?
CUST PART#:37428
351 0008 903616-D  _ 1 HUT HDG EZES
CUST PARTH: 391061115931@

e} A noe s

WHWVMWWUWMM

= mmmnmw“;rm
L st
FOCKFORD BOLY & STEEL €., Siipper, Por Par ) i o e ——
—_— BiLLING COPY ROCKFORD BOLT & STEEL
- e i
312 2014-12-08
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ROCKFORD

BOLT AND STEEL CO.

PHONE: 815-968-0514 » FAX# 816-968-3111
E-MAIL: rockorabatt

126 ML STREET »

@voyager.net
ROCKFORD, TLAINCIS 61101

STRAIGHT BILLO?F L&JING_ = SHOGRT FORM

RECEVED, wubiect to-tha chaeications e ety Ity sffect o IMe date of waud af ihes Ol B of Licig).

*** Packing List * **

SHIP TO: 003144

TRINITY INDUSTRIES Shippanik qszuu
2548 N.E. 28TH STREET Ship Date: 05/30/11
ATTM: 8COTT DEARTH Page¥: 2
PLANT 16 Sales Ordor®: 242161
i, 8411 . Purchass Order: 162763
FORT WORTH, TX 78 WAy 30 208 .
SOLD TO:
TRINITY INDUSTRIES
MAIL 8TOP: 7116
P O BOX 588887
DALLAS, TX 78355-8687 .
Attantion: L
{ Bt of Lading Walght Packnges B
20605.0 i1
| Payment Torme Ereight Terme Camier ¢\, E:D" N l

N COLLECT -CPU X 22
Ship Qty Line  Part Number Description Walght

2649 0008 F03616~D 1. NUT HDG ' PA52 7,
CUST PART#:39106/115931G N
8000 0009 095306-D 3/8 SAE WASHER GRE MG 9352!25
C CUST PARTH: 42546
3000 0010 G05426-B 378 X I~1/2 HCS GRS MG Pazanl
' CUST PART#:4261G _
2000 Q011 (05625-D 7/16 X 1-1/2 HCS GRS MG P30y
CUST PART#:4350G
250 €012 00R1-406455 5/8 X 10 HHMB R307 HOG ggm‘,r],_&
CUST BART#:4500G _
1100 0013 001232-~DG 5/8 X 2 HCH AJDT HDG P )
] ' CUST PART#:34036
100 018 0006-408105  7/8 X 1E HHMB A307 HDG ' 2ozl ' _
CUST PARTH:3880G )
ey nmmnmumdmmmmmmnmmmwwmm
oy . o Eon
rou e, 5 o Dty agraps, m ) gk -"—-qu
" higa @ohmmmmwmnwhlmm wavmc = " o
.mmtnmm,wﬁ Agent, Par ',:‘I“‘dm“‘““""“"‘"““""‘"""”“‘
K BIiLLING COPY ROCKFORD BOLY & STEEL
TR No. 0-6711-1 313 2014-12-08



CERTIFICATE OF COMPLIANCE

ROCKFORD BOLT & STEEL CO.
126 MILL.STREET
ROCKFORD, L. 61101
B15-668-0514 FAXH B15-968-3111

CUSTOMER MAME: TRINITY iNDUSTRIES

CUSTOMER PO: 162763
o . SHIPPER #: 052014
INVOICE #: ’ DATE SHIPPED: 05/3072014

ROCKFORD BOLT LOT# P35185 R55847
DECKER MFG, LOT#: 13-44-012, 1344013

SPECIFICATION: ASTM AS83, GRADE B, REQUIREMENT FOR CARBON STEEL NUTS

COATING: ASTM A153, CLASS.C HOT DIP GALVANIZATION

ROGERS BROS. GALVANIZE: 1344-012, 13-44-013

HARDNESS:
CHEMIC AL COMPOSITION SPEC 24-98

MiLL i GRADE HEATH c Mn & S. ] ACTUAL:

CHARTER.STEEL 1010 20284130 .09 a2 0o o0 06 83,580 59,5 BY 5 86 69.5 88 590,89
:CHARTER STEEL 1010 20291210 09 33 008 002 .08 59 BS5.5 80 66.588,5 §0.5- 86,5 82.5
QUANTITY AND DESCRIPTION:

351 PCS 1" HEXAGONAL NUT
PINAB10G

WE HERERY GERTIFY THE ASOVE PARTS HAVE BEEN MAMUFACTURED IN THE U S A, WiTH DOMESTIC STEEL. WE FURTHER CERNFY
THAT THIE DATA 18 A TRUE REPREGENTATEDM OF 1M CRMATIGN PROVIDED BY THE MATERIALS SUPPLIER, AND THAT OUR
PROCEIARIES FOR THE CONTROL DF PRODUCT QUALITY ASSURE THAT ALL ITEMS FURN(EHED ON THIS ORDER MEET OR EXCEED
AL APPLICABLE TESTS, PROGESS, AND INSPECTION REGUIREMENTS PER ABOVE SPEGIFICATION

STATE OF ILLINGIS

COUNTY OF WINREBAGO
BIGNED BEFU“E ME OH
i M Jtlormad Lty
APPROVED SIGNATORY DATE
Aty

OFFIC!AL SEAL
DEANA R%MUESEN
NOTARY PUELIC - 57ATE F,JL.ENO\S
Y COW[%K,\H««P_: 1,754 :

TR No. 0-6711-1 314 2014-12-08




30106

DECKER _
MANUFACTURING CORPORATION

MAMUFACTURERS OF INDUSTRIAL FASTENERS & FIPE PLUGS Phone 517-620-3955

Fax'5Y7.629-3535
703 North Clark Street  Albion, Michigan - 49224 oo Fa 517676 8424

wharw et iefiul com

. Ported 1EL/201A 14 20.24 Ak
ROCKFORD BOLT & STEEL CO January 22, 2014

125 MILL STREET
ROCKFORD, IL 61101

PROQUCT MATERIAL CERTIFICATION

CUSTOMER PART NUMBER 903616-D INVOICE 73004

CUSTOMER P.(). NUMBER - P351BS
LOT NUMBER: 1344012 DESCRIPTION:  1-BFINHX DC 024 0S
DATE: May 08, 2013 QUANTITY 13,500
HEATNUMBER: 20264130 . MATERIAL SUPPLIER: CHARTERSTEEL

MATERIAL. STEEL - G1HD
We certify the product above was manufactured at DECKER MANUFACTURING CORPORATION from the specified
raw raterial and that said product ls certiffed Lo be manufaciured, randorly sampled, tested and/or inspected and

conforma to applicable specifications. We addftionatiy cartify that said raw material was domeatically manufactured in
ihe Unitad States of America and thal said raw material was. manufaciured free of mencury contéminatin.

The items were processad under.the Decker Cluality Manual  The currertt revision is dated January 12, 2005
No welding wasa performed.

This dotumant accuratsly represents valles and statements provided by our suppilers accreditad tesling facility. The
onginal metaliurgical test report shail ba relained on file by DECKER MANUFACTURING CORPQRATION i a
penod of not less than (10} years

CHEMICAL ANALYSIS BY MATERIAL SUPPLIER

CARBON: 0090 PHOSPHOROUS: 0007
MANGANESE 0.320 SULFUR . o003

DECKERMANUFACTURING CORPORATION

- K ./1 i
‘Russél L. Wilson Ty

Quality Assurance Manager

The above féauits paraun ory io the temy teated This reprn shasllnal be rerpduced exoesd 1Al withort ihe dppraval of ihis tesing Tacday,

TR No. 0-6711-1 315 2014-12-08
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3510

CHARTER EMAIL 1658 Cold Spargs Raad

STE E L Saukvitte, Wisconsin 53080

{762} 268 - 2400

A Onvizon of CHARTER STEEL TEST REPORT +-800-437 -8789

Charer Womsfaclng Compary. Hic.

Decker Manwfacturing Corp.

03 8. Clark St
Alion, W) - 49224

Reverse Has Text And Codes

£AX (262) 768- 2570

Cust P.C. 47987 ]
Cusuymer Part # - 1.406 1010
Charter ‘Sates COrder 30055914
Hent # 20264130
Ship Loud 4206603
Grade [1010 R AK FG RHG 1-13/32
Process HRCC |
Finish Size 1~ 13132

1 hereby cexufy thist the-materal described herem has been manuiauured 1 accordance wih the specmcaxbns and standards dSted

helow ang on the revarse side;and thet .

these

g

Lab Cods: 12554!

Tesk Resuies, of Heat Loté 202184130

CHEM . P -3 7] M ol MO cu SM v
WL .un ) a7 503 060 as s .01 ) o g0t
AL N 8 m NB
029 .nosn BHda o o0t
CHEM, DEVIATION EXT.~GREEN «
TFix fawiits of FONCHD
o ) »of Tests Mt Vb % Waan Valin
WOGKWELL 8 3 ] ] = Wll LAE « 0358-04
RO SITE L] 1404 pR 47 1409
ROD OUT OF ROURD 1 o0 1] 010
REDUC TION. RATION = 32:%
Specitications: w«iwmwmwnn-m-m -09 ’
Meets cusiomer 5§ .y Chartsi Stesl yuoppiinrs for g -
Customer DoCavionl « ASTH AZWAZWN- 12 Mm- Duted = OF- auv 12
Additicnsl Coownarity:
T Eharter Steml Thas MFT 02 s:wseﬁes ak proviowdy
Cuyahoge Heigins, O, USA cated MRS lor thes ordes
i Jorice Bamim :
Rem Load0.F ax.Mai0 Pags Vol 1 Manager uﬁlommrz%% 4 ssurance
I
TR No. 0-6711-1 317
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29106

ThelduuhgmmuemammeWIMbﬁmuﬁmmemw
1. Except ns noted. the sieef stppiied for this urdes was meled, roller, and processed bn the United States

rneeﬂng DEAR's compliance.

2. Mu:uywasmtmeddumgmemanm“n(mnmmmh sieel contaminated with meroury

duhoptocashg
3. ummwmm there ara no welds ¥ any of the coits prodaced for Yhis arder.
4. The labosatory that ammurmrmﬁnbemwwmmmm
Miwpher | Lsb Code Lahoratory . Address
0358-01 | 7368 | CSSM Chaner Steel | 1653 Cotd Springs Road, Seukife. WI-53050

m’vw- - .

- TSR | Charter Steel Rolirgy
0358-02 a1 atp | B e e

1858 Cold Springs Road, Seukvite, Wi 53080

0358-03 | 123633 | cepp | Chaner Steel Oho

6255 U5 Higiway.23, Risingsun, OH 43457

_ Processing Division i . i
0358-04 | 125544 %‘g’ | Charter Steel Clevelara | ﬁ‘i’gi‘gﬂ: SL. Cuyahoga Heights, OH
. . *“ Subo ad o5t p d by leboratory not In Charter Stael sysiem:
5. anmbyamwswdhhnmmm g 185ts were parfi d wecording o the latest
revisions of the specfications tisted bakow, asmmdﬁwmcmmrmuwmyawmm
Test Spacification CSSWM| CSSRICSS? | £3¥e | CSOMICSCR
Chemistry Analysis} ASTM E415; ASTM E1019 x X
Mocroetch | ASTM E381 { X X
Hardesubiiy {Joricy) ASTM AzSs: SAE J806: IS Gose] 4 X
Grstn Size) ASTM £112 x X X X
Tensie Test| ASTM EB; ASTM A370 X x X
Rockwil Hardness] ASTM EYE; ASTM AT x X X %
WAcrosiructure (spheroisization) {ASTM AB52 X X
Contert {Methods A. EX ASTM £45 X |
L Decarpurization| ASTM E1077 X x X

Charter mmmmmmuummmu,mmnmmm
Labieratory Arcraditation (A2LA). These secradiealions explre 0U3 115,

Alf-othes test results associaied with a Chaiter Stoe!labaratory that appearon the from of this report. i any,
were parfonmed acconding to documesied proceduras gevelopad by Charler Steel snd are nox-aciradited
by A2LA,

. by
a. mesmasmmmunﬂsmmammuvduunmsmmﬂusamplasukmﬁmu

praduction &1 They do i apply 10 any other sample.

7. This st report cannot be reproduced o distribtited except in ol withoue the writien permission of Chaner
Steel. The prifmary customer whose name: and address appear on the front of this fonm may reprodace this

test rapon subject 10 the following resiriciions:
wit: may ba-distribensd ondy o thelr customers
nBoth sides of 2t pages musi be reproduced in fuff

B. msmnmugmnﬂyumhmnmdmdnhwwﬂadmﬁham&eﬂs
acknowsedgement (designated by owr Sales Ocder number) 1o the customer's purchase.onfer. Bom

arder numbers appees on the frone page of this Report.
)

thet specfcation uniess: atherwise notixd on s 1est repor.

Where tfia customer has provided a:speciiciion, the results os the front of this Lest repon canform 1o

TR No. 0-6711-1 318
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ROGERS BROTHERS INC.

241006

/

.

September 26, 2013

Pecker Matnufacturing Corporation
703 N. Clark Street

_ Alblon, MI 49224

To Whom Jt-May Concern:

Thia 13 to certify that the hot dip galvanizing of the followirg matexlat oo
your Purchase Ordor number 48320 conforms to specification ASTM A-153.
The tollowing stzes and lot pumbers comply with the coating, workmanship,
finizh, and appearance requirements of ASTM F2329 specifications. The hot
dip galvanizing is ROHS coppliant. The galvanizing pmc:sa wa4 conducted
ng tmpmmxuange of 830F 1o 450F.

22,715 pieces. £026-1608-28 Loté13-44-012 ¥ 5.00 Avg. bills

25,046 pieces #033-16DH-26 Lot#13-41-021 4.80 Avg. Mils
67,845 pleces #035-1031-26 Lot#13-52-046 2.60 Avg. Wils
67,923 pleces #035-1031-28 Lot#13-52-047 2.80 Avy. Mils

This certfication in no way implies anything other than the guality of our
hot dip galvantzing as it pertatns 1o your « order, .

This product was galvantzed in Rockford, IL USA
Yours very truly,
ROGERS BHOTHERS INC.

Lorraine P, Shelbnrme
Vice President

/

mmmnmm mmmwmmmmmammmnm
- WGIEIRORIde. It

TR No. 0-6711-1
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DECKER an

MANUFACTURING CORPORATION N L
MANUFACTURERS OF INDUSTRIAL FASTENERS & PIPE PLUGS ;M;?ms:ﬁﬁ
; ro
703 Norih Clark Street  Albion, Michigan 48224 cles Fax 17 .
Sy daCkermiut SO
Prired: 122720141 1:32000 AM
ROCKFORD BOLT & STEEL GO January 22, 2014

126 MILL STREET
ROCKFORD, L 81101 N

PRODQUCT MATERIAL CERTIFICATION

CUSTOMER PART NUMBER : |S1E-D INVOIGE: TI054
CUSTOMER P.O. NUMBER P35185
LOTNUMBER: 1344013 DESCRIPTION: 148 FIN HXDC .024 OS5
DATE. Mov 24, 2013 QUANTITY. 17,230
HEAT NUMBER: 202041210 MATERIAL SUPPLIER: CHARTER STEEL

MATERIAL: STEEL-Cii10

We cortify the praduct alove was manuactund at DECKER MANUFAGTURING CORPORATION from the specifiad
renw rmateriad and that ssid product ia certifiad to be manufactured, randomiy sampled, mndamlommd and
umbmnwlnbhspndﬁubws W additionally certify that ssid raw mater) wes o tically manut din

1he United States of America and that said wmmlmmnuwmdﬁudmmuwmuﬁm

mm:gmprmuudmdermemmaﬁlylhnuul The cument tevision is dated Jenuary 12, 2005
Ko waldhng wae parformed. .

This docunmnt Bccurately represents values end statements provided by cur supplists accraditad testing facility. The

oniginal metaliurgical test report shall be retained on e by DECKER MANUFACTURING CORPORATION for o
pariod of not kees thin {10) yeas.

CHEMICAL ANALY SIS BY MATERIAL SUPPLIER

CARBON 0.680 : PHOSPHOROUS:  0.006
MANGANESE : 0.330 SULFUR: 0.002
UECKER MANUFACTLIRS
* WLy
Ruses! L. Witaon '
Quaiity Asaumance Manager

Thes pixres vt Pertuin onky H tut e il Thiy repont o nol e reproduced sdcept i Al witted the appeoval of Bs lesting faciity

TR No. 0-6711-1 320 2014-12-08



CHARTER
STEEL

A Ohsion ol
Chedny Marsfactiliog Company. inc.

Docker Manufactising Corp.

708 N, Clark SU
Albion,Mi-48224

EMAIL

CHARTER STEEL TEST REPORT
Reverse Has Tent And Codes

29106

1658 Gold Springs Road
Sankville, Wisconsin 53080
{262)268-2400
1-B00-437-8789

FAX (262} 268-25T0

Cust PO, 408380

Customer Part ¢ 1.406 1010

Charler Sales Order 30088028
L Heat ¢ 20291210 ;

Ship Lot # 4239006 |

Grade 1 1010 R AK FG RHG) \-13/32 |

Procass HRCC

Finigh ! 1-13/32 |

{ hereby certy that the:material described herein has been manulactured 1. accordance with the specificalions znd standards. fisted
below and on the reverse side.and1hat 1 salshies these requiramens.

Lah Code; 128544
CHEM c

Test Remushs of Hear Lotd 20291210

" ] — P ] -] ~ CR ) cu s v

S Eo] u 208 02 L) ) as o0t £ 005 £
AL o B mn N
nms L0802 001 o
CHEM, DEVIATXW EXNT.- GREEN -
Teskt Rptulty of Lotd 2055348
# of Tesls Hh Vahoae Value Vo Vehe
ROCKWELL B {HEEW) 3 5 58 RA LAH « 0358-14
ROD UZE Qrch) & 1 m 141 400
ROD. OUT OF ROUNO finch} 2 413 o St
REDUCTION RATIO = 321
Spacificaticns: mdp-du\.!imquaym-law Dgwe OW 122 .
Maats cusiorner spacifications with Chanas Steed nnﬁnm fox thee fclicaeling customer documerrts:
Cuytomer Dooigwerd « ASTHW AZWW 12 Revition = Duskutt = 01-MAY-12

Afitioral Commanty:

Chweter Steef This WTR Supersbies ob a'ewmnsky

Tupiahags Helghis, OR USA datad MTRS for thes ardet

e Janice’ Bam%rd
s ety M, Cuably Assurance
Renv Losdt . FandMaild Fagm 1ol 1 anager d 2/20% 3

TR No. 0-6711-1
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TR No. 0-6711-1

200

The folowing statements are applicable to The material deseribed. on the fron of this Test Repon:
1. Encept ss noted, the steel supplied for this order was metiad, red, and procexssed in the Urited States

M\gDFAﬂsm

mwmmmmemmamm nor was the steel contaminaled with mercury

during processing.
1." Unless dvected by the customes, (ena e nd welds in sy of the colts prociuced far this andex.
4. Theiahoratory that ganengtad ihe analylical of wst resulls can be identified by the (oliowing key:

[Cormmcae
Number | LabCode Lubormory Addriss
0358-0% 1i88 | cesm Charter Steel 1653 Cokl Springs Road, Saukwville, Wi 53080

asa-0z | e | CSSR | Charser Sivel Roking

1858 Cakl Springs Road, Seukville, Wt 53060

0358-03 | 120633 | csFp | Chaner St Ono

8255 US Highway 23, Risingsun, OH 43457

pase-4 | 123544 | COCW | crrimr Stpet Clevetsnd

4300 €. 43¢ 5., Cuyahoga Helpies, OH
44125-1004

J * =~ | Subcontracted test pesformad by tboratory not In Charnsr Steal system

5. When i by & Charter Seel aboraibry, the folawing 1e=ts wers parformed sccording 1o the latest
_revisians of the specifications st below, s roted i the Chaner Steel Laborstory Guality Manual _
Tent Specificsion C55M| CSSRICSSP | CSFP- | CSCMICSCR

Chamistry Analysis| ASTA £415; ASTS E1019 oy ' X

- Mocrosteti | ASTM E381 1% X

Hardermbliky {Somiy) | as i azss: SAE Jaos: s Gose] X

Grain Size| ASTM £112 R x XX

Tensie Test{ ASTM EB; ASTM A370 X X X

Fiockwell Hardpess | ASTM E1e; asTi a310 X x X X

WMicustuctwe (spheridizatent | ASTMABR2 X X
fnclhusion Content (Methods A, E}] ASTM E4S§ x X
Decarburiestion ASTM E1077 x x| X

msmmmammmwummmwwmmm
Laboratory Accredhation (AZLAY, These accreditations expire 01731115

All oier iest resuits associmed wkhia Chaner Steel laborstary thét appear on the from of this seport. # airy.
were parfomied according o documented procedures developed by Cherter Steel and &re not acaredited

by AZLA.

WMMMMMdmmuMMHMMMMMNWMN

production Joi. They da not apply b sy oiher sampie,

7. Tk (et report canndt be reproduced o distibites excent in full withoue the written permission of Charter
Stnuim WMWmmﬂwmmmummmmm

teport subject 10 the lolowing Tasircions
amaybemsmmmmmmm
wBoth sides of sV pages musst be reproduced in full

8. Thiscertfication Is given sutject to the terms and condltios of sale provided In Charter Steef's
acknowiedgemnent [designated by owr Sales Order riumber} Lo the custames’s: purchase order. Both

ocdes numbers appear on the frort page: of this Report

9. Where the customer has provided 4 speciction, the resus on the front of s test report conform te

that specification uress otheradse noted on this test report.

vy
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ROGERS BROTHERS INC.

HOT DIP

December 30, 2013

Decker Manufacturing Corporation
703 N. Clark Street
Albion, MI 49224

Ta Wham It May Concern:

This is to certify that the hot dip galvanizing of the following materlal on
your Burchase Order number 48497 conforms to specification ASTM A-153.
The following sizes and Jot numhers comply with the coating, workmanship,
finish, and appearance requirements of ASTM F2329 specifications. The het
dip galvanfzing s ROHS compliant. The galvanizing process ‘was conducted
in a temperature range of €30F 1o 850F. :

8,625 pieces #033-16DH-26 Lot#13-41-027 ° 487 Avg. Mils
56,560 pleces #026-1210-26 Lot#13-52-063 3.52 Avy, Mils
14,33} pleces #071-1220-26 Lot#13-52-060 3.34 Avg. Mils
28,522 pleces | #033-10DH-26 Lot#13-42-041 3.93 Avg. Mils
49,246 pieces #033-10DH-26 Low#13-42-040 3.36 Avy. Mily
11,237 pleces: #026-1608-26 Lowt1344-012 2,89 Avg. Mils
19,679 pieces #026-1808-26 Lo#13-44-013/  2.91 Avg. Mils.

This certification in no way implies anything othér than the quality of our
hot dip galvanizing as pertaim 10 your order.

This product was galvanized in Rockford, IL USA
Yours very truly,

ROGERS BROTHERS INC.

Lotraine P. Shelburne

Vice Pregident

L

’_D,CHO()

GALVANIZING

_J

TR No. 0-6711-1

ROGERE BROTHENS, 0. 128 IOSHWALKEE STREEY, ROCKIGHD, ILLINOIS 87104-5307 PHOME: B16/008-51 42 FAX: STANSE-2T08
E-MAL: rogenivosivdeaet
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JNIFORM STRAIGHT BILL OF LADING Original—Not Negotiable—Domestic 18.000%2
G-k
Carrler Shipper's No,
XEGEIm,fggle&\lqlhu classily: a| nsjg(ﬂ n &fITIE‘Iehadala af the issua of hls Bill o§ Lad|nlnl: Ty hi“-y h{bhw l‘i‘ﬂLElI"tH lI-.!J g N _—
0. Ag
" Wm’ d"mM ”‘a'?"m'" wm"' l.:ﬁu“ﬂ':'?».?ﬁf%‘i.‘lﬂ""f;sﬁ"‘“h'ﬁ"nu s 3"‘”"“".‘.‘{72?”""" "L?&““?E;, 3 m{- o fls mml m’ 8ol :‘ﬁ?ﬁﬁ”;& ?h?“ m'u\m: »?"fﬁ"u?m'ﬂ m"%'u“&i‘.“iﬁ.‘“ﬂ'\'&‘u’ﬂ,ﬂ."ﬂf ,L’.ﬁ‘:‘:’i'

m me lelﬁlnry ol #s hwiy amvllims clheredse to defier b ancther cardler on Ihn 1oule lo sald I s mutwlly agreed, as lo egch arder ol all or any o] sat m{I all or any porilen ol sald recly In| Subject to Seghon 7 of Gondidons of ap
{esdrain, e 49 8 e2eh 70 % at any lme inforesied in ol o ol prcparty, thal every sirvica 1o be parfoimes e ol B Ukl o A 1h oot ek ponIvied by e STt peted ot wlan, b wnlained,| | plicable BIN of Lading, I thls shipment Is 1o b
nelyttng tha can e o bick Rereol, mnaunuy-gmlng .smwmumpmlm et s i s dellvered 1o ths condignoe withobl recotirse oL

.. . . the conslgnor, the consignor shall sign th
sonsigned to: SAMPLES TESTING, TRAINING MTRLS gy poy TXDOTBHORT | ooy o 581 wloyiog oot P00
sestinatlon: . ' i {3t} 7080 . |ament ulthout peyment of fielght and &

. a1 [awlul charges,
3100 ATATE HWY 47 Tolal Weight: __ 45416 TANITY HIGHWAY
. PRODUCTS, LLC
BRYAN T Sip: 620714 ity Highp FoAILL
My State Zip: | {(Slonatute of Conalgnoty
Arive! 6:‘ 1 ﬁf 14 B0M00AW If chaiges are lo be pmpam walla or
Seme e B BbAIn
sontact;_SARY OERKE  ppope;  906-325-4661 416497
—7%‘\ Recolvad 3
; Py, [4 e ; ol 1o apply In prepayment of tha charges
lelivering Garrier: <, \ Vehicle ar Car Initfal: No. an the proparty described heraon,
Zollect On Delivery: €.0.D. charge Shippsr O ool o7 Canlter
5 and remit to: 1o bie paid by Consignes O vor .
{The slgnalure here acknawladges
5 only the amounl prepaid.)
E g % A Q &g Street City State Charges advancad:
F‘ﬁs:m E{:}’:t ) Dascription of Arlicies Wi, Glagfsnr C:GL | } | Pﬁgva. J El,_;"f:l Descripilon of Articles Wi, clg:?l!ur C'GI.
Upon deljvery, all sisnberials suljeck b Trindky Highwiy Produsts LHE Storgs '{T&nln Pliffay o] L0003,
rajuk kfe: TeDiIT Short Redius ’ p
.D Cominente;
4| 2070 712009, 5731508
Urwr sipezling seiraiedges
Tocei ol ek o Shipment
o sukject b appfieabls eims
and condilions of the akoim
il o Ledlrg, Sala's 1adfs and
cursont UG 100 Ses fald
1700 4l gl w5, c0m. l
j
: |
ECIAL INSTRUGTIONS: 55.82253

SHIPPER LOAD - CONSIGNEE UNLOAD Total Welght
I Ine shipment moves betwaen two ports by a cairier by walsr, the law sequires that Iha bill of tading shall slata whelher It Is "cartlers or shlppur‘s welght”

NOTE - Where lhe rale is dependent on valus, shippers are required lo slale speciiically in wrillng the agread or declared valtis of Iba pro|
he Hgmsd or declared value of lhe praparly Is heragy

slated by | or o ba not exceeding Bl
SHIPFER | haraby aulhorize this shipment and jnaks Ihe decfaration of values {if any) Z| CONEIGNEE -Receivad the abova describod praperty In good condition except as nated an
OR AGENT andd¥ran to the ndgofditions hereot, N ggﬁ 1he back hereof and agree fo lhe toregoing contract ferma and eondllions.
i THIs shipment TacEived subléet 1o 8%ceplions as noted and according T the S1AN HERE iDATE TIMI
: terms and candllions heraol, / [
‘ DRIVER C___,,_,_..,-—‘
+maneqt post-olflce address of shipper,
1 ana.De 28 10t FTIe T F | arllo (= in b alnerd o tha shinmar P—
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, | 2071

NORTH STAR BLUESCOPE STEEL LLC Bielity ﬁjﬂ

STRAIGHT BILL OF LADING - SHORT FORM - ORIGINAL - HON NEGOTIABLE No.: 734174
{SubJactto ali applicable laws, sules, and regulations) Ship Date: 6/31/14 08:16

NORTH STAR BLUESCOPE STEEL LLC Shipper: NORTH STAR BLUESCOPE STEEL LL.C
6767 County Road 9 6767 County Road 9
Delta, Ohio 435156 Delta, Ohio 43515
] 8 .
O | Trinlly Industries H | Fcp
|I5 2525 Stemmons Froeviay 'I, 7800 Stals Roule 9
7 | Dalles, TX 75207 T
o o | Delte, OH 43515
Permit information
[ Number: 140113914 Max Grossfib): 154 Exp. Date: 8/26/2014 Axles: B

NOTE: Camiers 1o call for dalivery appoiniment. All trucks mitst be scaled legal at North $tar BluaScops Steel LLG

Driver acknowledges that (he loading of the Iraller and the securemaent of 1ha load s histher responnlhlllly‘

The mopesty desgribed bolow, i1 apparent go0d ordcr, cxeepl as naled (conters and coadition of comeats of pack marked, and desiined as indicated below, which spid
company (ihe word coinpany being wnderstood throughout this conttae! at meaning any person ouorwlalmn in possession of the property under the conteact) agroes 10 cany ko i wsupl placo ol +.
delivery et aid destination, it on its 0w road oc ils own walez fing, otherwise (o deliver o anolher canier on route to said destination. [ is mulvally agreed 03 1o each caricr of alf orany of sald -
property over pll ar any porlion of said raule to destination, end a5 to cach paity at any time interested in all o any of sald property, thet ovesy scrvice lo be perfonned hereunder shall bo subject to all
the condifions wol prohfoited by Taw, whether prinled oc wrilten heecin conluined, which are hereby agreed to by the shipper and seccpled for himself and hiz assigns,

Ship Via Vehlcle iD Frelght Terms Shipped Date Load ID Total lema Total Wt. [lbs)
Truck 14015 Collect 53114 7518688 1 46,709
Actual
Coll # Grade Heat # MIll Order # Wi, {lbs) Gaupge (in} Width {in) PO.# Gustomar RetiPart ¥

1407248 |GUARDRAIL | 178335 200524 - 4 46,703 | 0.056 Min 59.250  |2014A-16182: |2002126

Heat# | C | Mn | P | 8 | & | A fou]er [ W [Mo |Sn | N B | v [nmw]n]ca
178335 | 019 | 072 | 0.013 [0.003 | a0t [ 002 | 043 | o6 [ 004 001 [ 0.01 Jo.007 | o.0000] 0.001] 0.000 fo.0ot [a.009

The dcs:npmn and weight indlcaled on this bl ol‘lldlng are eonuL Swhect 1o verification by The LASTERN WEITHING & INSPBURE AU econding to agroemen #5269,
Subject 1o Secifon 7 of condltions, if thiz shipment is 1o be delivered Lo the consipnee withoul ignar, the consignor shall sign, the following statement:
The tarder shall net meke dctivery of'this shipment wilhout paymnest of Frelght and all other Inwful :lmgel. NCIRTH STAR BLUESCOPE STEEL LLC. {signature af cansignoc)

If charges are to be peepald, wilte or slamp here, "To Be Prepald.”

NORTHSTAR BLUESCOPE STEEL LLC Lindsey F. 7 CARRIER
(Shipper signatire) (Agent's signatinz)

LoadID: 751586 Catrier Name: K & L TRUCKING INC

™

wirmwd,llﬂ,mmup\- Paga 1A of 1

ERTreem-w
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| 15 |
E
RECENING REPORY FOR AL, OIS j
RECEIVING REPORT .
-_RECEVING REPORTY, cofid CoiLa
. pergal ) : '
FEP SOILHUMBER 7o 40183
~mweonoeen WSS 7 EZY 0T i
CUSTOMERCODE Z "fw - '
- | |
FCPWEIGHY 44590 Yo N
FCP GAUGE In/an 2448/ My e 1
FCPWIBTH ibjop swe2s /S 515 6015 /4
o 20 _on e 10 " 3
HE )
pheznwreepsn [l ves YeS fio
CONDIFION OF PAPERWRAP Holes HoLes
LOOSLY PAPERWRAFPED LODSLY PAPERWRABPED
1D EAPOSED 1b gxpostn "
PAPER FAUING OFF PAPER PALUING OFF
0
DAMAGE YE8 O vis HO
IF YESssoWHERER? '
TELESCOPED _Yes luo ¥is -~ #p
VISIBLE RUST YES - (1] YES lso
. — !
WERTHER CONDITIDNS [
RAIN
£o0
SNOW
i
CARRIER W A
TARPED t [
PCTURES - :
s coiL 0N HolbTet Yes N YES [N
EMPLOYEE INHITALS )
oyl
fopaal
|
TR No. 0-6711-1 329 2014-12-08



FPULTON COUIITY PROCESSING, 17D

6702714 10:32 Inventory Rectiving Register 1
TAG Hliiﬂﬂ WBIGHT EfP WT GRADE GAUGE FIDTH LEHGTH ITIE VALUE
1407248-00 01 46700 46702 HR 59.2 2
Heat Rum, 178135 Location CFP-14 /
tzmexi TRIIN +Frt BA11R 734174
L0970 0.D. .10 ' f
Dageript T 60,135 60,1258
Rec Rptd 04921 DakeRecd §/02/14 PIII Collfl 140724 +Vendor R BORST
1417410-00 01 56380 56458 RR £7.50 1
Aeat Mum., 1735549 Locat fon
ownerh . TRIIR +Frt BillH 734175
L0930 0.n, .10
Descript o 59,625 54.500
Rer Rpri 84621 DateRecd 6702714 Mill Coill 1417410 +Vendor Mm RORST
2 103080 101167 2 .00
2 103080 103167 2 .00

TR No. 0-6711-1

PASSED & CERTIFIED

| B -3 20 |

e e
Trinity Highway Products,
Dalias, Yexas _ Plant G9

330
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APPENDIX E. INFORMATION FOR CRASH TEST NO. 467114-3

El. 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

B
® Denotes accelerometer location. ; L —

=4

WHEFL
TRACK

NOTES: _None I ‘ s

A - - -o—| —_—
Engine Type: V-8 TRACK
Engine CID: 5.7 liter

————— 7 ————

-————— ]

Transmission Type:

X Autoor Manual
FWD x RWD 4WD
Optional Equipment: T
None b
Dummy Data: O }K % l
Type: No dummy
Mass: NA

o [ ——

Seat Position: NA

VM
FRONT REAR.

Geometry: inches

20.50

A 78.25 F 36.00 K P 2.88 U 28.50
B 74.00 G 28.38 L 29.00 Q 30.50 \Y, 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 0] 46.00 T 77.50
Wheel Center Wheel Well Bottom Frame
Height Front 14.75 Clearance (Front) 6.00 Height - Front 18.00
Wheel Center Wheel Well Bottom Frame
Height Rear 14.75 Clearance (Rear) 11.00 Height - Rear 24.75
GVWR Ratings: Mass: Ib Curb Test Inertial Gross Static
Front 3700 Méront 2887 2830 2830
Back 3900 M ear 2046 2211 2211
Total 6700 Motal 4933 5041 5041
Mass Distribution:
Ib LF: 1449 RF: 1381 LR: 1059 RR: 1152
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Table E2. Vehicle Parametric Measurements for Vertical CG for Test No. 467114-3.

Date: 2014-07-17  TestNo.: 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 Ib (440 Ib max)
Tire Pressure: Front: 35  psi Rear: 35  psi Size: 265/70R17

Measured Vehicle Weights: (Ib)

LF: 1449 RF: 1381 Front Axle: 2830
LR: 1059 RR: 1152 Rear Axle: 2211
Left: 2508 Right: 2533 Total: 5041
5000 +110 Ib allow ed
Wheel Base: 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)
Hood Height: 46.00 inches Front Bumper Height: 26.75 inches

43 t4 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
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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 SHEET!
Complete When Applicable

End Damage Side Damage
Undeformed end width Bowing:B1 X1
Corner shift: Al B2 X2
A2
End shift at frame (CDC) Bowing constant
(check one) X1+ X2
<4 inches T N
>4 inches

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

Direct Damage

Specific "
Impact Plane* of Width** Max*** Field Cl C: € Cs Cs Cs b
Number C-Measurements (CDC) Crush L**

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

Measurements recorded

in inches

"Table 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
OCCUPANT COMPARTMENT

DEFORMATION MEASUREMENT

. R i Before After
\ (inches) (inches)
M R A1 65.00 65.00
. A2 65.00 65.00
Ll U 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 e
C3 26.50 26.50
D1 12.75 12.75
D2 e
‘ D3 11.50 11.50
( 525 E1 62.75 62.75
BLa | E2 64.50 64.50
| ElAT— E3 64.25 64.25
L E4 64.25 64.25
== F 60.00 60.00
G 60.00 60.00
H 39.00 39.00
| 39.00 39.00
J* 62.25 62.25

*Lateral area across the cab from driver’s side
kickpanel to passenger’s side kickpanel.
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E2. SEQUENTIAL PHOTOGRAPHS

0.000 s

0.141 s

0.282s

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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VEHICLE ANGULAR DISPLACEMENTS
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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
® Denotes accelerometer location. "
/_\ T ﬂ
| S
NOTES: None / / - i
HEEL ‘ je < \ HEEL
A M yRACK \\\ \ VEHICLE / 'VVVRACK N
Engine Type: — - T = g
Engine CID: L= = \ <
Transmission Type: TEST INERTIAL C.M.
x  Auto or Manual TRE PR
x_ FWD RWD 4WD e
Optional Equipment: Pk
None
0 TM
Dummy Data: J |
Type: 50" percentile male : "
Mass: 165 b b
Seat Position: Rt front passenger L F T . Vi 0
Geometry: inches c
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 \Y 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 (0] 31.50 T 66.12
Wheel Center Ht Front 11.00 Wheel Center Ht Rear 11.00
GVWR Ratings: Mass: Ib Curb Test Inertial Gross Static
Front 1918 Miéront 1584 1551 1642
Back 1874 M rear 863 873 947
Total 3638 Motal 2447 2424 2589
Mass Distribution:
Ib LF: 792 RF: 759 LR: 440 RR: 433
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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 SHEET!
Complete When Applicable

End Damage Side Damage
Undeformed end width Bowing:B1 X1
Corner shift: Al B2 X2
A2
End shift at frame (CDC) Bowing constant
(check one) X1+ X2
<4 inches T N
>4 inches

Note: Measure C; to C4 from Driver to Passenger Side in Front or Rear Impacts — Rear to Front in Side Impacts.

Direct Damage

Specific
Impact Plane* of Width** Max*#* Field € € Cs C Cs Cs D
Number C-Measurements (CDC) Crush L**

1 Front plane at bumper ht 48 10 48 | 9.25 10 85| 725 | 7.25 7.5 0

Measurements recorded

in inches

'Table 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
OCCUPANT COMPARTMENT
o~ DEFORMATION MEASUREMENT
q N H— Before After
F (inches) (inches)
G><(< ) A1 67.50 67.50
4d | = A2 67.50 67.50
\S A3 67.50 67.50
B1 40.50 40.50
B2 35.75 35.75
B3 40.50 40.50
B1, B2, B3, B4, B5, B6 B4 36.25 36.25
j{a B5 35.75 35.75
. Al A2, &GA B6 36.25 36.25
bopens b c1 27.00 27.00
@ L c2 e
C3 27.00 27.00
D1 9.75 9.75
b2z - e
‘ D3 9.75 9.75
s v R
E1&E2 - -
% F 50.50 50.50
N G 50.50 50.50
H 37.50 37.50
I 37.50 37.50
*Lateral area across the cab from J* 51.00 51.00

driver’s side kickpanel to passenger’s side kickpanel.
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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

0.545s

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
0.218s 0.654 s
0.327 s 0.763 s
Figure F2. Sequential Photographs for Test No. 467114-4
(Rear View).
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VEHICLE ANGULAR DISPLACEMENTS
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VEHICLE ACCELERATIONS

F4.

(£)1ARBID) JO J19)UI)) JB PIJBIOT JIJIUWOIIINY)

P-PL1L9Y "ON 1S9 10J ddeL ], 19)9W0.I3[3IIY [BUIPNIISUOT I[IIYI A b 9In31]

obesone oesW-05 —— o4 09 ssely AvS ——  (98S 9p0L'0) AIO JoBWIl
(s) sw
0¢ Gl o'l G0 oom-

soalbep g :ofuy 10edw| %
ydw | g9 :peeds joedw| Htg1- ﬂ
wiq| 68GZ :SSe|N SSo.19) nuu
wq| #¢i’¢ -SSeN [elau] &
Ol B 600C BIPIYSA 1S9 L S
[leJpiens snipey UoYys 1 Oadx L BRIy 18 L o B
ZE€ 1S9 L HSVIN “ON 1se | plepuels 1se | c -
P¥LLL9Y JequInN 1SS L W
o
J. ®
I - o
LN
e
=]

S
09 Je Uonpeiad|dddy X

2014-12-08

354

TR No. 0-6711-1



0¢

(£)1ABID) JO J19)UI)) JB PIJBIOT JIJIUWOIIINY)
P-P11L9% "ON IS, 10J JIR.L], JIJOUWOII[INY [BI)E] IPIYIA S 1N

abelone oOSW-0G —— o4 09 sse 3vs ——  (99s 9y0L°0) AlO JodwIl
(s) swun
Gl 0l S0 0

0L-

f
s9a.bap g y| :ofuy joedw|
ydw | z9 peads joedw|
wiq| 68G¢ -SSelN Ssol9)
wq| ¢y¢ -SSe ellsu|
O ey 600C -BQIUSA 1s8 L

leJpJens) snipey HOYS 1 OAX L oIy 18 L
Z€€ 1591 HSVIN ('ON 1591 plepuels 1so |

VvL1/9b JequInN 3so L
B P

z%?
S %

NP e o o ' <ré I

oL

07} UONEIDB[8IIY A

(D) uone.usjaooy |eis)e]

2014-12-08

355

TR No. 0-6711-1



0¢

(£)1ARID) JO J19)UI)) JB PIJBIOT JIJIUWOIIINY)

P-F11L9F "ON IS9.L 10J dRL [, 19JOWO0.II[IIIY [BINII A IIIYIA 9] 31n31

7 abelone JosSWQG —

Jo)i4 09 SseD VS —

(s) swun
Gl o'l G0

|

A ool b

i

saalbop gy 9buy joedw|
ydw | z9 :peads joedw|
wiq| 68G¢ -SSe|N Ssol9)

wq| g¢ ‘SSe [ellsu|

ot AN :>
ﬁﬁé?%

Ol EIM 600C ©IOIUSA 191

[eJplend snipey Hoys 1 OAXL BPIHY 181
CE€€ 1S91L HSVIN “ON 31s81 piepuels 1so |
VrLL/9p JequinN 1S9 |

7 }Je UONEId[d8Idy 7

0L-

Tp}
|

oL

(9) uone.us|a29y |eORIBA

2014-12-08

356

TR No. 0-6711-1



0¢

‘(£)1ABID) JO JIUI)) JO ABIY PIIBIOT J1IJPWO.II[IY)
P-P11L9Y "ON 1S3 J10J dde.L L, 19)9W0.II[3IIY [BUIPNIISUOT I[IIYI A °L 131

7 obelone ooSW-0G ——  OYI4 09 SSeD I¥S ——

(s) swun
Gl o'l G0

saalbep gy| 9buy Joedw|

ydw | -z9 :peads joedw|
wqg| 68G¢ -SSel|\ SS9
wa| 25 SSe [elpeu]
Ol By 600Z :BlIUSA 1881

lEJpJens) snipey HoYS 1 OAaX L BRIy 1S9 1
Z6-€ 1591 HSVIN ('ON 1S9 piepuels 1so |
pLL/9Y HequinN 1se |

o
A

o)
i\

=)
i\

Tp)
|

07 JO 19y UONRIB|8IIY X

(9) uoneusjadoy Jeuipnyibuo]

2014-12-08

357

TR No. 0-6711-1



0¢

(£)1ABID) JO JIUI)) JO ABIY PIIBIOT JIJPWO.II[PIY)
P-P11L9% "ON IS, 10J JIR.L], J3JOUWOII[INY [BI)E ] IPIYIA "8 1N

7 obelone ooSW-0G ——  OYI4 09 SSeD IYS ——

(s) swn
Gl o'l G0 0

0L-

(o]
I

soalbep gy 9buy 10edw|

ydw |9 :peads joedw|

wq| 6852 :SSe|\ SSoJD

wq| ¥¢i’¢ ‘SSe|N [ellau|

O By 600C BIDIUSA 188 1

[leJplensy snipey HoYS | OAXL BRIy 18 L
ZE€ 1591 HSVIN 'ON 1s8 1 pJiepuels 1se |
VL1.9Y JBquINN 1sS |

e <<q./d&>\v\\§ 0
v

o
-

Gl

50 JO Aedy UoneiIdd3dYy A

(9) uone.usjaooy |eisje]

2014-12-08

358

TR No. 0-6711-1



0¢

‘(£)1ABID) JO JIIUI)) JO ABIY PIIBIOT JIJPWO.II[IY)

PP T11L9% "ON 1S9, 10J ddk.1 I, J19JOWO0.II[IIIY [BILII A I[IYIA 6.1 2In3L]

|

abeljone J9SWQG ——

Jo)i4 09 SselD VS —

(s) swn
Sl 0l S0 06-
soaUbap gy| :obuy 10edw|
ydw | 'z9 :paeds joedu| oz
wiq| 68GZ :SSel\ Ssolo
wq| 2 :SSe [ereul
Oy By 600C :OIPIUSA 159 L
lleipiens) snipey Hoys L OaxXL Sy 1se L
€€ 1591 HSVIN 'ON ]SO pJlepuels jso | OL-
v-vL1/9Y JequinN 1se |
A oA P L/Lr\f@vbé >r>> >x>\.>\.>,>?§ j\; 0
o (q <<§2
0]
0c

50 JO Aedy uoneisfsddy 7

(9) uone.us|a29y |eORIDA

2014-12-08

359

TR No. 0-6711-1






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:

® Denotes accelerometer location.

None

o ————

- o ——————

NOTES: None I T
A M ™
Engine Type: V-8 g
Engine CID: 4.7 liter TRk
Transmission Type:
X Auto or Manual
~___FWD x RwWD  4WD
P —m
Optional Equipment:
None T
o X !
Dummy Data: Ry bk
Type: No dummy
Mass: NA
Seat Position: NA
Geometry: inches I o & - &l
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 \% 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 0] 46.50 T 77.50
Wheel Center Wheel Well Bottom Frame
Height Front 14.75 Clearance (Front) 6.00 Height - Front 18.75
Wheel Center Wheel Well Bottom Frame
Height Rear 14.75 Clearance (Rear) 11.00 Height - Rear 26.00
GVWR Ratings: Mass: Ib Curb Test Inertial Gross Static
Front 3700 Miront 2834 2784 2784
Back 3900 M ear 1999 2239 2239
Total 6700 Mot 4833 5023 5023
Mass Distribution:
Ib LF: 1428 RF: 1356 LR: 1139 RR: 1100
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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 Ib (440 Ib max)
Tire Pressure: Front: 35  psi Rear: 35  psi Size: 265/70R17

Measured Vehicle Weights: (Ib)

LF: 1428 RF: 1356 Front Axle: 2784
LR: 1139 RR: 1100 Rear Axle: 2239
Left: 2567 Right: 2456 Total: 5023
5000 £110 Ib allow ed
Wheel Base: 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)
Hood Height: 46.50 inches Front Bumper Height: 27.00 inches

43 t4 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
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Table G3. Exterior Crush Measurements for Test No. 467114-5.

Date:  2014-07-29 Test No.: 467114-5 VIN No.: 1D7HA18N78S5232225

Year: 2008 Make: Dodge Model: Ram 1500 Quad Cab

VEHICLE CRUSH MEASUREMENT SHEET!
Complete When Applicable

End Damage Side Damage
Undeformed end width Bowing:B1 X1
Corner shift: Al B2 X2
A2
End shift at frame (CDC) Bowing constant
(check one) X1+ X2
<4 inches T N
>4 inches

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

Direct Damage

Specific
Impact Plane* of Width** Max*** Field Cl C: € Cs Cs Cs b
Number C-Measurements (CDC) Crush L**
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 35| e | memem | - 7 9 +72

Measurements recorded

in inches

"Table 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
OCCUPANT COMPARTMENT

DEFORMATION MEASUREMENT

. R i Before After
\ (inches) (inches)
M R A1 65.00 65.00
. A2 64.75 64.75
Ll U 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 e
C3 26.75 26.75
D1 12.75 12.75
D2 e
‘ D3 11.50 11.50
( 525 E1 62.75 62.50
BLa | E2 64.75 65.00
| ElAT— E3 64.00 64.25
L E4 64.50 64.50
== F 60.00 60.00

®
o))
o
o
S
o))
o
o
S

T
w
©
o
S
w
©
o
S

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

Camera turned off

0.420 s

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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VEHICLE ANGULAR DISPLACEMENTS

G3.
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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

® Denotes accelerometer location.

NOTES: _None I T T
A M N T
Engine Type: V-8 g
Engine CID: 5.7 liter TRk
Transmission Type:
X Auto or Manual
FWD x RWD 4WD

P —m

Optional Equipment:

- o ——————

None T
oI T i
Dummy Data: Ry bk
Type: None
Mass: NA

Seat Position: NA

FRONT REAR.

Geometry: inches

21.25

A 78.25 F 36.00 K P 2.88 U 28.50
B 75.00 G 28.88 L 29.75 Q 30.50 \% 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 0] 45.50 T 77.50
Wheel Center Wheel Well Bottom Frame
Height Front 14.75 Clearance (Front) 6.00 Height - Front 18.00
Wheel Center Wheel Well Bottom Frame
Height Rear 14.75 Clearance (Rear) 11.00 Height - Rear 25.50
GVWR Ratings: Mass: Ib Curb Test Inertial Gross Static
Front 3700 Méront 2882 2826 2826
Back 3900 M ear 2053 2190 2190
Total 6700 Motal 4935 5016 5016
Mass Distribution:
Ib LF: 1428 RF: 1398 LR: 1103 RR: 1087
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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 |b (440 Ib max)
Tire Pressure: Front: 35  psi Rear: 35  psi Size: 265/70R17

Measured Vehicle Weights: (Ib)

LF: 1428 RF: 1398 Front Axle: 2826
LR: 1103 RR: 1087 Rear Axle: 2190
Left: 2531 Right: 2485 Total: 5016
5000 +110 Ib allow ed
Wheel Base: 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)
Hood Height: 45.50 inches Front Bumper Height: 27.00 inches

43 t4 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
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Table H3. Exterior Crush Measurements for Test No. 467114-6.

Date: 2014-08-06 Test No.: 467114-6 VIN No.: 1D7HA182885S468451

Year: 2008 Make: Dodge Model: Ram 1500 Quad Cab

VEHICLE CRUSH MEASUREMENT SHEET!
Complete When Applicable

End Damage Side Damage
Undeformed end width Bowing:B1 X1
Corner shift: Al B2 X2
A2
End shift at frame (CDC) Bowing constant
(check one) X1+ X2
<4 inches T N
>4 inches

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

Direct Damage

Specific "
Impact Plane* of Width** Max*** Field Cl C: € Cs Cs Cs b
Number C-Measurements (CDC) Crush L**
1 Front plane at bumper ht |  --—--- P B T Tl el T I L B I
2 Side plane at bumper ht | - 17 | mmmmm | mmemm | mmmem | mmmem | e | e | meeem | e

Measurements recorded

in inches

"Table 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.: 1D7HA182885468451
Year: 2008 Make: Dodge Model: Ram 1500 Quad Cab
OCCUPANT COMPARTMENT
DEFORMATION MEASUREMENT
. R i Before After

\ (inches) (inches)

M R A1 65.00 64.25

G A2 65.00 64.50

SRR AVE DR 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 2875

cz e e

C3 2650 0 -

D1 12.75 12.00

T e

Ba-o D3 11.75 11.50

DA D Ef 62.75 61.50

E2 64.50 65.50

S JJL E3 64.00 NA

E4 64.25 NA

F 60.00 NA

*Lateral area across the cab from driver’s side G 60.00 NA

kickpanel to passenger’s side kickpanel. H 39.00 NA

| 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

Out of View
0.474 s

Out of View
0.553s

Figure H1. Sequential Photographs for Test No. 467114-6
(Overhead and Rear Views) (Continued).
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VEHICLE ANGULAR DISPLACEMENTS
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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

® Denotes accelerometer location.

NOTES: _None I T T
A M N T
Engine Type: V-8 g
Engine CID: 4.7 liter TRk
Transmission Type:
X Auto or Manual
FWD x RWD 4WD
P —m
Optional Equipment: T
None T i
o & I |
Dummy Data: Ry bk l
Type: No dummy used
Mass: NA
Seat Position:  NA
Geometry: inches I e & - &l
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 \% 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 0] 45.50 T 77.50
Wheel Center Wheel Well Bottom Frame
Height Front 14.75 Clearance (Front) 6.00 Height - Front 18.00
Wheel Center Wheel Well Bottom Frame
Height Rear 14.75 Clearance (Rear) 11.00 Height - Rear 25.50
GVWR Ratings: Mass: Ib Curb Test Inertial Gross Static
Front 3700 Miront 2799 2808 2808
Back 3900 M ear 1913 2206 2206
Total 6700 Mot 4712 5014 5014
Mass Distribution:
Ib LF: 1450 RF: 1358 LR: 1100 RR: 1106
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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 b (440 Ib max)
Tire Pressure: Front: 35  psi Rear: 35  psi Size: 265/70R17

Measured Vehicle Weights: (Ib)

LF: 1450 RF: 1358 Front Axle: 2808
LR: 1100 RR: 1106 Rear Axle: 2206
Left: 2550 Right: 2464 Total: 5014
5000 £110 Ib allow ed
Wheel Base: 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)
Hood Height: 45.50 inches Front Bumper Height: 27.00 inches

43 t4 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
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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 SHEET!
Complete When Applicable

End Damage Side Damage
Undeformed end width Bowing:B1 X1
Corner shift: Al B2 X2
A2
End shift at frame (CDC) Bowing constant
(check one) X1+ X2
<4 inches T N
>4 inches

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

Direct Damage

Specific
Impact Plane* of Width** Max*#* Field ¢ = Cs Cs Cs Ce D
Number C-Measurements (CDC) Crush L**
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

"Table 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 14. Occupant Compartment Measurements for Test No. 467114-7.

Date:  2014-08-22 TestNo.: 467114-7 VIN No.: 1D7HA18N68S575523
Year: 2008 Make: Dodge Model: Ram 1500 Quad Cab
OCCUPANT COMPARTMENT
DEFORMATION MEASUREMENT
. R i Before After
\ (inches) (inches)
M R A1 65.00 65.00
G A2 65.25 65.25
L = ag 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
I C1 27.50 25.00
cz - e
C3 26.50 26.50
D1 12.75 12.75
D2 e
‘ D3 11.50 11.50
( B2S E1 62.50 NA
Bl 4 | , E2 64.50 NA
| Bl E3 64.00 63.00
L 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
*Lateral area across the cab from driver’s side J* 62.25 60.25

kickpanel to passenger’s side kickpanel.
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12. SEQUENTIAL PHOTOGRAPHS

0.000 s

0.076 s

0.152s

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

Camera turned off
0.456 s

Camera turned off
0.532's

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

TR No. 0-6711-1 394 2014-12-08



0.000 s 0.304 s

0.076 s 0.380 s
0.152's 0.456 s
0.228 s 0.532s
Figure I2. Sequential Photographs for Test No. 467114-7
(Rear View).

TR No. 0-6711-1 395

2014-12-08



VEHICLE ANGULAR DISPLACEMENTS
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VEHICLE ACCELERATIONS
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