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CHAPTER 1:
INTRODUCTION

11 PROBLEM

When a secondary road or driveway intersects a highway in close proximity to a bridge, it
is difficult to fit the proper guardrail length along the primary roadway to properly protect
motorists from hazards underlying the bridge. In such instances, the available right-of-way and
constrained distance between the bridge and secondary roadway or driveway can severely limit
the application of effective safety treatments. One solution is to apply a tight radius to the
guardrail in order to turn it from the primary road to the secondary road. A crashworthy solution
for a short radius guardrail treatment has eluded roadside safety researchers for two decades.
Texas A&M Transportation Institute (TTI) researchers have developed an innovative short
radius guardrail system for implementation on high-speed roadways; however, there are many
roadways with restrictive roadside clearances that cannot accommodate the new short radius
guardrail treatment. Many of these sites exist along low-speed roadways, which is classified as a
roadway with a speed limit of 45 mph or less. A shorter, more economical short radius guardrail
system, suitable for implementation on lower speed roadways, is needed. TTI researchers were
tasked with developing a short radius guardrail system to meet American Association of State
Highway and Transportation Officials (AASHTO) Manual for Assessing Safety Hardware
(MASH) Test Level 2 (TL-2) performance criteria for use on low-speed roadways (1).

1.2 SCOPE OF RESEARCH

This project resulted in a MASH TL-2 crashworthy short radius guardrail system that is
designed to be used by the Texas Department of Transportation (TxDOT) on applicable low-
speed roadway intersections. TTI researchers incorporated the design details into the TXDOT
standard specifications for use on applicable roadways statewide. Furthermore, this MASH TL-2
compliant short radius guardrail system was designed for national acceptance by AASHTO and
possible implementation by other state departments of transportation.

In looking at the challenges facing the design of a successful low-speed short-radius
guardrail system, TTI researchers addressed key features, such as energy absorption and tension
of the guardrail system at the nose section. The remaining significant challenge was to design for
more restrictive site conditions with a 45-mph impact speed. TTI researchers performed the tasks
outlined below to address the research objectives.

1.2.1 Task 1. Establish Design Requirements and Site Constraints.

TTI researchers established design requirements and site constraints that influence the
design of the MASH TL-2 short radius guardrail system. With due consideration given to the
design requirements and constraints identified by TxDOT under the initial part of this task, TTI
researchers conceptualized new designs for a MASH TL-2 short radius guardrail system. TTI
researchers developed these initial design concepts using knowledge gleaned from engineering
reviews of previous tests, crash test experiences gained from TXxDOT Project 0-6711, Short
Radius MASH TL-3 Guardrail Treatment, and the technical skills of TTI researchers (3, 4). In
addition to the key aspect of impact performance, TTI researchers considered factors including
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hardware inventory, cost, maintenance and repair, compatibility with other existing systems, and
others issues deemed appropriate by the TXDOT project team.

TTI researchers submitted drawings of the concepts to the TXDOT project team for
review. Afterward, TTI researchers met with the TXDOT project team to discuss, select, and
prioritize the design concepts for further engineering design and analysis under Task 2. TTI
researchers incorporated the desired changes to the selected designs into the design concepts.

TTI researchers provided deliverables for Task 1 in a technical memorandum (TM-1), per
the deliverables table, containing design concepts for further engineering design and analysis.

1.2.2 Task 2. Develop Finite Element Models for Candidate Designs

TTI researchers conducted finite element analyses of the recommended concepts
developed in Task 1 to simulate the recommended MASH TL-2 test matrix for this system. TTI
researchers explicitly modeled the recommended MASH TL-2 short radius designs to obtain high
reliability in the simulation. Utilizing the already developed models for the MASH TL-3 short
radius system developed in TXDOT project 0-6711, TTI researchers performed calibration given
the available test data.

TTI researchers utilized simulations to provide performance evaluations for each short
radius concept developed in Task 1:

a. Detailed modeling and enhanced simulation of promising concepts to identify
candidate concept.

b. Detailed all key system components explicitly.
C. Simulated key crash tests conditions (3-31, 3-32, 3-33, and 3-35).

d. Reviewed designs with the TXDOT project team, identify the candidate design,
and prioritize if there is more than one promising design.

e. Simulated other crash test conditions as needed.
f. Recommended candidates design for testing.

TTI researchers conveyed a recommendation of designs for full-scale crash testing to the
TxDOT project team for approval and selection of the final candidate design.

The deliverable for Task 2 was a technical memorandum (TM-2), per the deliverables
table, detailing the finite element models for candidate designs and their simulation
performances under MASH TL-2 test conditions. The simulations are to be conducted using LS-
DYNA nonlinear explicit finite element code (2).

1.2.3 Task 3. Conduct Full-Scale Crash Testing

TTI researchers constructed the recommended short radius guardrail system upon
approval of the final design details by the TXDOT project team. TT1I researchers conducted full-
scale crash tests in compliance with MASH TL-2 test conditions following the test matrix
established and agreed upon under Task 1. TTI researchers performed these tests using their
facilities.
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If the short radius system exhibits unsatisfactory performance in one of the four crash
tests, TTI researchers were to address these deficiencies through design modifications and
additional simulations. TTI researchers would then present any recommended design
modifications to the TxDOT project team for review and approval.

TTI researchers would conduct further tests on a modified short radius system upon
approval by the TXDOT project team. TTI researchers estimated two contingency crash tests for
this purpose.

The deliverable for Task 3 shall be a technical memorandum (TM-3), per the deliverables
table, containing details of the full-scale crash tests.

1.2.4 Task 4. Prepare Research Reports

TTI researchers documented the results in research report R1 and submited the report to
TxDOT. This research report includes the developed design details of the successful MASH TL-2
short radius guardrail system that is to be used to develop a standard detail sheet.

1.3 OBJECTIVE

The purpose of the testing reported herein was to assess the performance of the MASH
TL-2 low-speed short radius guardrail treatment according to the safety-performance evaluation
guidelines included in AASHTO MASH. The crash tests performed were in accordance with
MASH TL-2.
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CHAPTER 2:
DEVELOPMENT OF FINITE ELEMENT MODELS FOR CANDIDATE
DESIGNS

2.1. BACKGROUND

The research team conducted pendulum tests on several guardrail posts and reviewed
promising design features for the guardrail system to obtain data. This in turn helped in
developing a short radius guardrail system to meet MASH Test Level 2 (TL-2) performance
criteria for use on low speed roadways.

Researchers sought to develop a short radius guardrail system design by reviewing the
challenges encountered by previous designs, promising design features of previous designs and
short radius concepts.

2.2 DESIGN CONSIDERATION

The short radius used for these tests consisted of a transition between a guardrail to
concrete bridge rail. A TL-2 transition from a 31-inch tall strong-post W-beam approach
guardrail to a rigid concrete bridge parapet was developed by researchers, R. Bligh and D.
Arrington. The researchers performed analyses using a computer simulation technique to assess
the ability of the selected design concepts to meet MASH impact performance criteria prior to
conducting any full scale crash tests [3]. For each simulation, the approach guardrail was
assumed to be a strong-post W-beam guardrail. The 12-gauge W-beam rail was mounted to 6-ft
long, W6x9 steel posts at a height of 31 inches to the top of the rail. The posts were spaced on
6 ft-3 inch centers, and 8-inch deep offset blocks were incorporated between the rail and posts.
The concrete bridge rail parapet was modeled as a rigid barrier to represent the worst-case
condition. The details of the selected TL-2 transition design were finalized and subjected to full-
scale crash tests in accordance with MASH guidelines.

The selected transition design from the parapet to the guardrail, includes a length of the
bridge parapet and the approached guardrail. The concrete bridge parapet was an existing
36-inch tall single slope traffic rail (SSTR). A 37.5-inch long section of 12-gauge thrie beam rail
was attached to the face of the parapet using a 10-gauge thrie beam terminal connector. For the
test, the terminal connector and the parapet were attached by using five 0.825-inch diameter,
A325 hex head through bolts.

Three different post types are permitted in a guardrail system by TxDOT: W6x9 steel
posts, 7-inch diameter round wood posts, and 6-inch x 8-inch rectangular wood posts.
Researchers concluded that a W6x9 steel post would be used, since it would constitute the most
critical condition in regard to post snagging. By using the most critical post type, a successful
result would also be applicable to the other post types.

The first W6x9 steel post is located 29 inches from the end of the parapet with a 6-inch x
8-inch x 22-inch routered wood blockout. The post included a 10-inch long button head bolt with
recessed guardrail nut only on the top hole. The next two posts were spaced 37.5 inches on
center. A 10-gauge thrie beam rail, 37.5 inches long, spanned the space between the parapet and
post 11.
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The new MASH TL-2 transition was developed and successfully crash tested. The results
showed that the new MASH TL-2 transition met all the requirements of MASH for all crash tests.
The vehicles remained stable and the occupant risk indices were below the preferred limits
recommended in MASH. Figure 2.1 shows the described transition design tested. This transition
system design was modeled as a point of reference for new design concepts that are incorporated
in the TL-2 short radius system design.

ey . rie et | | S 5

Figure 2.1. MASH TL-2 Transition before Test No. 420021-4.

2.3  SIMULATION OF RECOMMENDED DESIGN CONCEPTS
2.3.1 Case 1 - TL-3 System without Sand Drums
2.3.1.1 System Details

A guardrail system design was evaluated in a simulation. Figure 2.2 depicts the whole
guardrail system. This system includes a long tension cable behind the curved section of the rail.
The vehicle impacted this system at the center of the radius at a 25° angle. The vehicle was
approaching the system at a speed of 45 mph.

Figure 2.2. Entire System with Cable.

A single thrie beam system design was evaluated through simulations. The guardrail
system consists of a 31-inch tall guardrail system with a 36-ft long primary-road from end of

nose to end of parapet, and a 20-ft long secondary-road after the nose. The nose, curved section,
has a radius of 8 ft-4 inches.
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Figure 2.3 shows the side view of the primary roadway. The primary roadway consists of
nine steel posts and three controlled release timber (CRT) posts. Figure 2.4 represents the side
view of the secondary roadway. The secondary roadway has three CRT posts with only two CRT
post with blockouts. A rigid post in the simulation anchored this end. The curved section has one
CRT timber post, and the post includes a sheath. The simulated parapet section represents the
stiffer portion of the installation.

Figure 2.3. Side View of Primary Roadway.

Figure 2.4. Side View of Secondary Roadway.

2.3.1.2 Simulation of Car Impacting TL-3 Short Radius System without Sand Barrels

Figure 2.5 presents the progression of the small car in this simulation. Upon impact, the
rail and deformation of the front of the car progress into the windshield of the car, which is an
undesirable behavior for the system.

Time=0.0

Figure 2.5. Sequential Images of Car Simulation with Cable.
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Figures 2.6 and 2.7 show images of the initial and end state of the simulation,
respectively. Figure 2.7 shows a close up image of the car going under the guardrail damaging
the front of the car and windshield. It is also noticed that the tires rolled over the cable without
much effect.

Figure 2.6. Initial State of the Simulation.

Figure 2.7. Final State of the Simulation.

2.3.1.3 Simulation of Truck Impacting Short Radius with Cable

Figure 2.8 shows sequential images of the simulation of the truck upon impact. The first
image shows the initial position of the system and is followed by three images of the truck
interacting with the rail. The guardrail system is already deforming by the time of 0.235 s. At
time 0.415 s, the truck begins to override the guardrail system, and by 0.775 s, the truck has
completely overridden the system. The truck was not contained by the guardrail system.

Figures 2.9 and 2.10 show the initial and final state images of the simulation of the truck
with cable, respectively. Figure 2.10 shows the deformation of the guardrail system and the
truck. Five posts from the system broke while the remaining posts stayed intact. The truck was
bent from the front, and the right front tire was deformed as well.
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Time =0.0 Time = 0.235

Time = 0.415 Time =0.775

Time =1.39

Figure 2.8. Sequential Images of Truck Simulation with Flare.
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Figure 2.9. Initial State of Simulation.

Figure 2.10. Final State of Simulation.

2.3.2 Case 2 — Large (16-ft) Radius System

2.3.2.1 System Details

The following simulation includes a different guardrail system design from the first
simulation. Figure 2.11 depicts the whole guardrail system. It has no energy-absorbing systems
behind the curved section of the rail. It is a longer guardrail system. The vehicle impact to the
system has the same impact angle and speed from the first simulation, 45 mph at a 25° angle.

The guardrail system consists of a 31-inch tall, 104-ft long short radius guardrail system
with a 17-ft long primary-road thrie-beam from end of nose to end of parapet, and a 90-ft long
secondary-road after the nose, with a 7 ft-3 inch taper transition from a thrie-beam to W-beam.
The nose, curved section, has a radius of 16 ft-8 inches.

Figure 2.12 shows the side view of the primary roadway. The primary roadway consists
of three steel posts. Figure 2.13 represents the side view of the secondary roadway. The
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secondary roadway has three CRT posts with a blockout and 11 steel posts. The curved section
has three CRT posts. The simulated parapet section represents the stiffer portion of the rail.

Figure 2.11. Extended Short Radius System with No Flare.

Figure 2.12. Primary Roadway Side View.

CITTTTTTTTTITTTITTT

Figure 2.13. Secondary Roadway Side View.

2.3.2.2 Simulation of Truck Impacting System

Figure 2.14 presents the sequential images of the motion of the truck as it impacts the
nose section of the system. The truck remains stable during the simulation. The first image
shows the initial position of the system and is followed by three images of the truck interacting
with the rail. At time 0.375 s, the truck has overridden the system. The last image displays the
end state of the simulation and shows that the truck has completely gone over the system. The
simulation of the system shows that the system is not adequate to contain the truck.
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Time = 0.0

Time =0.375 Time =0.7

Figure 2.14. Sequential Images of Simulation with No Cable.

Figures 2.15 and 2.16 show the initial and final state of the simulation of the truck,
respectively. In the final frame of the simulation, the guardrail system has deformed and seven of
the posts broke while two steel posts to the right of the thrie beam end shoe appear to remain
intact.

Figure 2.15. Initial State of Simulation.
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Figure 2.16. Final State of Simulation.
2.3.3 Case3

2.3.3.1 System Details

Figure 2.17 presents the system layout for this simulation. This system is surrounding a
ditch. As previously concluded, since the system did not contain the truck, a strap was added to
the back of the guardrail, as shown in Figure 2.18. To make the strap stand out, it has been
colored red. The strap has a height of 12 inches and starts 7 ft from the end of the parapet. It goes
along the guardrail to the secondary roadway and stops 9 ft-3 inches from the end of nose. Six
new posts were included in the system that run along the strap.

Figure 2.19 shows the side view of the primary roadway. The primary roadway consists
of two steel posts and two CRT posts with blockouts. It also includes one steel post that is
attached to the beginning of the strap. Figure 2.20 represents the side view of the secondary
roadway. The secondary roadway has three CRT posts with a blockout, one steel post attached to
the end of the strap, and 11 steel posts. The curved section has three CRT posts and four CRT
posts running along the strap. The simulated parapet section represents the stiffer portion of the
rail.

Figure 2.17. Extended Short Radius with Strap.
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Figure 2.18. Back View of System Showing Strap.

Figure 2.19. Primary Roadway Side View.

CTTTTTTTTTTTIIT

Figure 2.20. Secondary Roadway Side View.

The spacing for the guardrail supporting posts, 1 to 4 is 3-ft and for 4 to 8 are spaced at
6 ft-3 inches, as measured along the arc of the curved thrie beam. Posts 8 to 21 are equally
spaced at 6 ft-3 inches. From post 1 to the end of the concrete parapet was approximately
10 ft-4 inches. The posts running along the strap are placed, post 1B is between posts 2 and 3, 2B
is between 4 and 5, 3B is between 5 and 6, 4B between 6 and 7, 5B is between 7 and 8, and 6B is
between 9 and 10.

2.3.3.2 Simulation of Car Impacting System

Figure 2.21 presents the sequential frames of the simulation of the car and the system.
The first frame shows the initial state of the system and the car. It is followed by two images
displaying the interaction of the car with the system. Just after the car interacts with the
guardrail, the wood posts supporting both the guardrail and the strap break sequentially until the
system goes to rest. During this process, the strap successfully contains the car from overriding
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the guardrail and also plays a modest role in absorbing and releasing the impact energy of the
system. The last frame depicts the end state of the simulation, showing car deformation at the
front of car. The car remains stable throughout the simulation with the inclusion of the strap.

Figure 2.21. Sequential Images of Car Simulation with Strap.

Below are shown two significant frames of the simulation that give a closer look to the
impact process. Figures 2.22 and 2.23 show the interaction in development and the end state of
the simulation, respectively. In these figures, the containment ability of the strap is clearly seen.
Also, the two steel posts attached to the strap ends appear to remain solid by the end of this
simulation.

Figure 2.22. Interaction of Car with System.
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Figure 2.23. Final State of Simulation.

Table 2.1 displays the TRAP results for the occupant risk factors.

Table 2.1. TRAP Summary Data for Simulation with Car and Strap.

TRAP Results: Small Car Short Radius \

Impact Velocity, mph 43.5
Impact Angle (degrees) 25
Occupant Risk Factors \
Occupant Impact Velocity (OIV) (ft/s)
x-direction 17.7
y-direction 4.6
Occupant Ridedown Accelerations (g's)
x-direction —10.5
y-direction —2.6
Max Roll, Pitch, and Yaw Angles (degrees)
Roll 12.8
Pitch -13.4
Yaw —40.2

Shown next are the graphic results of the truck simulation. Figure 2.24 shows the
longitudinal accelerations, Figure 2.25 shows the lateral accelerations, and Figure 2.26 shows the
roll, pitch, and yaw angles.
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Figure 2.24. Longitudinal Accelerations for Car Simulation.
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Figure 2.25. Lateral Accelerations for Car Simulation.
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Figure 2.26. Roll, Pitch, and Yaw Angles for Car Simulation.
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2.3.3.3 Simulation of Truck Impacting System

Figure 2.27 represents the chronological images of the movement of the truck in this
simulation. The first image shows the initial position of the system and is followed by three
images of the truck interacting with the guardrail. The simulation shows that the new system
with the strap was able to contain the truck from overriding the guardrail.

Figure 2.27. Sequential Images of Truck Simulation with Strap.

Figures 2.28 and 2.29 show the interaction in development and final state of the
simulation of the truck, respectively. In both figures, it is seen that the strap supports and holds
the guardrail in a position that prevents the truck from overriding it. Also, by the end of the
simulation, the support steel post of the strap close to the thrie beam end shoe appears to break.
Meanwhile, the support steel post on the other end of the strap, despite significant bending, it
still remains solid.

Table 2.2 displays the TRAP results for the occupant risk factor.

Shown next are the graph results of the truck simulation. Figure 2.30 shows the
longitudinal accelerations, Figure 2.31 shows the lateral accelerations, and Figure 2.32 shows the
roll, pitch, and yaw angles.
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Figure 2.28. Interaction of Car with System.

Time = 0.7

Figure 2.29. Final State of Simulation.

Table 2.2. TRAP Summary Data for Simulation with Truck and Strap.

TRAP Results: Truck Short Radius \
435

Impact Velocity, mph
Impact Angle (degrees) 25
Occupant Risk Factors \
OlV (ft/s)
x-direction 14.8
y-direction 59
Occupant Ridedown Accelerations (g's)
x-direction -15
y-direction —4.5
Max Roll, Pitch, and Yaw Angles (degrees)
Roll 7.9
Pitch -24
Yaw —24.5
19 2019-04-02
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Figure 2.30. Longitudinal Accelerations for Truck Simulation.
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Figure 2.31. Lateral Accelerations for Truck Simulation.

Roll, Pitch and Yaw Angles

10
0
%><
-10;
Test Number: Sim 2-33
Test Article: TL-2 Extended w/Strap
.20l Test Vehicle: Truck at the nose
Inertial Mass: 2270 kg \
Gross Static: 2270 kg \
Impact Speed: 70 km/h
Impact Angle: 25°
-30 T T
0 0.1 02 03 04 05 06 07
Time (sec)
‘* Roll — Pith — Yaw‘

Figure 2.32. Roll, Pitch, and Yaw Angles for Truck Simulation.
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A new design of the short radius guardrail system was created using Solidworks with the
appropriate measurements. Figure 2.33 shows the system design surrounding a ditch. The design
was based on the system simulation discussed above. As mentioned before, the system consists
of a strap running behind the guardrail system with six CRT posts and two steel posts. The
design includes two cables, a primary cable attached to the thrie beam running from the primary
roadway to the secondary roadway and a secondary short cable on the secondary roadway.

Figure 2.33. Short Radius System with Back Plate.
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24  SIMULATION OF TEST 2-31
2.4.1 System Details

The following simulation includes the updated guardrail system. This new design
includes two new cables, a primary cable and a secondary cable. The primary cable is attached to
the thrie beam and is oriented to get to the ground by the third CRT post on the primary roadway.
The cable runs under the cable shelf attached at ground level to the post on the primary roadway.
The cable then runs along the ground and under the cable shelf attached to the two posts at the
center of the radius. It passes along the ground and terminates at the post on the secondary
roadway. The secondary cable is attached to the thrie beam and terminates at the post before the
post on the secondary roadway.

Figure 2.34 depicts the new cable design that is described above. Figures 2.35 and 2.36
provide a front and back view, respectively, of the long tension cable from the simulation.

Figure 2.34. Amplified View of Guardrail System with Strap and Two Cables.

Figure 2.35. Front View of Primary Cable.
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Figure 2.36. Back View of Primary Cable (Strap Hidden).

Figure 2.37 provides the back view of the short tension cable from the simulation. The
back strap is hidden from the figures for clarity.

Figure 2.38 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 2.37. Back View of Secondary Cable (Strap Hidden).
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Figure 2.38. Alignment of Truck with System.

2.4.2 Simulation of Truck Impacting Short Radius with Strap and Cable from Front of
Rail

Figure 2.39 shows sequential images depicting the performance of the system. The first
contact with the guardrail happens at 0.065 s from the start of the simulation. The three wood
posts surrounding the impact area seem to break simultaneously at 0.1 s. The primary cable
maintains tension capacity and continues to be attached under the initial angle until the truck
reaches the bracket, and consequently, the wood post behind it breaks. At 0.125 s, the front left
tire begins to ride along the cable. By 0.215 s, the tire has passed from riding along the cable to
riding up the rail. The front left truck tire appears to detach from the rail before 0.35 s, and the
truck is unstable. By the end of the simulation, only six wood posts break, while the others
remain intact, including the steel posts that hold the strap. The secondary cable maintains tension
capacity and remains attached under the initial angle throughout the simulation.

The first frame shows the initial state of the system and the truck, followed by two frames
depicting the initial and last state of the interaction progress. The conclusion that the system has
an undesirable outcome is seen in these two images. The last frame of Figure 2.39 represents the
last state of the simulation. To make them stand out, the cables have been colored red.
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Figure 2.39. Sequential Images of Simulation of Truck from Front of Ralil,
with Strap and Cables.

Figure 2.40 shows how the truck tires interact with the cable initially and then with the
rail. The front left truck tire rides up the cable onto the rail, followed by the back left tire riding
up the rail, eventually causing the truck to be unstable. Figure 2.41 zooms in on the moment the
left truck front tire rides along the cable, at 0.18 s, in two different angled views. Notice how the
rail is pushed into the ditch of the system as the tire rides along the cable.

Figure 2.42 shows the graph results of the truck simulation for the roll, pitch, and yaw
angles. The roll angle shown in the black solid line has a peak at 0.37 s, with an angle of 0.35°.
The peak can be explained by analyzing the above simulating images, where it is observed that
the moment that the truck rides up the rail matches with the time, the peak is represented in the
graph.
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Figure 2.40. Sequential Images of Tire with System Interaction.
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Figure 2.41. Tire and Cable Interaction.
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Figure 2.42. Roll, Pitch, and Yaw Angles.

25  TEST 2-33

2.5.1 System Details

Test 2-33 was simulated to determine the rail’s capacity of containing or redirecting the
truck. The same guardrail system design was used from test 2-31. The truck impacted the system
at a 25° angle at the center of the radius. Figure 2.43 shows the alignment of the truck with the

system.
r-

Figure 2.43. Alignment of Truck with System.
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2.5.2 Simulation of Truck Impacting Short Radius with Strap and Cable at 25°

Figure 2.44 shows sequential images of the simulation of the truck interacting with the
system. The initial contact with the rail happens at 0.015 s. The wood post in the middle of the
radius breaks first at 0.035 s. Then, before 0.04 s the other two wood posts of the radius break.
The next to break is the wood post holding the secondary cable before 0.05 s. The secondary
cable maintained tension capacity and was attached under the initial angle until this point. From
impact, the rail area holding the primary cable’s bracket is pushed into the ditch side moving
along with the cable. The cable first escapes from one the shelves at 0.105 s and consequently
changes the angle of attachment. Before 0.14 s, the right truck front tire begins to run along the
cable. Before 0.18 s, the tire has passed from riding along the cable to riding up the rail. By this
point, also the left front tire is riding up the rail. The back truck tires follow and by 0.47 s they
are up the rail. Before 0.5 s, the truck has completely detached from the system and is going
down the ditch.

Figure 2.44. Sequential Images of Simulation with Strap and Cables.

The first frame shows the initial state of the simulation, followed by two frames
representing the interaction between the truck and the system. The last frame is the last state of
the simulation. This figure clearly draws the conclusion that the system is not adequate to contain
the truck.

Figure 2.45 shows two amplified images on the moment the right front tire rides along
the cable initially and then up the rail. Notice how the rail is pushed toward the ditch as the tire
starts to ride along the cable. The tire rides along the cable from 0.14 s to 0.17 s. The cables have
been colored red to make them stand out.
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Figure 2.45. Interaction of Truck with System.

26  TEST 2-33-2

2.6.1 System Details

Since the previous system was overridden by the truck, the guardrail system was updated.
The new system is shown in Figure 2.46. The system design includes drums filled with sand
placed between posts. Each of the nine drums were raised by wood blockouts from the ground.
From the primary roadway, the first drum is placed between posts 3 and 4, two drums are placed
between posts 4 and 5, 5 and 6, and 6 and 7. One drum is placed between the ends of the
secondary cable to post 8. The last drum is placed between 8 and 9. Since the ditch is really close
to the system the drums were set as close as possible the guardrail. The strap and primary cable
were removed from the system design.

2.6.2 Simulation of Truck Impacting Short Radius with Flare and 18-Ib Sand Drums

Figure 2.47 shows the sequential images of the simulation of system with the truck. The
truck remains stable during the simulation. The first image shows the initial position of the truck
and the system, and is followed by two images that depict the interaction of the truck with the
guardrail system and the drums. The last image is the last state of the simulation. The drums and
the guardrail system engage to absorb the kinetic energy of the vehicle and successfully contain
the truck.
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Figure 2.46. Flare and 18-1b Sand Drums behind Radius.

Time =0.0

Time = 0.359

Figure 2.47. Sequential Images of Truck Simulation, with Flare and 18-Ib Sand Drums.

Figure 2.48 offers alternate views of three key moments of the simulation. The first frame
shows when the first impact occurs. The second one displays the moment after the drums have
had their greatest impact. The third frame is the moment after the guardrail system has had its
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impact and the truck reaches zero velocity. The third frame is also the last frame of the
simulation.

Figure 2.48. Interaction of Truck with System.

Table 2.3 shows the TRAP results for the occupant risk factors for the simulation system
with flare and 18-1b sand drums.

Table 2.3. TRAP Summary Data for Simulation of Truck with Flare and 18-1b Sand

Drums.
Impact Velocity, mph 43.5
Impact Angle (degrees) 25
Occupant Risk Factors
OlV (ft/s)
x-direction 32.8
y-direction 1.0
Occupant Ridedown Accelerations (g's)
x-direction —4.9
y-direction -3.8
Max Roll, Pitch, and Yaw Angles (degrees)
Roll —7.4
Pitch -9.0
Yaw -9.9

TR No. 0-6913-R1 32 2019-04-02



Figures 2.49, 2.50, and 2.51 are the results for the longitudinal accelerations, lateral
accelerations, and vertical accelerations, respectively. Figure 2.52 shows the results of the roll,
pitch, and yaw angles.
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Figure 2.52. Roll, Pitch, and Yaw Angles for Truck Simulation.

2.7 CONCLUSIONS

The first simulation case was for the TL-3 short radius system but without the sand
barrels. The simulation results show that the car was damaged up to the windshield and truck
was overriding the system making it undesirable. The second simulation is an extended short
radius system that did not include a cable, was extended from the secondary roadway, and had
less post on the primary roadway. This simulation also resulted in the vehicle overriding the
system.
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In test 3, the introduction of the strap plays a positive role in the simulation results. The
strap supports and prevents the guardrail from being overridden and plays a modest role in
dissipating energy, using the tension capacity that is created between the holding wood posts.

Adding cables to the simulations did not result in improvement of the interaction between
the vehicles and the system. In the first simulation, it appeared that the truck left front tire rides
along the cable and then up the rail making the truck unstable. Even though, the simulation of
test T2-31 did not produce a desirable behavior, positive recommendations can be drawn from it
for future testing. Test T2-33 had a change of the interaction angle between the truck and system
resulting in a significantly undesirable outcome of the simulation.

For test T2-33-2, the system was changed by removing the strap and primary cable and
adding drums along the guardrail post. The drums seem to give favorable results because of the
absorption of kinetic energy from the impact of the truck to the guardrail system.
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CHAPTER 3:
SIMULATIONS OF RECOMMENDED DESIGNS CONCEPTS

3.1. BACKGROUND

A short radius guardrail system is to be developed for use on low speed roadways. There
are two methods that can be used to analyze a guardrail system: full scale crash testing and finite
element simulations. Finite element simulations and analysis has become a fundamental part of
the design since it gives the researcher knowledge on the simulation results. Researchers
performed various short radius guardrail system simulations to assess its ability to meet
AASHTO MASH Test Level 2 performance criteria. These simulations included different
guardrail system designs with no drums included. Every new design was developed and
improved from the previous design to meet the requirements. Most of simulations overrode the
system while other designs had some promising features that improved the guardrail system.

Following the guardrail system simulations that were previously designed, researchers
reviewed the designs and the promising features to develop a short radius guardrail. The new
guardrail system designs that are introduced in this report are promising designs that lead to the
best guardrail simulation that accomplished the performance requirements. The simulations
included drums that dissipate a large part of the kinetic energy imparted by the impacting
vehicle. The goal of these simulations is to check that test vehicles are captured within an
acceptable distance behind the rail. Other simulations are conducted to determine the critical
impact point where the vehicle starts to redirect.

3.2 DESIGN CONSIDERATION

The short radius system used for these test simulations starts with a transition between a
guardrail to a concrete bridge rail on the primary road. This transition included a 31-inch tall
strong post thrie beam approach guardrail to a rigid concrete bridge parapet. The primary
roadway consisted of two steel posts, two controlled release timber (CRT) posts, and a 12.5-ft
thrie beam on the primary roadway. The first two posts are W6x9 steel post starting 29 inches
form the end of the parapet with a 6-inch x 8-inch x 21-inch routed wood blockout. The next two
posts were the CRT posts with a 6-inch x 8-inch x 14-inch. All posts included one bolt on the
top hole shown on the thrie beam. The following thrie beam was the curved section with a radius
of 16-ft; this section of the guardrail consisted of three CRT wood posts. Continuing to the
secondary roadway, a 12.5-ft thrie beam connected with the curved section. The secondary
roadway consisted of a 7 ft-3 inch taper transition from a thrie-beam to W-beam, three CRT
wood posts, and two steel posts. Figures 3.1 and 3.2 show the described system from the front
and back view. The guardrail system was set as a reference for the following simulations.

The idea of adding sand barrels for the short radius was not an option since they did not
fit the between the distance of the guardrail to where the ditch begins. A new idea was developed
in which included drums filled with sand. The difference between the sand barrel and sand drum
was that the sand drum was shorter, more ductile, and a smaller diameter, which made it suitable
to fit within the distance between the guardrail and beginning of the ditch.
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Figure 3.2. Guardrail System-Back.

The sand drums developed for the simulations were based on Eagle models, model
number 1656, with a height of 363s-inches and 21-inch diameter. The drums were filled with
sand and weighed approximately 700 Ib. Figure 3.3 shows the drum used for the simulations.

Figure 3.3. Sand Drum Used in Simulations.
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3.3 SIMULATION OF TRUCK IMPACTING SHORT RADIUS WITH TENSION
CABLE AND FOUR 700-LB SAND DRUMS

A guardrail system design was evaluated in a simulation. This system includes only four
drums and a tension cable. There are four 700-1b sand drums in the system used in this
simulation, spread along the curved section of the rail. The drums are placed between posts, from
posts 4 through 8. The goal of this simulation is to affirm that the truck is adequately captured
within an acceptable distance behind the rail. The vehicle impacted the system at the center of
the radius at a 25° angle. Figure 3.4 illustrates the whole guardrail system.

Figure 3.4. Entire System with Tension Cable and Four 700-lb Sand Drums.

Figure 3.5 shows the side view of the primary roadway. The primary roadway consists of
two steel posts and two CRT posts. All four posts only contained one bolt. Figure 3.6 shows the
side view of the secondary roadway. The secondary roadway consists of three CRT posts with
blockouts and two steel posts. The curved section of the system consists of three CRT timber
posts. The simulated parapet section represents the stiffer portion of the rail.

Figure 3.5. Side View of Primary Roadway.
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Figure 3.6. Side View of Secondary Roadway.

The spacing for posts 1 to 4 is 3-ft and spacing for posts 4 to 12 is 6-ft 3-in. measured

along the arc of the curved thrie beam. Figure 3.7 depicts the truck alignment with the system for
this simulation.

Figure 3.7. Alignment of Truck with System.

Figure 3.8 shows the sequential images of the simulation of the system with the truck.
The first image shows the initial position of the truck and the system, and is followed by four
images that depict the interaction of the truck with the guardrail system and the drums. By
0.075 s, the hood of the truck had deformed but had not passed into the windshield. At 0.26 s,
three of the drums broke and the sand dispersed. The fourth drum was placed closer to the
secondary roadway did not move from its place until 0.3 s. The last image displays the last state
of the simulation. The drums and the guardrail system engaged to absorb the kinetic energy of
the vehicle and successfully contain the truck.
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Time=0.0s Time =0.075s

Time=0.16 s Time=0.26s

Time=0.8s

Figure 3.8. Sequential Images of Truck Simulation with Tension Cable and Four 700-1b
Sand Drums.

Figures 3.9 and 3.10 show the interaction in the development and final state of the
simulation of the truck, respectively. The drums have been hidden from the following images to
better show the deformation happening between the vehicle and the system.
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Time =0.16

Figure 3.9. Interaction of Truck with System.

Time =0.8

Figure 3.10. Final State of Simulation.

Table 3.1 shows the TRAP results of the occupant risk factor for the simulation with the
Tension Cable and spread out 700-Ib sand drums.
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Table 3.1. TRAP Summary Data of Simulation with Tension Cable and Four 700-Ib

Sand Drumes.
Impact Velocity, mph 43.5
Impact Angle (degrees) 25
Occupant Risk Factors \
OV (ft/s)
x-direction 24.3
y-direction 0.67
Occupant Ridedown Accelerations (g's)
x-direction —4.4
y-direction -2.3
Max Roll, Pitch, and Yaw Angles (degrees)
Roll -9.5
Pitch -16.3
Yaw —-18

3.4  SIMULATION OF TRUCK IMPACTING SHORT RADIUS WITH TENSION
CABLE AND FOUR 700-LB SAND DRUMS

This simulation case aligns the truck parallel with the primary roadway. Figure 3.11
shows the system used in this simulation and the alignment of the truck within the system. The
system contains the four 700-1b sand drums spread along the curved section of the rail and the
tension cable placed on the secondary roadway.

Figure 3.11. Alignment of Truck with System.
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Figure 3.12 displays the truck in sequential images throughout the simulation. The truck
remained stable throughout the impact. At 0.15 s, there is damage to the front left corner of truck
and the rail has been pushed into the interior of the system. At 0.3 s, the truck begins to be
redirected away from the guardrail system. By the end of the simulation, the truck has been
redirected and its interaction with the system is complete. At this point in the simulation, two
posts and two drums have broken, while the other remaining drums are still standing. The front
corner and tire on the driver’s side and the back corner on the same side were damaged.

Time=00s Time=0.15s

Time =0.235s Time=0.34s

- Time=0.6s Time=0.8s

Figure 3.12. Sequential Images of Truck Simulation with Tension Cable and Four 700-1b
Sand Drums.

The sequential images in Figure 3.13 show a closer view of the interaction between the
guardrail and vehicle from the back of the system. The sand and the drums have been removed
from these images to show the interaction of the rail and vehicle clearly. Figure 3.14 shows a
closer view of the interaction.
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Figure 3.13. Sequential Images of Truck Simulation from Back of Rail (No Drums Visible).

Time = 0.1s 7 Time=0.27s

Figure 3.14. Interaction of Truck with System (No Drums Visible).

Table 3.2 shows the TRAP results of the occupant risk factor for the simulation with the
Tension Cable and spread out 700-Ib sand drums.
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Table 3.2. TRAP Summary Data of Simulation with Tension Cable and Four 700-Ib

Sand Drumes.
Impact Velocity, mph 43.5
Impact Angle (degrees) 0
Occupant Risk Factors \
OV (ft/s)
x-direction 17.1
y-direction —13.1
Occupant Ridedown Accelerations (g's)
x-direction -5.8
y-direction 3.8
Max Roll, Pitch, and Yaw Angles (degrees)
Roll -3.7
Pitch 2.1
Yaw 27.7

3.5 SIMULATION OF TRUCK IMPACTING SHORT RADIUS WITH TENSION
CABLE AND FIVE 700-LB SAND DRUMS

Figure 3.15 shows the system used for the simulation. The changes made to the system
included an extra drum, placed between posts 11 and 12. A total of five drums are placed along
the rail from posts 9 to 13. Two drums are placed between posts 11 and 12. The drum placed
between posts 9 and 10 is placed 17 inches from center of drum to center of post 9. The same
short cable placed on the secondary roadway between posts 9 and 10 is also included in the
system. The cable is attached to the thrie beam and terminates at post 10 at an angle.

Figure 3.15. Tension Cable and Five 700-Ib Sand Drums.
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Figure 3.16 demonstrates the progression of the simulation to summarize the behavior of
the vehicle. The rail and the deformation of the front of the truck did not pass as far into the
windshield as on previous simulations. The back tires of the truck were in the air by 0.609 s. Six
of the wood posts broke at the end of the simulation and all six drums broke and dispersed the
sand.

Time=0.0s Time=0.12s

Time=0.255s Time =0.41

Time =0.609 s | Time=0.8s

Figure 3.16. Sequential Images of Truck Simulation with Tension Cable and Five 700-1b
Sand Drums.

Figures 3.17 and 3.18 display images of a closer view of the interaction between the truck
and the system. The drums were removed from the images to have a clear view of the
interaction.
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Figure 3.17. Interaction of Truck with System (No Drums Visible).

Figure 3.18. Final State of Truck (No Drums Visible).

Table 3.3 shows the TRAP results of the occupant risk factor for the simulation with the
Tension Cable and spread out 700-Ib sand drums.
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Table 3.3. TRAP Summary Data of Simulation with Tension Cable and Five 700-Ib

Sand Drumes.
Impact Velocity, mph 43.5
Impact Angle (degrees) 25
Occupant Risk Factors \
OV (ft/s)
x-direction 29.2
y-direction 2.3
Occupant Ridedown Accelerations (g's)
x-direction —4.0
y-direction 5.6
Max Roll, Pitch, and Yaw Angles (degrees)
Roll 4.9
Pitch -16.3
Yaw —22.5

3.6 SIMULATION OF TRUCK IMPACTING SHORT RADIUS WITH TENSION
CABLE AND SIX 700-LB SAND DRUMS

Figure 3.19 shows the system used for this simulation and the alignment of the truck to
the system. For this simulation, the same layout was used with an additional drum. The system
includes one short cable and a total of six drums spread along the rail. The drums are placed
between posts 9 through 14. The short cable is on the secondary roadway placed between posts 9
and 10. It is attached to the thrie beam and terminates at post 10 at an angle.

Figure 3.19. Alignment of Truck with System.
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Figure 3.20 presents the simulation of the truck. The first CRT post along the primary
roadway broke, and by the end of the simulation three CRT posts were broken, one steel post
was deformed, and the other stayed stable through the simulation. By 0.309 s, the driver side
front wheel of the truck began to ride up onto the rail. The truck becomes unstable as early as
0.35s.

Time=0.0s Time =0.195s

Time =0.309 s Time=0.475s

Time =0.635s Time=0.8s

Figure 3.20. Sequential Images of Truck Simulation with Tension Cable and Six 700-1b
Sand Drums.

Figures 3.21 and 3.22 display a closer view of the interaction. The drums were removed
to show the deformation between the car and the rail.
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Figure 3.21. Interaction of Truck with System.

Figure 3.22. Final State of Truck.

Table 3.4 shows the TRAP results of the occupant risk factor for the simulation with the
Tension Cable and spread out 700-Ib sand drums.
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Table 3.4. TRAP Summary Data of Simulation with Tension Cable and Six 700-l1b Sand

Drums.
Impact Velocity, mph 43.5
Impact Angle (degrees) 25
Occupant Risk Factors \
OV (ft/s)
x-direction 26.2
y-direction —7.2
Occupant Ridedown Accelerations (g's)
x-direction 7.6
y-direction 7.6
Max Roll, Pitch, and Yaw Angles (degrees)
Roll 28.2
Pitch 16.7
Yaw 10.0

3.7  SIMULATION OF TRUCK IMPACTING SHORT RADIUS WITH TWO
TENSION CABLES AND SIX 700-LB SAND DRUMS

Figure 3.23 presents the system layout used for the following simulation. The system
includes two short cables and six drums spread along the rail. One of the cables is placed on the
primary roadway between posts 12 and 13. It is attached to the thrie beam and terminates at post
12 at an angle. The second short cable is placed on the secondary roadway between posts 9 and
10. It is attached to the thrie beam and terminates at post 10. The six drums are placed between
posts 9 through 15. Only one drum is placed between each post.

Figure 3.23. Alignment of Truck with System.
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Figure 3.24 shows the sequential images of the simulation. In this simulation, the truck
did not override the system. At 0.68 s, six of the wood posts broke and most of the drums
dispersed the sand they were containing.

Time=0.0s Time=0.15s

Time=0.25s Time=0.32s

Time=0.49s Time =0.68s

Figure 3.24. Sequential Images of Truck Simulation with Two Tension Cables and Six
700-Ib Sand Drums.

Figures 3.25 and 3.26 are a closer view of the simulation. The drums were removed to
show the deformation of the car and guardrail.
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Figure 3.25. Interaction of Truck with System (No Drums Visible).

Figure 3.26. Final State of Truck Simulation (No Drums Visible).

Table 3.5 shows the TRAP results of the occupant risk factor for the simulation with the
Tension Cable and spread out 700-Ib sand drums.
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Table 3.5. TRAP Summary Data of Simulation with Two Tension Cables and 700-Ib

Sand Drumes.
Impact Velocity, mph 43.5
Impact Angle (degrees) 25
Occupant Risk Factors \
OV (ft/s)
x-direction 25.9
y-direction 1.9
Occupant Ridedown Accelerations (g's)
x-direction =5.1
y-direction =53
Max Roll, Pitch, and Yaw Angles (degrees)
Roll =5.7
Pitch —-15.5
Yaw -29.0

3.8  SIMULATION OF TRUCK IMPACTING SHORT RADIUS WITH TENSION
CABLE AND SIX 700-LB SAND DRUMS

For the following simulation, the truck was placed at a different position in the system.
Figure 3.27 displays the system used and the alignment of the truck to the system. For this
system, the cable from the preciously described system was removed. The truck is still at a 25°

angle from the guardrail system, but this time it is impacting the guardrail system on the primary
roadway.

Figure 3.27. Alignment of Truck with System.
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Figure 3.28 shows the sequential images of the simulation. At 0.15 s, the truck has
impacted the rail. The last image shows that the truck was not redirected away from the system.
Instead, the front of the truck began to override the rail.

Figure 3.28. Sequential Images of Truck Simulation with Tension Cable and Six 700-1b
Sand Drums.

Figures 3.29 and 3.30 show a close view of the deformation between the truck and the
guardrail system. These two figures show different views of the truck at certain points in the
simulation. As seen below, at approximately 0.3 s the front of the truck is lifted up. The drums
were removed for clarity.

Figure 3.29. Interaction of Truck with System (No Drums Visible).
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Figure 3.30. Interaction of Truck with System (No Drums Visible).

Table 3.6 shows the TRAP results of the occupant risk factor for the simulation with the
Tension Cable and spread out 700-Ib sand drums.

Table 3.6. TRAP Summary Data of Simulation with Tension Cable and Six 700-l1b Sand

Drums.
TRAP Results: Truck Short Radius
Impact Velocity, mph 43.5
Impact Angle (degrees) 25
OlV (ft/s)
x-direction 34.4
y-direction -7.5
Occupant Ridedown Accelerations (g's)
x-direction -7.5
y-direction 5.2
Max Roll, Pitch, and Yaw Angles (degrees)
Roll 21.8
Pitch -3.5
Yaw 4.3

3.9 SIMULATION OF TRUCK IMPACTING SHORT RADIUS WITH TWO
TENSION CABLES AND SIX 700-LB SAND DRUMS

Figure 3.31 displays the following system and position of the truck used for this
simulation. Since the simulation described above did not satisfy the requirements, the cable was
added back to the primary roadway.
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Figure 3.31. Alignment of Truck with System.

Figure 3.32 shows the sequential images of this simulation. At 0.105 s, the truck pushed
the rail into the interior of the system and the front left side of the truck deformed. The cable
maintained tension capacity. By 0.4 s, the truck had been redirected. At 0.475 s, the left side
corner of the truck interacted with the system. The last image displays the redirected truck after
its interaction with the system was complete.

Figure 3.33 presents a closer view of the interaction. Deformation has occurred for both
the truck and rail, leaving two broken CRT posts and one deformed steel post. The sand has been
hidden from these images to better see the rail and truck.

Table 3.7 shows the TRAP results of the occupant risk factor for the simulation with one
short cable and six spread out 700-1b sand drums.
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Figure 3.32. Sequential Images of Truck Simulation with Two Tension Cables and Six "
700-Ib Sand Drums.
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Figure 3.33. Interaction of Truck with System (No Drums Visible).
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Table 3.7. TRAP Summary Data of Simulation with Two Tension Cables and Six
700-Ib Sand Drumes.

TRAP Results: Truck Short Radius \

Impact Velocity, mph 43.5
Impact Angle (degrees) 25
Occupant Risk Factors \
OV (ft/s)
x-direction 6.5
y-direction —4.2
Occupant Ridedown Accelerations (g's)
x-direction -5.4
y-direction 7.0
Max Roll, Pitch, and Yaw Angles (degrees)
Roll -9.2
Pitch —4.8
Yaw 48.5

3.10 SIMULATION OF TRUCK IMPACTING SHORT RADIUS WITH TWO
TENSION CABLES AND SIX 700-LB SAND DRUMS

The following simulation includes the same system design with two tension cables and
six 700-1b sand drums distributed behind the guardrail, from posts 9 to 15.

Figure 3.34 presents the sequential images depicting the performance of the system. The
first image shows the initial position of the system. At 0.25 s, four wood posts surrounding the
impact area broke. The wood posts continued to break consecutively. By the end of the
simulation, all of the wood posts broke and one of steel posts had significant bending while the
other one still remained intact.

Figures 3.36 and 3.36 show a closer view of the impact during the simulation and at the
final state of the simulation. The drums were removed to have a clear view. Figure 3.36 displays
a clear view of how the rail started to go under the front of the truck.

Table 3.8 shows the TRAP results of the occupant risk factor for the simulation with the
Tension Cable and six spread out 700-1b sand drums.
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Time=0.0s Time=0.25s

Time =0.635s

Time=0.805s SRR Time=11s

Figure 3.34. Sequential Images of Truck Simulation with Two Tension Cables and Six
700-Ib Sand Drums.
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Figure 3.35. Interaction of Simulation with System (No Drums Visible).

Figure 3.36. Final State of Truck (No Drums Visible).

TR No. 0-6913-R1 63 2019-04-02



Table 3.8. TRAP Summary Data of Simulation with Two Tension Cables and Six
700-Ib Sand Drumes.

TRAP Results: Truck Short Radius \

Impact Velocity, mph 43.5
Impact Angle (degrees) 25
Occupant Risk Factors \
OV (ft/s)
x-direction 21.3
y-direction 3.6
Occupant Ridedown Accelerations (g's)
x-direction -3.9
y-direction —2.7
Max Roll, Pitch, and Yaw Angles (degrees)
Roll -12.6
Pitch -17.5
Yaw -16.6

3.11 SIMULATION OF TRUCK IMPACTING SHORT RADIUS WITH TWO
TENSION CABLES AND SIX 700-LB SAND DRUMS

The same guardrail system of the truck presented above is used for this simulation. The
goal of this simulation is to affirm that the truck is adequately captured within an acceptable

distance behind the rail. Figure 3.37 shows the guardrail system and position of the truck for the
simulation.

Figure 3.37. Two Tension Cables and 700-Ib Sand Drums behind Radius.

Figure 3.38 depicts the truck throughout the simulation. The initial contact with the rail
happened at 0.019 s. Before 0.20 s, two drums had dispersed the sand and two more drums were
about to break as well. At approximately 0.45 s, the truck was riding up the rail. By 0.645 s, the
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front two tires had completely gone over the rail. The last image shows the last state for the
simulation where the truck had overridden the system.

Time=0.19s

Time=0.34s Time =0.475s

Time =0.64s Time=0.95s

Figure 3.38. Sequential Images of Truck Simulation with Two Tension Cables and Six
700-1b Sand Drums.

Figures 3.39 and 3.40 demonstrates a closer view of the truck impacting the rail. The
drums were removed from the simulation to have a clear view of the deformation of the truck
and the guardrail. Figure 3.39 shows approximately the time before the truck begins to ride over
the rail. Figure 3.40 shows the final state of the simulation.
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Time=0.45s

Figure 3.39. Interaction of Truck with System (No Drums Visible).

Figure 3.40. Final State of Simulation (No Drums Visible).

Table 3.9 shows the TRAP results of the occupant risk factor for the simulation with two
short cables and six spread out 700-Ib sand drums.
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Table 3.9. TRAP Summary Data of Simulation with Two Tension Cables and Six
700-Ib Sand Drumes.

TRAP Results: Truck Short Radius \

Impact Velocity, mph 43.5
Impact Angle (degrees) 25
Occupant Risk Factors \
OV (ft/s)
x-direction 24.9
y-direction 1.9
Occupant Ridedown Accelerations (g's)
x-direction -3.4
y-direction -2.8
Max Roll, Pitch, and Yaw Angles (degrees)
Roll -10.3
Pitch -16.0
Yaw -21.3

3.12  SIMULATION OF TRUCK IMPACTING SHORT RADIUS WITH TWO
TENSION CABLES AND SIX 700-LB SAND DRUMS

The same system from the above simulations of the car was used for this simulation. It
includes two short cables, one on the primary roadway and the other cable on the secondary
roadway. Six drums were placed between posts 9 to 15. For this case, a truck was used instead of
a small car. The goal of this simulation was to affirm that the truck is adequately captured within

an acceptable distance behind the rail. Figure 3.41 shows the system and position of the truck
used for this case.

Figure 3.41. Alignment of Truck with System.
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Figure 3.42 shows the sequential images of the simulation. The first image shows the
initial position of the system and is followed by four images of the truck interacting with the rail.
Before 0.235 s, the guardrail system was already deforming into the ditch. The last image of the
simulation shows the truck being captured by the rail.

Time=0.0s Time =0.235s

Time =0.475s Time=0.65s

Time=0.81s 7 Time=12s

Figure 3.42. Sequential Images of Truck Simulation with Two Tension Cables and Six
700-1b Sand Drums.

Figures 3.43 and 3.44 show a closer view of the deformation between the guardrail
system and the truck. The drums were removed from the figures to have a clear view of the
deformation.
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Figure 3.43. Interaction of Truck with System (No Drums Visible).

Figure 3.44. Final State of Simulation (No Drums Visible).

Table 3.10 shows the TRAP results of the occupant risk factor for the simulation with
two short cables and six spread out 700-Ib sand drums.
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Table 3.10. TRAP Summary Data of Simulation with Two Tension Cables and Six
700-Ib Sand Drumes.

TRAP Results: Truck Short Radius \

Impact Velocity, mph 43.5
Impact Angle (degrees) 25
Occupant Risk Factors \
OV (ft/s)
x-direction 25.3
y-direction 3.9
Occupant Ridedown Accelerations (g's)
x-direction -3.0
y-direction -3.5
Max Roll, Pitch, and Yaw Angles (degrees)
Roll =7.3
Pitch —-18.3
Yaw —27.6

3.13 SIMULATION OF CAR IMPACTING SHORT RADIUS WITH TWO TENSION
CABLES AND SIX 700-LB SAND DRUMS

Figure 3.45 presents the system layout for this simulation. The system includes two short
cables and six drums spread along the rail. One of the cables was placed on the primary roadway
between posts 12 and 13 at an angle; it is attached to the thrie beam and terminates at post 12.
The second short cable is on the secondary roadway placed between posts 9 and 10. It is attached
to the thrie beam and terminates at post 10. The drums are placed between posts 9 through 15.
The drum placed between posts 9 and 10 is placed 17 inches from the center of drum to the
center of post.

Figure 3.46 shows the placement of the car to the guardrail system. It is set at a 25° angle
heading straight toward a drum at the curved section.

Figure 3.47 shows the sequential images throughout the simulation. The car remained
stable during the simulation. The first image shows the initial position of the car and the system,
and is followed by two images that depict the interaction of the car with the guardrail system and
drums. At 0.27 s, the deformation from the car was present and three of the drums have broken
and dispersed the sand. By 0.405 s, the car began to be captured by the rail. The last image
displays the car being captured by the rail with three drums remaining intact and four out of the
eight CRT posts broken.

Figures 3.48 and 3.49 display a closer view of the interaction of the car without the drums
to have a clear view of the deformation between the car and the guardrail system.

Table 3.11 shows the TRAP results of the occupant risk factor for the simulation with
two short cables and six spread out 700-Ib sand drums.
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Figure 3.46. Alignment of Car with System.
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Time=0.0s Time=0.115s

Time=0.32s Time =0.565s

Figure 3.47. Sequential Images of Car Simulation with Two Tension Cables and Six 700-1b
Sand Drums.
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Figure 3.49. Final State of Simulation (No Drums Visible).
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Table 3.11. TRAP Summary Data of Simulation with Two Tension Cables and Six
700-Ib Sand Drumes.

TRAP Results: Car Short Radius \

Impact Velocity, mph 43.5
Impact Angle (degrees) 25
Occupant Risk Factors \
OV (ft/s)
x-direction 31.5
y-direction 2.3
Occupant Ridedown Accelerations (g's)
x-direction -6.4
y-direction -2.1
Max Roll, Pitch, and Yaw Angles (degrees)
Roll -33
Pitch —8.2
Yaw 19

3.14 SIMULATION OF CAR IMPACTING SHORT RADIUS WITH TWO TENSION
CABLES AND SIX 700-LB SAND DRUMS

The same guardrail system from the above simulation was used. The difference in this
simulation is the position of the car. It is set to hit the rail directly instead of directly into a drum.
Figure 3.50 shows the system and position of the car used in this simulation.

Figure 3.50. Alignment of Car with System.

Figure 3.51 shows the sequential images of the simulation. At 0.25 s, the hood of the car
impacted the rail and deformed. Also, two of the drums broke and dispersed the sand. By 0.49 s,
a third sand barrel had dispersed the sand while the car was being captured by the rail. The car
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reached zero velocity at approximately 0.43 s and then began to rebound. The last image displays
the end state of the position of the car.

Figure 3.51. Sequential Images of Car Simulation with Two Tension Cables and Six 700-1b
Sand Drums.

Figures 3.52 and 3.53 show a closer view of the impact between the guardrail and the car.
The drums are removed to show a clear view of the deformation. Figure 3.52 shows the
interaction of the rail with the car at 0.445 s, the approximate point at which the car reached zero
velocity. Figure 3.53 shows the end state of the car in the simulation.

Table 3.12 shows the TRAP results of the occupant risk factor for the simulation with
two short cables and six spread out 700-Ib sand drums.
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Figure 3.52. Interaction of Car with System (No Drums Visible).

Figure 3.53. Final State of Simulation (No Drums Visible).
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Table 3.12. TRAP Summary Data of Simulation with Two Tension Cables and Six
700-Ib Sand Drumes.

TRAP Results: Car Short Radius \

Impact Velocity, mph 43.5
Impact Angle (degrees) 25
Occupant Risk Factors \
OV (ft/s)
x-direction 35.1
y-direction —0.6
Occupant Ridedown Accelerations (g's)
x-direction —4.5
y-direction -3.2
Max Roll, Pitch, and Yaw Angles (degrees)
Roll -9.6
Pitch -9.0
Yaw -3.3

3.15 SIMULATION OF TRUCK IMPACTING SHORT RADIUS WITH TWO
TENSION CABLES AND SIX 700-LB SAND DRUMS

For the following test case, the truck is aligned parallel with the primary roadway.
Figure 3.54 shows the system used in this simulation. The system contains two short cables and
six 700-Ib sand drums spread out.

Figure 3.54. Aligment of System with Truck.

Figure 3.55 displays the truck in sequential images throughout the simulation. The first
wood post at the center of the nose broke, as well as the CRT post on the primary roadway, at
0.075 s. At 0.155 s, the truck began to ride up the rail. The front left truck tire left the rail before
0.4 s, and the truck was unstable. By 0.88 s, all four tires were back on the ground.
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Time=0.0s Time=0.22s

Time=0.34s Time=0.48s

Figure 3.55. Sequential Images of Truck Simulation with Two Tension Cables and Six
700-1b Sand Drums.

The sequential images in Figure 3.56 show the trucks interaction with the rail. The sand
has been hidden from these images to better see the rail and truck interaction. Figure 3.57
displays a closer view of the interaction from the back of the rail. Figure 3.57 shows the time
when the truck had already gone up the rail and its interaction with the system was complete.
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Time=0.04s Time=0.19s

Time=0.34s Time=0.51s

Figure 3.56. Sequential Images of Simulation from Front of Rail (No Drums Visible).

Time=0.16s Time=0.34s

Figure 3.57. Images of Simulation from Back of Rail (No Drums Visible).

Table 3.13 shows the TRAP results of the occupant risk factor for the simulation with
Tension Cable and spread out 700-1b sand drums. Table 3.13 shows the TRAP results of the
occupant risk factor for the truck simulation with two short cables and six spread out 700-Ib sand
drums.
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Table 3.13. TRAP Summary Data of Simulation with Two Tension Cables and Six
700-Ib Sand Drumes.

TRAP Results: Truck Short Radius \

Impact Velocity, mph 43.5
Impact Angle (degrees) 0
Occupant Risk Factors \
OV (ft/s)
x-direction -9.8
y-direction -9.8
Occupant Ridedown Accelerations (g's)
x-direction 4.5
y-direction 4.5
Max Roll, Pitch, and Yaw Angles (degrees)
Roll 17.0
Pitch 2.8
Yaw 22.5

3.16 SIMULATION OF CAR IMPACTING SHORT RADIUS WITH TWO TENSION
CABLES AND SIX 700-LB SAND DRUMS

The next case involves a car impacting the same guardrail system. However, this case has
the car positioned away from the center of the system and approximately 15-ft from the end of
the parapet. Figure 3.58 shows the position of the car with the guardrail system. The car is still
impacting the guardrail system at a 25° angle. This test was intended to evaluate the impact
performance at a critical impact point where the car is being redirected. The impact point for this
case is directly at a CRT post, post number 13 in the system.

Figures 3.59 and 3.60 display the car in sequential images throughout the simulation. At
0.095 s, the driver’s door had deformed and popped open when impacting with the rail. At 0.4 s,
the rear right side of the car made contact with the system. After 0.43 s, the car was redirected
and its interaction with the system was complete. At the end of the simulation, only two CRT
post and three drums were broken. Figures 3.61 and 3.62 show a closer view of the impact
between the car and the guardrail system. The drums have been removed to have a clear view.
The first image shows a closer view of what is happening with the deformation. It can be seen
that the door opened when impacting at this alignment.
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Figure 3.58. Alignment of Car with System (No Drums Visible).

Time=0.0s Time=0.15s

Time=0.24s Time =032

Time=0.41s Time=0.50s

Figure 3.59. Sequential Images of Car Simulation with Two Tension Cables and Six 700-1b
Sand Drums.
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Time=0.0s Time=0.15s

Time =0.335s Time=0.50s

Figure 3.60. Sequential Images of Simulation (Top View).

Figure 3.61. Interaction of Car with System (No Drums Visible).
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Time=0.50s

Figure 3.62. Interaction of Car with System (No Drums Visible).

Table 3.14 shows the TRAP results of the occupant risk factor for the car simulation with
two short cables and six spread out 700-Ib sand drums. Figures 3.63, 3.64, and 3.65 show the
longitudinal accelerations in the X, Y, and Z direction, respectively. Figure 3.66 shows the roll,
pitch, and yaw angles for the simulation.

Table 3.14. TRAP Summary Data of Simulation with Two Tension Cables and Six
700-Ib Sand Drumes.

TRAP Results: Truck Short Radius \

Impact Velocity, mph 43.5
Impact Angle (degrees) 25
Occupant Risk Factors \
OlV (ft/s)
x-direction 21.9
y-direction -17.0
Occupant Ridedown Accelerations (g's)
x-direction —6.8
y-direction 6.2
Max Roll, Pitch, and Yaw Angles (degrees)
Roll 2.2
Pitch -1.7
Yaw 45.9
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Figure 3.63. Longitudinal Acceleration of Car Impacting Short Radius with Two Tension
Cables and Six 700-Lb Sand Drums.
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Figure 3.64. Longitudinal Acceleration of Car Impacting Short Radius with Two Tension
Cables and Six 700-Lb Sand Drums.
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Figure 3.65. Longitudinal Acceleration of Car Impacting Short Radius with Two Tension
Cables and Six 700-Lb Sand Drums.
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Figure 3.66. Roll, Pitch, and Yaw Angles for the Simulation of Car Impacting Short Radius
with Two Tension Cables and Six 700-Lb Sand Drums.

3.17 SIMULATION OF CAR IMPACTING SHORT RADIUS WITH TWO TENSION
CABLES AND SIX 700-LB SAND DRUMS

This simulation is also intended to evaluate the impact performance at a critical impact
point where the car is being redirected. The only change made to this simulation is the position
of the car, the guardrail system remains the same. The car was shifted 6-ft to the left from the
simulation above, directly impacting the drum between posts 12 and 13. Figure 3.67 shows the
alignment of the car with the system. The car impacts at a 25° angle and at a speed of 40 mph.

Figure 3.67. Alignment of Car with System.

TR No. 0-6913-R1 85 2019-04-02



Figure 3.68 displays the sequential images for the simulation. At approximately 0.07 s,
the front left corner of the car had deformed. The car continued to have contact with the rail and
instead of being redirected away from the guardrail system, the car ended up perpendicular to the
primary roadway.

Time=0.0s Time =0.07 s

Time=0.29s Time=0.435s

Figure 3.68. Sequential Images of Car Simulation with Two Tension Cables and Six 700-Ib
Sand Drums.

The following sequential images shown in Figure 3.69 display the top view. These
images follow the positon of the car from the beginning state to the final state. Figures 3.70 and
3.71 show a closer view of the deformation caused in this simulation. The drums were removed
from the images to have a clear view. The first image shows that most of the damage in the car
was on the front left corner of the car.
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Time=0.0s Time=0.235s

Time=0.395s Time=0.80s

Figure 3.69. Sequential Images of Simulation (Top View).

Figure 3.70. Interaction of Car with System (No Drums Visible).
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Time=0.80s

Figure 3.71. Final State of Simulation (No Drums Visible).

Table 3.15 shows the TRAP results of the occupant risk factor for the car simulation with
two short cables and six spread out 700-Ib sand drums. Figures 3.72, 3.73, and 3.74 show the
longitudinal accelerations in the X, Y, and Z direction, respectively. Figure 3.75 shows the roll,
pitch, and yaw angles for the simulation.

Table 3.15. TRAP Summary Data of Simulation with Two Tension Cables and Six
700-1b Sand Drums.

TRAP Results: Truck Short Radius \

Impact Velocity, mph 43.5
Impact Angle (degrees) 25
Occupant Risk Factors \
OV (ft/s)
x-direction 36.0
y-direction -9.8
Occupant Ridedown Accelerations (g's)
x-direction 7.7
y-direction 4.0
Max Roll, Pitch, and Yaw Angles (degrees)
Roll 7.5
Pitch —6.1
Yaw -49.9

TR No. 0-6913-R1 88 2019-04-02



Longitudinal Acceleration (G)

&

X Acceleration at CG

&)

-10;

Test Number: Sim 2-34

Test Article: Shifted 6 drums
Test Vehicle: Small Car
Inertial Mass: 1100 kg

-20
0

Gross Static: 1100 kg
Impact Speed: 70 km/h
Impact Angle: 25°

02 03 04 05 0.7 08

Time (sec)

06 09

‘— Time 0ofOIV(0.12869 sec) — SAEClass 60 Filter

— 50-msec average ‘

Figure 3.72. Longitudinal Acceleration of Car Impacting Short Radius with Two Tension
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Figure 3.73. Longitudinal Acceleration of Car Impacting Short Radius with Two Tension
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Figure 3.74. Longitudinal Acceleration of Car Impacting Short Radius with Two Tension
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Figure 3.75. Roll, Pitch, and Yaw Angle of Car Impacting Short Radius with Two Tension
Cables and Six 700-Lb Sand Drums.

3.18 SIMULATION OF CAR IMPACTING SHORT RADIUS WITH TWO TENSION
CABLES AND SIX 700-LB SAND DRUMS

This simulation shared the intent of the previous two simulations: locating the critical
impact point. The guardrail system was the same, but the car was shifted 6-ft to the left relative
to the previous simulation. The front left corner of the bumper is positioned to impact the center
of a drum, positioned between posts 11 and 12. Figure 3.76 shows the alignment of the car with
the system. The car impacts at a 25° angle and at a speed of 40 mph.

Figure 3.76. Alignment of Car with System.
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Figure 3.77 displays sequential images of the simulation. By 0.05 s, the front left bumper
was significantly deformed. At approximately 0.15 s, the surface area of the car in contact with
the guardrail was maximized. By this point, the drums had been impacted and were starting to
release sand. By 0.275 s, the front of the car was entirely deformed, and the majority of the car’s
kinetic energy had been dissipated; almost all of the sand from the relevant drums had been
released. After this point, the car slowly rolled backward until rest. Figure 3.78 follows the
position of the car from beginning state to the final state.

Table 3.16 shows the TRAP results of the occupant risk factor for the car simulation with
two short cables and six spread out 700-Ib sand drums. Figures 3.79, 3.80, and 3.81 show the
longitudinal accelerations in the X, Y, and Z direction, respectively. Figure 3.82 shows the roll,
pitch, and yaw angles for the simulation.

Time=0.0s Time =0.05s

Time=0.15s Time=0.275s

Time=0.38s Time=05s

Figure 3.77. Sequential Images of Car Simulation with Two Tension Cables and Six 700-Ib
Sand Drums.
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Time=0.0s Time=0.15s

Time=0.30s Time=0.45s

Figure 3.78. Sequential Images of Simulation (Top View).

Table 3.16. TRAP Summary Data of Simulation with Two Tension Cables and Six 700-Ib

Sand Drumes.

TRAP Results: Truck Short Radius

Impact Velocity, mph 43.5
Impact Angle (degrees) 25
Occupant Risk Factors
OlV (ft/s)
x-direction 32.5
y-direction -8.8
Occupant Ridedown Accelerations (g's)
x-direction —1.7
y-direction —2.2
Max Roll, Pitch, and Yaw Angles (degrees)
Roll 2.0
Pitch -1.7
Yaw 5.6
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Figure 3.79. Longitudinal Acceleration of Car Impacting Short Radius with Two Tension

Cables and Six 700-Lb Sand Drums.
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Figure 3.80. Lateral Acceleration of Car Impacting Short Radius with Two Tension Cables
and Six 700-Lb Sand Drums.
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Figure 3.81. Vertical Acceleration of Car Impacting Short Radius with Two Tension Cables
and Six 700-Lb Sand Drums.
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Roll, Pitch and Yaw Angles

Test Number: Sim 2-34
Test Article: 6 drums
Test Vehicle: Small Car

Inertial Mass: 1100 kg
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[—Rol — Pich — Yaw |

Figure 3.82. Roll, Pitch, and Yaw Angles of Car Impacting Short Radius with Two Tension
Cables and Six 700-Lb Sand Drums.

3.19 CONCLUSIONS

The introduction of sand filled drums instead of sand filled barrels changed the course of
the new system design. The first test, MASH test 2-33, included four 700-1b drums filled with
sand and one tension cable. The simulation results show a positive outcome. For the next
simulation, the truck was aligned parallel to the primary roadway; as a result, the truck was
redirected away from the guardrail system with damage on the front corner of the driver’s side.

One drum was added to the system design, which changed the results of the simulation.
These results show that the truck was damaged up to the windshield. The following simulation
showed the same system with the alignment of the truck impacting post 13. The results for the
simulation show an unstable truck that has overridden the system.

Modifications were then done by adding another sand filled drum, making a total of six,
with two tension cables one on the primary roadway and one on the secondary roadway. This
modification gave positive results to the simulation by the truck not overriding the system. For
the next case, the truck was aligned to hit post 13 at a 25°; this resulted in the truck being
redirected away from the system. The tension cable that was placed on the primary was removed
to understand which scenario gave an unreliable result. Without the tension cable, the truck was
not successful in being redirected away from the system.

For MASH test 2-33, three simulations were created by making small changes for each.
The first change made from the first simulation was the density of the drums that were modeled.
The second change was a higher friction for the vehicle. The changes were made to improve the
simulation and not having the truck override the system.

Once the design was cable of capturing the truck under MASH test 2-33 MOD conditions,
MASH test 2-32 MOD (car) was then simulated to quantify occupant severity. MASH test 2-32
MOD gave favorable results for both simulated impact locations, between post 10 and post 11
and impact on post 11. Later, MASH test 2-31 (truck) was simulated, and the vehicle was
redirected in a stable manner. Finally, the last three simulations for MASH test 2-34 MOD were
conducted at three different impact locations to quantify the critical impact location, which
resulted to be 6.3 inches downstream of post 12.

TR No. 0-6913-R1 94 2019-04-02



CHAPTER 4:
TEST ARTICLE DESIGN AND CONSTRUCTION

41  TEST ARTICLE AND INSTALLATION DETAILS

41.1 Guardrail

Each test installation consisted of a 31-inch tall, 87-ft long, thrie-beam short radius
guardrail system constructed with an 11 ft-11 inch long primary-road leg (as measured along the
guardrail) that transitioned to a section of bridge parapet, and a 50 ft-1 inch long secondary-road
leg that terminated with a TXDOT GF (31) DAT-14 terminal. The curved 25-ft (post-to-post) arc
length thrie-beam section (RTMO02a) was rolled to a 16-ft inside radius. The primary-road side
thrie-beam of the system was co-linear (parallel) to the parapet face, and the secondary-road side
thrie-beam was perpendicular to the parapet face. Six sand drums were strategically placed on
the inboard, field side of the installation between posts 9 and 15. The simulated parapet section
was not designed for direct impact by a vehicle. See Appendix A, Sheets 1, 2, 3, 4, and 12 of 12
for overall installation details.

Post spacing was 6 ft-3 inches for each of posts 1 through 6. The post 6 to 7 spacing was
6 ft-4 inches. Posts 7 to 8 and posts 8 to 9 were spaced at 6 ft-3 inches. Each of posts 9 through
13 were spaced at 6 ft-3 inches as measured along the arc of the curved thrie-beam. The post 13
to 14 spacing was 3 ft-1% inches, 14 to 15 spacing was 3 ft-% inches, and 15 to 16 spacing was
3-ft 1%%-inches. Post 16 to the end face of the concrete parapet was approximately 31% inches.
See Appendix A, Sheet 3 for details.

Several sections comprised the guardrail. Beginning with the DAT terminal at the
secondary road, a rounded W-beam End Section (RWEOQ3a) attached to post 1, and a 2-space,
9 ft-4%% inch long span W-beam DAT Terminal Rail Element connected post 1 to post 2. A
standard W-beam, 4-space, 12 ft-6 inch span (RWMQO04a) connected posts 3 and 4. A 9 ft-4% inch
long span W-beam connected posts 5 and 6 to a 6 ft-4 inch long asymmetrical W- to thrie-beam
transition section that connected posts 6 and 7. A thrie-beam, 4-space, 12 ft-6 inch span
(RTMO4a) connected posts 7, 8, and 9. Posts 9, 10, 11, 12, and 13 supported the two
aforementioned curved 12 ft-6 inch arc length radiused thrie-beam sections (RTMO02a). A final
thrie-beam, 4-space, 12 ft-6 inch span (RWM~O04a) connected posts 13, 14, 15, and 16 to the
parapet. Finally, a thrie-beam terminal connector (RTEO1b) completed the transition from the
guardrail to the parapet. All guardrail sections were galvanized standard 12-gauge material
unless otherwise noted as “b.”

Posts 1 and 2 in the DAT terminal were each comprised of a timber post measuring
5% inches x 7% inches x 46 inches long. A 2%-inch diameter weakening hole was located
28Y inches from the top near grade. Each post was installed in a 72-inch long hollow structural
section rectangular foundation tube socket (HSS 6 x 8 x ' inch wall) embedded in the soil. See
Appendix A, TXxDOT Dwg GF (31) DAT-14 for post 1 and 2 details.

Posts 3 through 6 were 72-inch long W6x8.5 wide flange guardrail posts (PWEQ1). The
guardrail was attached to each of posts 3 through 6 via a W-beam timber routered blockout
(PDBO01b, 6 inches x 8 inches x 14 inches tall; with a 4%-inch wide x 3-inch deep relief) and a

TR No. 0-6913-R1 95 2019-04-02



%-inch x 10-inch guardrail bolts (FBB03) and recessed guardrail nuts. Posts 3 through 6 were
installed 40 inches deep into a drilled hole with compacted strong soil as per MASH.

Posts 7 and 8 were modified CRT timber posts (PDEQ9) 6 inches x 8 inches x 72 inches
long. Two 3%-inch diameter weakening holes were located at 32 inches (grade level) and
47% inches below the top. The thrie-beam guardrail was attached to each of posts 7 and 8 via a
6-inch x 8-inch x 22-inch tall timber blockout (PDB02) and two % % 18-inch guardrail bolts
(FBBO04) and recessed guardrail nuts. Posts 7 and 8 were installed 40 inches deep into a drilled
hole with compacted strong soil as per MASH and without a foundation tube. See Appendix A,
Sheet 12 for details.

Posts 9 through 14 were modified BCT timber posts (PDF01) 5% inches x 7% inches x
48Y4 inches long. A 2%-inch diameter weakening hole was located 30% inches from the top near
grade. A 7&-inch diameter hole was located 33% inches from the top through which to install a
%-inch x 10-inch A307 Grade 5 hex bolt, flat washer, and recessed guardrail nut that secured the
post in the foundation tube. Each post’s foundation tube was a 6-inch x 8-inch x 3/16-inch thick
ASTM A500 grade B steel HSS structural tube (PTEOQ5), 72 inches long and embedded
approximately 70 inches deep into drilled holes with compacted strong soil as per MASH. Two
13/16-inch diameter holes were located 1 inch below the top of each tube (centered in the lateral
direction) to secure the timber post in the tube as described above. The guardrail was attached to
each post via a W-beam timber blockout (PDB01a) and a % % 18-inch guardrail bolt (FBB04)
and recessed guardrail nut. See Appendix A, Sheets 4 and 12 for details.

Post 15 was a W6x8.5 wide flange guardrail post (PWEO01), 72 inches long. The guardrail
was attached to post 15 via a W-beam timber routered blockout (PDBO01b) and a Y-inch x
10-inch guardrail bolt (FBB03) and recessed guardrail nut. Post 15 was installed 40 inches deep
into a drilled hole with compacted strong soil as per MASH. See Appendix A, Sheet 4 for details.

Post 16 was a W6x8.5 wide flange guardrail posts (PWEO1), 72 inches long. The
guardrail was attached to post 16 via a thrie-beam timber routered blockout (6 inches x 8 inches
x 18 inches tall; with a 4%-inch wide x ¥s-inch deep relief, similar to a PDB02) and one %-inch
x 10-inch guardrail bolt (FBB03) and recessed guardrail nut in the upper holes. Post 16 was
installed 40 inches deep into a drilled hole with compacted strong soil as per MASH. See
Appendix A, Sheet 4 for details.

A thrie-beam terminal connector (RTEOL1b) was utilized to connect and transition the
thrie-beam to the parapet. Five A325 7&-inch diameter hex bolts, SAE flat washers, and heavy
hex nuts secured the connector to the parapet: three 14-inch long bolts in the upper, wider part of
the parapet, and two 12-inch long bolts in the lower, narrower part of the parapet. The terminal
connector and thrie beam were joined with 12 sets of %-inch diameter x 2-inch long guardrail
bolts (FBB02), rectangular washers (FWRO03), and recessed guardrail nuts. See Appendix A,
Sheet 4 for details.

Two BCT anchor cables (FCAQ1) were integrated into each system. Refer to section 4.2
“Design Modification during Testing” for details and changes.

4.1.2 Parapet

A reinforced concrete bridge parapet was constructed by adding on to the existing
concrete runway apron. The parapet base tapered from 60 to 56% inches wide at the guardrail
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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 A615 Grade 60, and unions of longitudinal, traverse, and vertical
rebar were wire-tied on site. See Appendix A, 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% 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 %-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% 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
into the parapet at the time of the concrete pour to accommodate the thrie-beam terminal
connector. See Appendix A, Sheet 9 for details.

Reinforcement in the parapet consisted of sixteen ¥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 Y2-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 %s-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 A, Sheet 11 for details.

Reinforcement in the base consisted of two mats of ¥z-inch nominal diameter reinforcing
steel (#5 rebar) located approximately 1% 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.

4.1.3 Sand Drums

Six 55-gallon drums (Eagle Model #1656 with lid; High-Density Polyethylene), each
filled with washed sand and weighing 715 +10 Ib, were strategically placed on the field side of
the thrie-beam between posts 9 and 15. See Attachment A, Sheet 3 of 12 for placement
geometry.

4.1.4 Ditch

A ditch was constructed on the field side of the installation. The upper edge of the ditch
was located 2-ft behind, and parallel to, the inside of the curvature of the guardrail on the
primary road parapet end, increasing to 3-ft behind, and parallel to, the inside of the curvature of
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the guardrail on the secondary road terminal end. The ditch was 21-ft wide x 7-ft deep with a 3:1
slope on the faces.

Figure 4.1 presents overall information on the TXDOT low-speed short radius guardrail
treatment, and Figure 4.2 provides photographs of the installation. Appendix A provides further
details of the TXDOT low-speed short radius guardrail treatment.

42  DESIGN MODIFICATIONS DURING TESTING

Two BCT anchor cables were integrated into each system. One attached to post 10 at
grade and terminated on the thrie-beam near post 9. The second attached to post 12 at grade and
terminated on the thrie-beam near post 13.

Each anchor cable was a %-inch (6x19; or IWRC; AASHTO M-30; 46 kips min.)
galvanized wire rope. Each anchor cable 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. Each weakening hole at posts 10 and 12 contained a 2-inch Sch 40
(0.1535-inch wall thickness) BCT post sleeve (FMMO02) through which one terminal end of the
anchor cable was secured via a 8-inch x 8-inch x %-inch thick BCT bearing plate (FPBO01), flat
washer, and nut. The opposite end of each anchor cable was secured to the lower field side
involute of the thrie-beam with a guardrail anchor bracket (FPA01) and, depending on the test
installation as describe below, either four or eight 7s-inch x 2-inch hex bolts with USS flat
washers and recessed guardrail nuts. The swage stud nuts were tightened such that all slack was
removed from the cable. See Appendix A, Sheet 3 for details.

For Test Nos. 469137-3-1 and -3-2 (MASH 2-33 and 2-32), standard BCT Anchor Cables
(FCAO01) measuring 6 ft-6% inches end to end, inclusive of terminal fittings, were used. Due to
the cables being longer than required, the Guardrail Anchor Brackets (FPAO1) were repositioned
and attached to the thrie-beam with four bolts instead of eight.

For Test Nos. 469138-3-3, -3-4, and 469138-3-5 (MASH 2-31, 2-35, and 2-34,
respectively), modified BCT Anchor Cables measuring 5 ft-5 inches end to end, inclusive of
terminal fittings, were used. These shortened cables allowed the Guardrail Anchor Brackets
(FPAO01) to attach to the thrie-beam with eight bolts. See Appendix B, Sheets 3 and 13 for
details.

Figure 4.3 shows the changes to the TXDOT low-speed short radius guardrail treatment
for Test Nos. 469138-3-3, -3-4, and 469138-3-5, and Figure 4.4 provides photographs of the
installation. Appendix B provides further details of the TXDOT low-speed short radius guardrail
treatment.
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Figure 4.2. TXxDOT Low-Speed Short Radius Guardrail Treatment prior to Test Nos. 469137-
3-1 and 469138-3-4.
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Figure 4.4. Cable prior to Test Nos. 469138-3-3 and 469138-3-4.

43  SOIL CONDITIONS

The test installation was installed in standard soil meeting AASHTO standard
specifications for “Materials for Aggregate and Soil Aggregate Subbase, Base and Surface
Courses,” designated M147-65(2004), grading B.
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In accordance with Appendix B of MASH, soil strength was measured the day of the
crash test. During installation of the TXDOT low-speed short radius guardrail treatment for full-
scale crash testing, two standard W6x16 posts were installed in the immediate vicinity of the
installation, using the same fill materials and installation procedures used in the standard
dynamic test was performed (see Table C.1 in Appendix C for establishment minimum soil
strength properties in the dynamic test performed in accordance with MASH Appendix B).

As determined in the tests shown in Appendix C, Table C.1, 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 Ib, respectively (90 percent of static load for the initial standard
installation).

On the day of Test No. 469137-3-1, August 18, 2017, load on the post at deflections of
5 inches, 10 inches, and 15 inches was 9012 Ibf, 9015 Ibf, and 7540 Ibf, respectively. In
Appendix C, Table C.2 shows the strength of the backfill material in which the TXxDOT low-
speed short radius guardrail treatment was installed met minimum requirements.

On the day of Test No. 469137-3-2, September 5, 2017, load on the post at deflections of
5 inches, 10 inches, and 15 inches was 9646 Ibf, 9343 Ibf, and 8535 Ibf, respectively. In
Appendix C, Table C.3 shows the strength of the backfill material in which the TXxDOT low-
speed short radius guardrail treatment was installed met minimum requirements.

On the day of Test No. 469138-3-3, September 15, 2017, load on the post at deflections
of 5 inches, 10 inches, and 15 inches was 8232 Ibf, 8484 Ibf, and 8585 Ibf, respectively. In
Appendix C, Table C.4 shows the strength of the backfill material in which the TXxDOT low-
speed short radius guardrail treatment was installed met minimum requirements.

On the day of Test No. 469138-3-4, September 28, 2017, load on the post at deflections
of 5 inches, 10 inches, and 15 inches was 7626 1bf, 8989 Ibf, and 10,050 Ibf, respectively. In
Appendix C, Table C.5 shows the strength of the backfill material in which the TXxDOT low-
speed short radius guardrail treatment was installed met minimum requirements.

On the day of Test No. 469138-3-5, December 14, 2017, load on the post at deflections of
5 inches, 10 inches, and 15 inches was 6060 Ibf, 7272 Ibf, and 7575 Ibf, respectively. In
Appendix C, Table C.6 shows the strength of the backfill material in which the TXxDOT low-
speed short radius guardrail treatment was installed met minimum requirements.
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CHAPTER 5:
TEST REQUIREMENTS AND EVALUATION CRITERIA

51 CRASH TEST MATRIX

Table 5.1 shows the test conditions and evaluation criteria for MASH TL-2 non-gating
end treatments. The target CIPs selected for the tests were determined according to the
information provided in MASH Section 2.3.3 and MASH Figure 2-3A. The target CIP selected
for each test is shown in Figures 5.1 through 5.5.

Table 5.1. Test Conditions and Evaluation Criteria Specified for MASH TL-2
Non-Gating End Treatments.

Impact Conditions
Test Article | Test Designation | Test Vehicle Evaluation Criteria
Speed Angle
2-30 1100C 44 mi/h 0° A /D, F HI
2-31 2270P 44 mi/h 0° A, D, F HI
2-32 1100C 44 mi/h | 5-15° A, D, F HI
Ter;?]'(;‘a's 2-33 2270P 44 mih | 5-15° A, D,FH, I
Redirective 2-34 1100C 44 mi/h 15° A, D, F HI
Crash . 0
Cushions 2-35 2270P 44 mi/h 25 A, D, F HI
2-36 2270P 44 mi/h 25° A, D, F HI
2-37a 1100C
44 mi/h 25° A,D,F H, I
2-37b 2270P

Impact angle is 25 degrees measured from the
face of the parapet

Impact point is the center post (Post 11) of the
nose of the radius

Figure 5.1. Target CIP for MASH Test 2-33 on the TXDOT Low-Speed Short Radius
Guardrail Treatment.
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Impact angle is 25 degrees measured from the

face of the parapet

Impact point is the face of the rail at the
center post {(#11) of the nose of the radius

Figure 5.2. Target CIP for MASH Test 2-32 on the TXDOT Low-Speed Short Radius
Guardrail Treatment.

MASH TL 2 -31: The vehicle approaching parallel to the roadway (THE PARAPET
ROADWAY). The centerline of the truck is aligned with the traffic face of the
concrete parapet

Figure 5.3. Target CIP for MASH Test 2-31 on the TXDOT Low-Speed Short Radius
Guardrail Treatment.
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Figure 5.4. Target CIP for MASH Test 2-35 on the TXDOT Low-Speed Short Radius
Guardrail Treatment.

6%3linches]
[downstreamlofy
thelraillfacelon]

[postyi2s

Figure 5.5. Target CIP for Modified MASH Test 2-34 on the TXDOT Low-Speed Short
Radius Guardrail Treatment.
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The crash tests and data analysis procedures were in accordance with guidelines
presented in MASH. Chapter 4 presents brief descriptions of these procedures.

5.2 EVALUATION CRITERIA

The appropriate safety evaluation criteria from Tables 2-3 and 5-1A through 5-1C of
MASH were used to evaluate the crash tests reported herein. The test conditions and evaluation
criteria required for MASH TL-2 non-gating end treatments are listed in Table 4.1, and the
substance of the evaluation criteria in Table 5.2. An evaluation of the crash test results is
presented in detail under the section Assessment of Test Results.

Table 5.2. Evaluation Criteria Required for MASH TL-2 Non-Gating End Treatments.

Evaluation
Factors

Evaluation Criteria

Structural
Adequacy

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.

Detached elements, fragments, or other debris from the test article should not
penetrate or show potential for penetrating the occupant compartment, or present
undue hazard to other traffic, pedestrians, or personnel in a work zone.

Deformations of, or intrusions into, the occupant compartment should not exceed
limits set forth in Section 5.2.2 and Appendix E of MASH.

Occupant
Risk

The vehicle should remain upright during and after collision. The maximum roll
and pitch angles are not to exceed 75 degrees.

Occupant impact velocities (O1V) should satisfy the following limits: Preferred
value of 30 ft/s, or maximum allowable value of 40 ft/s.

The occupant ridedown accelerations should satisfy the following: Preferred value
of 15.0 g, or maximum allowable value of 20.49 g.
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CHAPTER 6:
TEST CONDITIONS

6.1 TEST FACILITY

The full-scale crash tests reported herein were performed at Texas A&M Transportation
Institute (TTI) Proving Ground, an International Standards Organization (ISO)/International
Electrotechnical Commission (IEC) 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 test facilities of the TTI Proving Ground are located on the Texas A&M University
RELLIS Campus, which consists of a 2000-acre complex of research and training facilities
situated 10 miles northwest of the flagship 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
evaluation of roadside safety hardware and perimeter protective devices. The site selected for
construction and testing of the short radius guardrail treatment was along the edge of an out-of-
service apron. The apron consists of an unreinforced jointed-concrete pavement in 12.5-ft x 15-ft
blocks nominally 6 inches deep. The aprons were built in 1942, and the joints have some
displacement, but are otherwise flat and level.

6.2 VEHICLE TOW AND GUIDANCE SYSTEM

Each 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
and ran unrestrained. The vehicle remained freewheeling (i.e., no steering or braking inputs)
until it cleared the immediate area of the test site (no sooner than 2 s after impact), after which
the brakes were activated, if needed, to bring the test vehicle to a safe and controlled stop.

6.3 DATA ACQUISITION SYSTEMS

6.3.1 Vehicle Instrumentation and Data Processing

Each test vehicle was instrumented with a self-contained, on-board data acquisition
system. The signal conditioning and acquisition system is a 16-channel, Tiny Data Acquisition
System (TDAS) Pro produced by Diversified Technical Systems, Inc. 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
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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
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
and initiates the recording process. After each test, the data are downloaded from the TDAS Pro
unit into a laptop computer at the test site. The Test Risk Assessment Program (TRAP) software
then processes the raw data to produce detailed reports of the test results.

Each of the TDAS Pro units is returned to the factory annually for complete recalibration
and all instrumentation used in the vehicle conforms to all specifications outlined by SAE J211.
All accelerometers are calibrated annually by means of an ENDEVCO® 2901, precision primary
vibration standard. This standard and its support instruments are checked annually and receive a
National Institute of Standards Technology (NIST) traceable calibration. The rate transducers
used in the data acquisition system receive a calibration via a Genisco Rate-of-Turn table. The
subsystems of each data channel are also evaluated annually, using instruments with current
NIST traceability, and the results are factored into the accuracy of the total data channel, per
SAE J211. Calibrations and evaluations are also made any time data are suspect. 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 low-pass 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 I1, 50th percentile male anthropomorphic
dummy, restrained with lap and shoulder belts, was placed in the front seat on the impact side of
the 1100C vehicle. The dummy was not instrumented.

According to MASH, use of a dummy in the 2270P vehicle is optional, and no dummy
was used in the test.
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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 A third placed to have a field of view parallel to and aligned with the installation at
the downstream end.

A flashbulb on the impacting vehicle was activated by a pressure-sensitive tape switch to
indicate the instant of contact with the short radius guardrail treatment. The flashbulb was visible
from each camera. The video files from these digital high-speed cameras were analyzed to
observe phenomena occurring during the collision and to obtain time-event, displacement, and
angular data. A digital camera recorded and documented conditions of each test vehicle and the
installation before and after the test.
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CHAPTER 7:
MASH TEST 2-33 (CRASH TEST NO. 469137-3-1)

7.1  TEST DESIGNATION AND ACTUAL IMPACT CONDITIONS

MASH Test 2-33 involves a 2270P vehicle weighing 5000 Ib £110 Ib impacting the nose
of the short radius guardrail at an impact speed of 44 mi/h £2.5 mi/h and an angle of 5-15°
+1.5°. TTI researchers determined the most critical impact angle to be 25° measured from the
face of the parapet. The target impact point for MASH Test 2-33 on the short radius guardrail was
centerline of the vehicle with the centerline of post 11 of the nose of the radius +1 ft.

The 2011 Dodge RAM 1500 pickup truck used in the test weighed 5039 Ib, and the actual
impact speed and angle were 44.8 mi/h and 25.5°, respectively. The actual impact point was
centerline of the vehicle aligned with the centerline of post 11. Minimum target Kinetic energy
(KE) was 291 kip-ft, and actual KE was 338 kip-ft.

7.2  WEATHER CONDITIONS

The test was performed on the morning of August 18, 2017. Weather conditions at the
time of testing were as follows: wind speed: 8 mi/h; wind direction: 189° (vehicle was traveling
in a northwesterly direction); temperature: 89°F; relative humidity: 67 percent.

7.3  TEST VEHICLE

The 2011 Dodge RAM 1500 pickup truck, shown in Figures 7.1 and 7.2, was used for the
crash test. The vehicle’s test inertia weight was 5039 Ib, and its gross static weight was 5039 Ib.
The height to the lower edge of the vehicle bumper was 11.0 inches, and height to the upper edge
of the bumper was 26.5 inches. The height to the center of gravity of the vehicle was
28.38 inches. Tables D.1 and D.2 in Appendix D.1 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. TXxDOT Low-Speed Short Radius Guardrail Treatment/Test Vehicle
Geometrics for Test No. 469137-3-1.
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Figure 7.2. Test Vehicle before Test No. 469137-3-1.

7.4  TEST DESCRIPTION

The test vehicle, traveling at an impact speed of 44.8 mi/h, contacted the TXxDOT low-
speed short radius guardrail treatment with the centerline of the vehicle aligned with the
centerline of post 11 at an impact angle of 25.5°. Table 7.1 lists times and significant events that
occurred during Test No. 469137-3-1. Figures D.1 and D.2 in Appendix D.2 present sequential
photographs during the test.

After loss of contact with the barrier, the vehicle came to rest 260 ft downstream of the
impact.

7.5 DAMAGE TO TEST INSTALLATION

Figures 7.3 through 7.6 show the damage to the TXDOT low-speed short radius guardrail
treatment. The soil around post 1 was slightly disturbed. Post 5 was displaced 0.75 inch through
the soil toward the field side. Post 6 was displaced 8.5 inches through the soil toward the field
side. Posts 7, 9, and 13 fractured at ground level but remained attached to the rail element. Posts
8, 10, 11, 12, and 14 fractured at ground level and separated from the rail element. Post 15 was
displaced through the soil 5.5 inches toward the field side and 6.0 inches toward the parapet. Post
16 was displaced 1.0 inch through the soil toward the field side. Maximum dynamic deflection
during the test was 24.2 ft, and maximum permanent deformation was 20.5 ft.

7.6  DAMAGE TO TEST VEHICLE

Figure 7.7 shows the damage the vehicle sustained. The front bumper, grill, headlights,
right and left front fenders, radiator support, and right front door were damaged. Maximum
exterior crush to the vehicle was 6.0 inches in the front plane at the both front corners at bumper
height. No occupant compartment deformation or intrusion occurred. Figure 7.8 shows the
interior of the vehicle. Tables D.3 and D.4 in Appendix D.1 provides exterior crush and occupant
compartment measurements.
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Table 7.1. Events during Test No. 469137-3-1.
Time (s) |[Event
0.005 |Thrie-beam impacts drum at posts #10-11
0.015 |[Thrie-beam contacts drum #2 between posts #10-11
0.022 |Anchor cable at post #10 loses tension
0.027 [Thrie-beam contacts drum #3
0.030 |[Post #11 fully fractured
0.033 |Anchor cable at post #12 loses tension
0.047 |Post #10 begins to fracture
0.069 |Thrie-beam contacts drum #1
0.080 |Vehicle begins to redirect
0.105 |Post #12 begins to fracture
0.137 |Thrie-beam contacts drum #4
0.137 |Right front wheel lifts off of soil
0.145 [Vehicle begins to pitch upward
0.147 |Post #12 fully fractured
0.196 |[Post #9 begins to fracture
0.217 |Post #13 begins to fracture
0.224 |Thrie-beam forms kink and begins to fold about post #38
0.224 |Thrie-beam forms kink and begins to fold about post #14
0.227 |Thrie-beam contacts drum #5
0.235 |Post #9 fully fractured
0.271 |Post #12 fully fractured
0.400 |Vehicle begins to pitch downward into hole
0.426 |Thrie-beam forms kink and begins to fold about post #15
0.433 |Post #8 detaches from thrie-beam and fractures below grade
0.440 |Thrie-beam contacts drum #6
0.440 |Post #8 (already fractured below grade) begins to pull out of soil
0.450 [Thrie-beam forms kink and begins to fold about post #15
0.676 |Post #15 begins to rotate, lean, and displace through soil
0.716 |[Thrie-beam forms kink and begins to fold about post #16
0.821 |[Thrie-beam begins to slide up post #15
1.200 ([Vehicle loses contact with installation; exit speed/angle not obtainable

7.7  OCCUPANT RISK FACTORS

Data from the accelerometer, located at the vehicle center of gravity, were digitized for
evaluation of occupant risk and are shown in Table 7.2. Figure 7.9 summarizes these data and
other pertinent information from the test. Figure D.3 in Appendix D.3 shows the vehicle
angular displacements, and Figures D.4 through D.9 in Appendix D.4 show accelerations
versus time traces.
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Figure 7.3. TXDOT Low-Speed Short Radius Guardrail Treatment after Test No. 469137-3-1.
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Figure 7.4. Damage to Rail Section Perpendicular to Roadway after Test No. 469137-3-1.
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Figure 7.5. Damage to Nose after Test No. 469137-3-1.
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Figure 7.7. Test Vehicle after Test No. 469137-3-1.
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A Aer Test
Figure 7.8. Interior of Test Vehicle for Test No. 469137-3-1.

Table 7.2. Occupant Risk Factors for Test No. 469137-3-1.

Occupant Risk Factor Value Time
ol
Longitudinal 1 23.6 ft/s at 0.1459 s on front of interior
Lateral |2.3ft/s
Occupant Ridedown Accelerations
Longitudinal |4.2g 0.1938-0.2038 s
Lateral |4.1g 0.1670-0.1770s
. . 26.4 km/h L
Theoretical Head Impact Velocity (THIV) 73 mfs at 0.1462 s on front of interior
Post Head Deceleration (PHD) [4.3 ¢ 0.1937-0.2037 s
Acceleration Severity Index (ASI) |[0.70 0.0366-0.0866 s
Maximum 50-ms Moving Average
Longitudinal |-8.0¢g 0.0157-0.0657 s
Lateral |-25¢g 0.1422-0.1922 s
Vertical |[2.7¢g 0.2467-0.2967 s
Maximum Roll, Pitch, and Yaw Angles
Roll |7.7° 0.6998 s
Pitch |21.3° 0.9231s
Yaw |23.1° 0.6729 s

7.8 ASSESSMENT OF TEST RESULTS

An assessment of the test based on the applicable safety evaluation criteria for MASH
Test 2-33 is provided in Table 7.3.
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CHAPTER 8:
MASH TEST 2-32 (CRASH TEST NO. 469137-3-2)

8.1  TEST DESIGNATION AND ACTUAL IMPACT CONDITIONS

MASH Test 2-32 involves an 1100C vehicle weighing 2420 Ib £55 Ib impacting the nose
of the short radius guardrail at an impact speed of 44 mi/h £2.5 mi/h and an angle of 5-15°
+1.5°. TTI researchers determined the most critical impact angle to be 25° measured from the
face of the parapet. The target impact point for MASH Test 2-32 on the short radius guardrail
treatment was face of the rail at the center post (post 11) of the nose of the radius +1 ft.

The 2011 Kia Rio used in the test weighed 2456 Ib, and the actual impact speed and angle
were 45.3 mi/h and 25.5°, respectively. The actual impact point was face of the rail at the center
post (post 11) of the nose of the radius. Minimum target KE was 141 kip-ft, and actual KE was
168 Kip-ft.

8.2  WEATHER CONDITIONS

The test was performed on the morning of September 5, 2017. Weather conditions at the
time of testing were as follows: wind speed: 5 mi/h; wind direction: 250° (vehicle was traveling
in a northwesterly direction); temperature: 82°F; relative humidity: 83 percent.

8.3  TEST VEHICLE

The 2011 Kia Rio, shown in Figures 8.1 and 8.2, was used for the crash test. The
vehicle’s test inertia weight was 2456 Ib, and its gross static weight was 2621 Ib. The height to
the lower edge of the vehicle bumper was 7.75 inches, and height to the upper edge of the
bumper was 21.00 inches. Table E.1 in Appendix E.1 gives 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 8.1. TXDOT Low-Speed Short Radius Guardrail Treatment/Test Vehicle Geometrics
for Test No. 469137-3-2.
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Figure 8.2. Test Vehicle before Test No. 469137-3-2.

84  TEST DESCRIPTION

The test vehicle, traveling at an impact speed of 45.3 mi/h, contacted the TXDOT low-
speed short radius guardrail treatment at the face of the rail at the center post (post 11) of the
nose of the radius at an impact angle of 25.5°. Table 8.1 lists times and significant events that
occurred during Test No. 469137-3-2. Figures E.1 and E.2 in Appendix E.2 present sequential
photographs during the test.

Table 8.1. Events during Test No. 469137-3-2.

TIME (s) | EVENT
0.007 Post #11 begins to deflect to field side
0.011 | Thrie-Beam impacts drum at Posts #10-11
0.012 Post #10 begins to deflect to field side
0.012 Post #12 begins to deflect to traffic side
0.019 | Thrie-beam contacts drum #2 between posts #10-11
0.020 | Anchor cable at post #10 loses tension
0.023 | Thrie-beam displaces away from drums 5 and 6
0.026 | Thrie-beam contacts drum #3
0.029 | Vehicle begins to redirect
0.032 | Anchor cable at post #12 loses tension
0.035 Post #11 begins to fracture
0.044 Post #12 begins to rebound toward field side
0.045 Post #11 fully fractured
0.049 Post #10 foundation tube begins to deflect through soil to field
0.059 Post #9 begins to deflect to field side
0.075 Thrie-beam and cable bracket contact drum #1
0.078 Post #9 foundation tube begins to deflect through soil to field
0.081 | Thrie-beam contacts drum #1 between Posts #9-10
0.094 Post #12 begins to fracture
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Table 8.1. Events during Test No. 469137-3-2 (Continued).

TIME (s) | EVENT
0.106 Post #10 begins to fracture
0.116 Post #13 begins to deflect to field side
0.117 Vehicle begins to pitch upward as front wheels cross foundation tubes
0.141 Thrie-beam and anchor bracket contact drum #4
0.146 Post #10 fully fractured
0.150 Thrie-beam contacts drum #4
0.157 Post #12 fully fractured
0.170 | Thrie-beam forms kink and begins to fold about Post #9
0.172 Post #14 begins to deflect to field side
0.190 | Thrie-beam forms kink and begins to fold about Post #13
0.357 Vehicle begins to drop into ditch
0.377 Post #13 begins to fracture
0.502 Vehicle came to rest at 44.8°

After loss of contact with the barrier, the vehicle came to rest 8.3 ft downstream of the
point of impact.

8.5 DAMAGE TO TEST INSTALLATION

Figures 8.3 through 8.6 show the damage to the TXDOT low-speed short radius guardrail
treatment. No disturbance of the soil around posts 1 through 6 was noted. Post 7 was displaced
through the soil 1.0 inch toward field side. Post 8 was displaced through the soil 2.38 inches
toward the field side and was leaning 85° toward the field side. Post 9 was displaced through the
soil 9.25 inches toward the field side and was leaning 80° toward the field side. The ground tube
for post 10 was displaced through the soil 3.75 inches, and the post fractured at the top of the
ground tube. The ground tube for post 11 was displaced through the soil 0.25 inches, and the post
fractured at the top of the ground tube. The ground tube for post 12 was displaced through the
soil 0.38 inches, and the post fractured at the top of the ground tube. The ground tube for post 13
was displaced through the soil 0.12 inches, and the post fractured at the top of the ground tube.
The soil was disturbed around post 14, and the rail element separated from the blockout. No
disturbance of the soil around posts 15 and 16 was noted. Drums 1-4 were resting in the ditch,
and drum 5 was pushed toward the field side 3.0 inches. Working width was 2.5 ft, and height of
working width was below grade (vehicle in ditch). Maximum dynamic deflection during the test
was 10.5 ft, and maximum permanent deformation was 10.5 ft.
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Figure 8.3. TXDOT Low-Speed Short Radius Guardrail Treatment and Test Vehicle after
Test No. 469137-3-2.

Figure 8.4. Test Article after Test No. 469137-3-2.
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Figure 8.6. Damage to Cables after Test No. 469137-3-2.
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8.6 VEHICLE DAMAGE

Figure 8.7 shows the damage sustained by the vehicle. The front bumper, hood, grill,
radiator, radiator support, headlights, and right and left front fenders were damaged. Maximum
exterior crush to the vehicle was 5.0 inches in the front plane at the left corner at bumper height.
No occupant compartment deformation or intrusion occurred. Figure 8.8 shows the interior of the
vehicle. Tables E.2 and E.3 in Appendix E.1 provide exterior crush and occupant compartment
measurements.

46913737
242018

Figure 8.7. Test Vehicle after Test No. 469137-3-2.
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Figure 8.8. Interior of Test Vehicle for Test No. 469137-3-2.

8.7  OCCUPANT RISK FACTORS

Data from the accelerometer, located at the vehicle center of gravity, were digitized for
evaluation of occupant risk and are shown in Table 8.2. Figure 8.9 summarizes these data and
other pertinent information from the test. Figure E.3 in Appendix E.3 shows the vehicle
angular displacements, and Figures E.4 through E.9 in Appendix E.4 show accelerations
versus time traces.
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Table 8.2. Occupant Risk Factors for Test No. 469137-3-2.

Occupant Risk Factor Value Time
olv
Longitudinal | 33.1 ft/s at 0.1079 s on front of interior
Lateral |3.0ft/s
Occupant Ridedown Accelerations
Longitudinal |5.1¢ 0.1105-0.1205 s
Lateral |3.2¢g 0.1096-0.1196 s
THIV 37.5 km/h at 0.1082 s on front of interior
10.4 m/s
PHD |6.0¢g 0.1100-0.1200 s
ASI  |1.19 0.0429-0.0929 s
Maximum 50-ms Moving Average
Longitudinal [-13.4¢ 0.0191-0.0691 s
Lateral |-3.0g 0.0660-0.1160 s
Vertical |-3.0g 0.0396-0.0896 s
Maximum Roll, Pitch, and Yaw Angles
Roll [4.2 0.2052 s
Pitch | 7.7 0.5928 s
Yaw |[22.2 0.9998 s

8.8  ASSESSMENT OF TEST RESULTS

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

Test 2-32 is provided in Table 8.3.
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Figure 8.9. Summary of Results for MASH Test 2-32 on TXDOT Low-Speed Short Radius Guardrail Treatment.
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Table 8.3. Performance Evaluation Summary for MASH Test 2-32 on the TXDOT Low-Speed Short Radius Guardrail

Treatment.
Test Agency: Texas A&M Transportation Institute Test No.: 469137-3-2 Test Date: 2017-09-05
MASH Test 2-32 Evaluation Criteria Test Results Assessment
Structural Adequacy
A. Test article should contain and redirect the vehicle or | The TXDOT low-speed short radius guardrail
bring the vehicle to a controlled stop; the vehicle treatment contained the 1100C vehicle. The
should not penetrate, underride, or override the vehicle did not penetrate, underride, or override Pass
installation although controlled lateral deflection of the installation. Maximum dynamic deflection
the test article is acceptable during the test was 10.5 ft.
Occupant Risk
D. Detached elements, fragments, or other debris from Posts 10 through 13 fractured at ground. These
the test article should not penetrate or show potential | fractured posts remained near the installation and
for penetrating the occupant compartment, or present | did not penetrate or show potential for
an undue hazard to other traffic, pedestrians, or penetrating the occupant compartment, or present Pass
personnel in a work zone. hazard to others in the area.
Deformations of, or intrusions into, the occupant No occupant compartment deformation or
compartment should not exceed limits set forth in intrusion occurred.
Section 5.3 and Appendix E of MASH.
F.  The vehicle should remain upright during and after The 1100C vehicle remained upright during and
collision. The maximum roll and pitch angles are not after the collision event. The maximum roll and Pass
to exceed 75 degrees. pitch angles were 4° and 8°, respectively
H. Occupant impact velocities (O1V) should satisfy the Longitudinal OIV was 33.1 ft/s, and lateral OIV
following limits: Preferred value of 30 ft/s, or was 3.0 ft/s. Pass
maximum allowable value of 40 ft/s.
I.  The occupant ridedown accelerations should satisfy Maximum longitudinal occupant ridedown
the following limits: Preferred value of 15.0 g, or acceleration was 10.1 g, and maximum lateral Pass

maximum allowable value of 20.49 g.

occupant ridedown acceleration was 0.9 g.




CHAPTER 9:
MASH TEST 2-31 (CRASH TEST NO. 469138-3-3)

9.1 TEST DESIGNATION AND ACTUAL IMPACT CONDITIONS

MASH Test 2-31 involves a 2270P vehicle weighing 5000 Ib £110 Ib impacting the nose
of the short radius guardrail at an impact speed of 44 mi/h £2.5 mi/h and an angle of 0° £1.5°.
The target impact point for MASH Test 2-31 on the short radius guardrail was centerline of the
truck aligned with the traffic face of the parapet +1 ft.

The 2012 Dodge RAM 1500 pickup truck used in the test weighed 5034 Ib, and the actual
impact speed and angle were 44.0 mi/h and 0.2°, respectively. The actual impact point was
centerline of the vehicle with the traffic face of the parapet. Minimum target KE was 291 Kip-ft,
and actual KE was 326 kip-ft.

9.2 WEATHER CONDITIONS

The test was performed on the morning of September 15, 2017. Weather conditions at the
time of testing were as follows: wind speed: 12 mi/h; wind direction: 171° (vehicle was traveling
in a northwesterly direction); temperature: 83°F; relative humidity: 72 percent.

9.3 TEST VEHICLE

The 2012 Dodge RAM 1500 pickup truck, shown in Figures 9.1 and 9.2, was used for the
crash test. The vehicle’s test inertia weight was 5034 Ib, and its gross static weight was 5034 Ib.
The height to the lower edge of the vehicle bumper was 11.0 inches, and height to the upper edge
of the bumper was 26.5 inches. The height to the center of gravity of the vehicle was
28.25 inches. Tables F.1 and F.2 in Appendix F.1 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 9.1. TXDOT Low-Speed Short Radius Guardrail Treatment/Test Vehicle
Geometrics for Test No. 469138-3-3.
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Figure 9.2. Test Vehicle before Test No. 469138-3-3.

9.4  TEST DESCRIPTION

The test vehicle, traveling at an impact speed of 44.0 mi/h, contacted the nose of the
TxDOT low-speed short radius guardrail treatment centerline of the vehicle with the traffic face
of the parapet at an impact angle of 0.2°. Table 9.1 lists times and significant events that
occurred during Test No. 469138-3-3. Figures F.1 and F.2 in Appendix F.2 present sequential
photographs during the test.

Table 9.1. Events during Test No. 469138-3-3.

TIME (s) | EVENT
0.012 Thrie-beam begins to displace to field at drum #3
0.015 Post #12 begins to deflect to field side
0.016 Post #11 begins to deflect to traffic side
0.017 Post #14 begins to deflect to traffic side
0.019 Post #10 begins to deflect to traffic side
0.020 Thrie-beam contacts drum #3
0.021 Post #10 and thrie-beam begin to displace to traffic side
0.029 Post #9 begins to deflect to traffic side
0.056 Anchor cable at post #12 loses tension
0.060 Vehicle begins to redirect
0.059 Thrie-beam forms kink and begins to fold upstream of post #11
0.064 Left front wheel leaves pavement
0.078 Thrie-beam contacts drum #4
0.092 Thrie-beam forms kink and begins to fold upstream of post #13
0.121 Thrie-beam contacts drum #5
0.136 Thrie-beam forms kink and begins to fold about post #14
0.566 Vehicle exited installation while traveling at 31.1 mi/h and 23.6°

After loss of contact with the barrier, the vehicle came to rest 123 ft downstream of the
impact and 15 ft toward traffic lanes.
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95 DAMAGE TO TEST INSTALLATION

Figures 9.3 through 9.6 show the damage to the TXDOT low-speed short radius guardrail
treatment. The soil around posts 1 through 10 showed no signs of movement. Post 11 was
displaced through the soil 0.62 inch toward the field side and leaning 86° toward the field side.
Posts 12 and 13 fractured at the top of the foundation tube. Post 12 separated from the rail
element and came to rest in the ditch. Post 13 separated from the rail but remained attached to
the rail element. Post 14 was displaced through the soil 0.12 inch toward the field side. The soil
around posts 15 and 16 showed no signs of movement. Working width was 1.5 ft, and the height
of maximum working width was 2.5 ft. Maximum dynamic deflection during the test was 3.8 ft,
and maximum permanent deformation was 2.9 ft.

! g T s E Nt A -
Figure 9.3. TXDOT Low-Speed Short Radius Guardrail Treatment after Test No. 469138-3-3.
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Figure 9.4. Damage to Rail Section Perpendicular to Roadway after Test No. 469138-3-3.
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Figure 9.6. Damage to Cable and Post 12 after Test No. 469138-3-3.

96 DAMAGE TO TEST VEHICLE

Figure 9.7 shows the damage the vehicle sustained. The front bumper, grill, left front
fender, left tire and rim, left rear rim, left rear exterior bed, and left rear bumper were damaged.
Maximum exterior crush to the vehicle was 9.0 inches in the front plane at the left front corner at
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bumper height. No occupant compartment deformation or intrusion occurred. Figure 9.8 shows
the interior of the vehicle. Tables F.3 and F.4 in Appendix F.1 provide exterior crush and
occupant compartment measurements.

L
b ’

Before Test-
Figure 9.8. Interior of Test Vehicle for Test No. 469138-3-3.

Aftér Test

TR No. 0-6913-R1 138 2019-04-02



9.7  OCCUPANT RISK FACTORS

Data from the accelerometer, located at the vehicle center of gravity, were digitized for
evaluation of occupant risk and are shown in Table 9.2. Figure 9.9 summarizes these data and
other pertinent information from the test. Figure F.3 in Appendix F.3 shows the vehicle
angular displacements, and Figures F.4 through F.9 in Appendix F.4 show accelerations

versus time traces.

Table 9.2. Occupant Risk Factors for Test No. 469138-3-3.

Occupant Risk Factor Value Time
olv
Longitudinal 1 13.11t/s at 0.1625 s on left side of interior
Lateral |11.5ft/s
Occupant Ridedown Accelerations
Longitudinal [2.1¢g 0.4041-0.4141 s
Lateral |[3.1¢g 0.4661-0.4761 s
THIV 18.4 km/h at 0.1551 s on left side of interior
5.1 m/s
PHD |[3.2¢g 0.3972-0.4072 s
ASI  10.50 0.0440-0.0940 s
Maximum 50-ms Moving Average
Longitudinal |—3.8¢g 0.0171-0.0671 s
Lateral [3.69 0.0248-0.0748 s
Vertical |-25¢g 0.6601-0.7101 s
Maximum Roll, Pitch, and Yaw Angles
Roll |11.5° 0.3371s
Pitch |6.0° 1.4146 s
Yaw |[26.7° 0.4846 s

9.8  ASSESSMENT OF TEST RESULTS

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

Test 2-31 is provided in Table 8.3.
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CHAPTER 10:
MASH TEST 2-35 (CRASH TEST NO. 469138-3-4)

10.1 TEST DESIGNATION AND ACTUAL IMPACT CONDITIONS

MASH Test 2-35 involves a 2270P vehicle weighing 5000 Ib £110 Ib impacting the
beginning of the length of need of the short radius guardrail at an impact speed of 44 mi/h
2.5 mi/h and an angle of 0° £1.5°. The target impact point for MASH Test 2-31 the left front
corner of the bumper impacting the point on the rail where the downstream end of the cable
bracket is attached to the rail south of post 13 £1 ft.

The 2012 Dodge RAM 1500 pickup truck used in the test weighed 5022 Ib, and the actual
impact speed and angle were 45.9 mi/h and 24.9°, respectively. The actual impact point was
29 inches upstream of post 13. Minimum target IS was 52 Kip-ft, and actual 1S was 63 Kip-ft.

10.2 WEATHER CONDITIONS

The test was performed on the morning of September 28, 2017. Weather conditions at the
time of testing were as follows: wind speed: 4 mi/h; wind direction: 26° (vehicle was traveling in
a northwesterly direction); temperature: 83°F; relative humidity: 80 percent.

10.3 TEST VEHICLE

The 2012 Dodge RAM 1500 pickup truck, shown in Figures 10.1 and 10.2, was used for
the crash test. The vehicle’s test inertia weight was 5022 Ib, and its gross static weight was
5022 Ib. The height to the lower edge of the vehicle bumper was 11.25 inches, and height to the
upper edge of the bumper was 26.5 inches. The height to the center of gravity of the vehicle was
28.62 inches. Tables G.1 and G.2 in Appendix G.1 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.

S ! ; Lot S PRl

Figure 10.1. TXDOT Low-Speed Short Radius Guardrail Treatment/Test Vehicle
Geometrics for Test No. 469138-3-4.

TR No. 0-6913-R1 143 2019-04-02



Figure 10.2. Test Vehicle before Test No. 469138-3-4.

104 TEST DESCRIPTION

The test vehicle, traveling at an impact speed of 45.9 mi/h, contacted the TXxDOT low-
speed short radius guardrail treatment 29 inches upstream of post 13 at an impact angle of 24.9°.
Table 10.1 lists times and significant events that occurred during Test No. 469138-3-3. Figures
G.1and G.2 in Appendix G.2 present sequential photographs during the test.

Table 10.1. Events during Test No. 469138-3-4.

TIME (s) | EVENT

0.013 Post #13 and #14 begin to deflect to field side

0.016 Post #12 begins to deflect to field side

0.026 Thrie-beam contacts drum #5

0.033 Thrie-beam contacts drum #4

0.044 Thrie-beam forms kink and begins to fold upstream of post #15

0.045 Vehicle begins to redirect

0.086 Post #15 begins to deflect to field side and rotate

0.103 Thrie-beam impacts drum #3

0.106 Thrie-beam forms kink and begins to fold at post #16

0.163 Sand drums #4, 5, and 6 begin to accelerate away from guardrail to ditch
0.165 Post #16 begins to deflect to field side

0.187 Thrie-beam and terminal connector begin to form kinks

0.216 Vehicle front bumper at upstream end of parapet

0.280 Vehicle traveling parallel with parapet

0.313 Rear bumper impacts guardrail at the anchor bracket at Post #13

0.382 Post #12 fractures at grade and deflect to traffic side

0.453 Max Deflection of rail at post #14 (rear bumper backslap)

0.857 Vehicle loses contact with installation while traveling at an exit speed and
angle of 26.4 mi/h and 6.5°, respectively
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After loss of contact with the barrier, the vehicle came to rest 116 ft downstream of the
impact and 5 ft toward traffic lanes.

10.5 DAMAGE TO TEST INSTALLATION

Figures 10.3 through 10.6 show the damage to the TXDOT low-speed short radius
guardrail treatment. The soil around posts 1 through 9 showed no signs of movement, and the
soil around post 10 was disturbed. Post 11 fractured at the top of the foundation tube and leaning
83° toward the field side, but remained in place, and the tube was displaced through the soil
0.12 inch toward the field side. Posts 12 fractured at the top of the foundation tube, separated
from the rail element, and resting toward the field side adjacent to the tube; the tube was
displaced 0.5 inch toward the field side. Posts 13 fractured at the top of the foundation tube,
remained attached to the rail element, and was resting 21.5 inches toward the field side. Post 14
fractured at the top of the foundation tube, separated from the rail element, and was resting
36 inches toward the field side. Post 15 was leaning 38° toward the parapet and 69° toward the
field side. Post 16 was leaning 67° toward the parapet and 88° toward the field side and
displaced through the soil 0.38 inch toward the field side. Working width was greater than 20 ft,
and the height of maximum working width was 3.5 ft. Maximum dynamic deflection during the
test was 2.6 ft, and maximum permanent deformation was 1.8 ft.

Figure 10.3. TXDOT Low-Speed Short Radius Guardrail Treatment after Test No. 469138-3-
4,
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Figure 10.4. Damage to Rail Section Parallel to Roadway after Test No. 469138-3-4.
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Figure 10.5. Damage to Post 13 through 10 after Test No. 469138-3-4.

106 DAMAGE TO TEST VEHICLE

Figure 10.6 shows the damage the vehicle sustained. The front bumper, grill, radiator
support, left front fender, and left tire and rim were damaged. Maximum exterior crush to the
vehicle was 10.0 inches in the front plane at the left front corner at bumper height. No occupant
compartment deformation or intrusion occurred. Figure 10.7 shows the interior of the vehicle.
Tables G.3 and G.4 in Appendix G.1 provide exterior crush and occupant compartment
measurements.

10.7 OCCUPANT RISK FACTORS

Data from the accelerometer, located at the vehicle center of gravity, were digitized for
evaluation of occupant risk and are shown in Table 10.2. Figure 10.8 summarizes these data
and other pertinent information from the test. Figure G.3 in Appendix G.3 shows the vehicle
angular displacements, and Figures G.4 through G.9 in Appendix G.4 show accelerations
versus time traces.
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Before Test | - R | After Test
Figure 10.7. Interior of Test Vehicle for Test No. 469138-3-4.
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Table 10.2. Occupant Risk Factors for Test No. 469138-3-4.

Occupant Risk Factor Value Time
olv
Longitudinal 1 16.71t/s at 0.1507 s on left side of interior
Lateral |14.1ft/s
Occupant Ridedown Accelerations
Longitudinal |11.3¢g 0.5555-0.5655 s
Lateral [3.4¢g 1.1461-1.1561 s
THIV 23.6 km/h at 0.1432 s on left side of interior
6.6 m/s
PHD |[113¢g 0.5556-0.5656 s
ASI |0.60 0.0711-0.1211s
Maximum 50-ms Moving Average
Longitudinal |-5.0g 0.0798-0.1298 s
Lateral [4.3¢g 0.0362-0.0862 s
Vertical |—3.3¢g 1.1327-1.1827 s
Maximum Roll, Pitch, and Yaw Angles
Roll |32.0° 0.8939 s
Pitch |11.8° 0.4417 s
Yaw |55.2° 1.2161s

10.8 ASSESSMENT OF TEST RESULTS

An assessment of the test based on the applicable safety evaluation criteria for MASH
Test 2-35 is provided in Table 10.3.
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CHAPTER 11:
MODIFIED MASH TEST 2-34 (CRASH TEST NO. 469138-3-5)

11.1 TEST DESIGNATION AND ACTUAL IMPACT CONDITIONS

MASH Test 2-34 involves an 1100C vehicle weighing 2420 Ib £55 Ib impacting the CIP
of the short radius guardrail at an impact speed of 44 mi/h £2.5 mi/h and an angle of 15° +1.5°.
However, the impact angle was increased to 25° for this test. The CIP for MASH Test 2-34 on
the guardrail was 6.3 inches £1 ft downstream of post 12.

The 2009 Kia Rio used in the test weighed 2444 Ib, and the actual impact speed and angle
were 44.6 mi/h and 24.8°, respectively. The actual impact point was 6.5 inches downstream of
post 12. Minimum target impact severity was 9 kip-ft, and actual IS was 29 kip-ft.

11.2 WEATHER CONDITIONS

The test was performed on the morning of December 14, 2017. Weather conditions at the
time of testing were as follows: wind speed: 4 mi/h; wind direction: 309° (vehicle was traveling
in a northwesterly direction); temperature: 58°F; relative humidity: 58 percent.

11.3 TEST VEHICLE

The 2009 Kia Rio, shown in Figures 11.1 and 11.2, was used for the crash test. The
vehicle’s test inertia weight was 2444 Ib, and its gross static weight was 2609 Ib. The height to
the lower edge of the vehicle bumper was 7.75 inches, and height to the upper edge of the
bumper was 21.0 inches. Table H.1 in Appendix H1 gives 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 11.1. TXxDOT Low-Speed Short Radius Guardrail /Test Vehicle Geometrics for Test
No. 469138-3-5.
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Figure 11.2. Test Vehicle before Test No. 469138-3-5.

114 TEST DESCRIPTION

The test vehicle, traveling at an impact speed of 44.6 mi/h, contacted the TXDOT low-
speed short radius guardrail treatment 6.5 inches downstream of post 12 at an impact angle of
24.8°. Table 11.1 lists times and significant events that occurred during Test No. 469138-3-5.
Figure H.1 in Appendix H2 presents sequential photographs during the test.

Table 11.1. Events during Test No. 469138-3-5.

TIME (s) | EVENTS
0.0070 | Rail element begins to deflect toward field side
0.0090 | Post #12 begins to deflect toward field side
0.0160 | Post #11 begins to deflect toward field side
0.0240 | Post #13 begins to deflect toward field side/Rear of rail contacts drum #3
0.0280 | Post #14 begins to deflect toward field side
0.0310 | Rear of rail contacts drum #4
0.0350 | Rear of rail contacts drum #5
0.0380 | Left front bumper contacts drum #4
0.0400 | Vehicle begins to redirect
0.0410 | Drum #3 and #4 begin to deflect toward slope
0.0740 | Kink in rail begins to form just upstream of post #14
0.0770 | Center front bumper contacts post #13
0.0850 | Post 13 contacts drum #5/drum #5 begins to deflect toward slope
0.1680 | Center front bumper contacts post #14
0.2150 | Drum #6 begins to deflect toward slope
0.3200 | Vehicle begins to yaw counterclockwise
0.3670 | Left front corner of bumper contacts post #15

For longitudinal barriers, it is desirable that the vehicle redirects and exits the barrier
within the exit box criteria (not less than 32.8 ft downstream from impact for cars and pickups).
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The 1100C vehicle exited within the exit box criteria defined in MASH. The vehicle came to rest
20 ft downstream of the impact adjacent to the traffic face of the rail at post 15.

11.5 DAMAGE TO TEST INSTALLATION

Figure 11.3 shows the damage to the TXDOT low-speed short radius guardrail treatment.
The soil around post 10 was disturbed, and post 11 was fractured near ground level and leaning
84° toward the field side. Posts 12-14 fractured at ground level and separated from the rail
element. Posts 15 and 16 were pushed toward the field side 0.25 inch and 0.12 inch, respectively.
Drums 1 and 2 were undisturbed, and drums 3 and 6 were overturned. Drums 4 and 5 were
resting at the bottom of the slope. Working width was 5.8 ft at a height of 3.2 ft. Maximum
dynamic deflection during the test was 5.0 ft, and maximum permanent deformation was 3.7 ft.

Figure 11.3. TXDOT Low-Speed Short Radius Guardrail/Test Vehicle after
Test No. 469138-3-5.

Figure 11.4. TXDOT Low-Speed Short Radius Guardrail after Test No. 469138-3-5.
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Figure 11.5. Rear of Installation after Test No. 469138-3-5.

Figure 11.6. Posts 11 through 14 after Test No. 469138-3-5.

11.6 VEHICLE DAMAGE

Figure 11.4 shows the damage sustained by the vehicle. The front bumper, grill, radiator
and support, hood, left and right front fender, left front tire and rim, and left front subframe were
damaged. Maximum exterior crush to the vehicle was 26.0 inches in the front plane at the left
front corner at bumper height. No occupant compartment deformation or intrusion was noted.
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Figure 11.5 shows the interior of the vehicle. Tables H.2 and H.3 in Appendix H1 provide
exterior crush and occupant compartment measurements.

Figure 11.8. Interior of Test Vehicle for Test No. 469138-3-5.

11.7 OCCUPANT RISK FACTORS

Data from the accelerometer, located at the vehicle center of gravity, were digitized for
evaluation of occupant risk and are shown in Table 11.2. Figure 11.6 summarizes these data
and other pertinent information from the test. Figure H.2 in Appendix H3 shows the vehicle
angular displacements, and Figures H.3 through H.8 in Appendix H4 show accelerations
versus time traces.

11.8 ASSESSMENT OF TEST RESULTS

An assessment of the test based on the applicable safety evaluation criteria for MASH
Test 2-34 is provided in Table 11.3.
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Table 11.2. Occupant Risk Factors for Test No. 469138-3-5.

Occupant Risk Factor Value Time
olv
Longitudinal | 31.81t/s at 0.1340 s on front of interior
Lateral |12.5ft/s
Occupant Ridedown Accelerations
Longitudinal |10.09 0.1978-0.2078 s
Lateral |3.4¢g 0.1959-0.2059 s
THIV 35.8 km/h at 0.1283 s on left side of interior
9.9 m/s
PHD [10.3g 0.1977-0.2077 s
ASI  10.97 0.0610-0.1110s
Maximum 50-ms Moving Average
Longitudinal |—9.6¢g 0.0340-0.0840 s
Lateral [4.9¢g 0.0246-0.0746 s
Vertical |7.0g 0.2952-0.3452 s
Maximum Roll, Pitch, and Yaw Angles
Roll [5.2 0.9089 s
Pitch |7.9 0.6494 s
Yaw [16.6 0.3684 s
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CHAPTER 12:
SUMMARY AND CONCLUSIONS

121 SUMMARY OF RESULTS

12.1.1 MASH Test 2-33

The TXDOT low-speed short radius guardrail treatment contained the 2270P vehicle. The
vehicle did not penetrate, underride, or override the installation. Maximum dynamic deflection
during the test was 24.2 ft. Posts 8, 10, 11, 12, and 14 fractured at ground level and separated
from the rail element. However, these detached elements did not penetrate or show potential for
penetrating the occupant compartment, or present hazard to others in the area. No occupant
compartment deformation or intrusion occurred. The 2270P vehicle remained upright during and
after the collision event. Occupant risk factors were within the preferred limits of MASH.

12.1.2 MASH Test 2-32

The TXDOT low-speed short radius guardrail treatment contained the 1100C vehicle. The
vehicle did not penetrate, underride, or override the installation. Maximum dynamic deflection
during the test was 10.5 ft. Posts 10 through 13 fractured at ground level. These fractured posts
remained near the installation and did not penetrate or show potential for penetrating the
occupant compartment, or present hazard to others in the area. No occupant compartment
deformation or intrusion occurred. The 1100C vehicle remained upright during and after the
collision event. Occupant risk factors were within the required limits of MASH.

12.1.3 MASH Test 2-31

The TXDOT low-speed short radius guardrail treatment contained the 2270P vehicle. The
vehicle did not penetrate, underride, or override the installation. Maximum dynamic deflection
during the test was 3.8 ft. Posts 13 and 14 fractured at ground level and separated from the rail
element. However, these detached elements did not penetrate or show potential for penetrating
the occupant compartment, or present hazard to others in the area. No occupant compartment
deformation or intrusion occurred. The 2270P vehicle remained upright during and after the
collision event. Occupant risk factors were within the preferred limits of MASH.

12.1.3 MASH Test 2-35

The TXDOT low-speed short radius guardrail treatment contained the 2270P vehicle. The
vehicle did not penetrate, underride, or override the installation. Maximum dynamic deflection
during the test was 2.6 ft. Several posts fractured at ground level and separated from the rail
element. However, these detached elements did not penetrate or show potential for penetrating
the occupant compartment, or present hazard to others in the area. No occupant compartment
deformation or intrusion occurred. The 2270P vehicle remained upright during and after the
collision event. Occupant risk factors were within the preferred limits of MASH.
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12.1.4 Modified MASH Test 2-34

The TXDOT low-speed short radius guardrail treatment contained the 1100C vehicle. The
vehicle did not penetrate, underride, or override the installation. Maximum dynamic deflection
during the test was 5.0 ft. Three posts fractured and released from the installation, however, did
not penetrate or show potential for penetrating the occupant compartment, or to present undue
hazard to others in the area. No occupant compartment deformation or intrusion occurred.
Occupant risk factors were within the required limits of MASH.

12.2 CONCLUSIONS

Table 12.1 shows the TXDOT low-speed short radius guardrail treatment performed
acceptably for MASH Tests 2-33, 2-32, 2-31, 2-35, and modified 2-34.
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Table 12.1. Assessment Summary for MASH TL-2 Testing on the TXDOT Low-Speed
Short Radius Guardrail Treatment.

Evaluation | Evaluation | Test No. Test No. Test No. Test No. Test No.
Factors Criteria | 469137-3-1 | 469137-3-2 | 469138-3-3 | 469138-3-4 469138-3-5
Structural A g s s s S
Adequacy
D S S S S S
F S S S S S
Occupant
Risk
H S S S S S
I S S S S S
Test No MASH MASH MASH MASH | Modified MASH
"| Test2-33 | Test2-32 | Test2-31 | Test2-35 Test 2-34
Pass/Fail Pass Pass Pass Pass Pass
* S = Satisfactory
U = Unsatisfactory
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CHAPTER 13:
IMPLEMENTATION STATEMENT!

A 31-inch tall short radius system was developed and tested per MASH TL-2 modified
conditions, by increasing the impact angle to 25° from 15°, and is considered MASH complaint
per the MASH evaluation criteria. This new short radius system requires a thrie-beam guardrail
system constructed along the primary roadway that transitioned to a section of bridge parapet.
The thrie-beam is curved at the nose section and then is attached to a w-beam rail via an
asymmetric thrie to w-beam connector. The w-beam rail is attached with a TxXDOT GF (31)
DAT-14 terminal at the secondary roadway end. The curved 25-ft arc length thrie-beam section
was rolled to a 16-ft inside radius, and it has 11-inch long slots on the nose section of the curved
thrie-rail. Six sand drums were strategically placed on the inboard, field side of the installation
between posts 9 and 15 as illustrated in the test installation drawings. The impact performance of
the short radius guardrail system with a 3H:1V slope was evaluated using modified MASH Tests
2-33, 2-32 2-31, 2-35, and 2-34 that were conducted successfully.

This system can be implemented in the field provided that a minimum of 3-ft of flat
ground is made available behind it to accommodate the placement of the six 700-1b drums filled
with sand positioned per the supplied drawings. A slope of 3H:1V or flatter can be placed after
the 3-ft flat area to accommodate ditches in the field side. The successfully tested installation
provides for the minimum length of the system. However, a longer primary roadway rail can be
implemented provided that it starts past post 16 with the proper crash worthy transition section
toward its end. Similarly, a longer secondary roadway can be implemented provided that it starts
beyond post 5 away from the nose section and terminated with a crashworthy terminal. This
implementation applies only to MASH TL-2 roadways.

! The opinions/interpretations identified/expressed in this section are outside the scope of TTI Proving Ground’s
A2LA Accreditation.
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APPENDIX A. DETAILS OF THE GUARDRAIL TREATMENT FOR

buwelq Z€L69t\L-LE 169 'DUNBIONL-C-LE LEOME-/E L BGPWENY-SNIPRHHOUS-Z-1L-LOTX L-2EL69RS2II4102l04d - 1n L

TEST NOS. 469137-3-1 AND 469137-3-2

LL-80-LL0Z  2do|S Lig uim lelpieng snipey gl 2L Le169r weloid

punoisy Bulaoid ajmisuy
- uoising Aunoes |eoisAyd :a.amtn&m:ﬂ__h l"\

aoe] 1adeled yum Jeauljon

Aemuny Jo aBpg

uong|Elsu|ise]l £l 40| 1e8ys  Q0L:-Leeds S39 Agumeiqg
PRIEIIPUL SSIMISLIO SSIIUN LOEY Ble S)jod IV el

ieiplens) smojjo) ajuoid yona .06 SI puaq [ieipiens

pue Alales apispeoy WPV SEX3] =
- /L -99 -
ueds ,z/L-6 ‘Weag-p B0 zZL - i 5
lelplens) Weag-p soeds- —, - e
- UORISUBI | Wesq-8Ly | 0} -\ OUJBLUWASY — II=p3eno qM P—  sisqunp jsod M3IA UE|d
6 8 L /) 9 ,...1 S t > 4 Z L
§i » § g T T )
Yy _\_

el ' =

.9 -9 ..

£lL-/ pue g - | sjsod —jeuwia] 1va 1OaxL
dAL,G. —'= iz

N\

abinef g | aoeds- ‘weaqauyl GZL

weag-auy | snipex 9| panuois

weag-auy ] snipey gl payoIs

(dsap g sl yona) g pue / sisod je dAy
- adojg L:¢ Jo wonog — 0g - L 2leas _
eI = -
abneb g| aoeds-+ g-g uoljosg
i B - 5 B {
ot s weagalyL gzl v
=] & g-gsjsodiedAi]
: / weaq-sly L 10}180d Jaquil 180— | O 0€ - | 8|evs
. _ ST sy V-V uonoag
e
—
adojig ¢ jodo = A
1N0Xo0|g Jaquul] weag auy |
# o . dAL.Lg
el W0 LT - . » ‘W
o A 4 .
/ Y
180d [I_IPIEND) G GXOM T2 —
i - 0% = - wieag-pA Jof INoxoo|g Jaqull ] palanoy
00F: | aleas

M3IA UOIIEAS
IA uohieAs|3 uolne|eisu| 1se |

=d =Yy

2019-04-02

169

TR No. 0-6913-R1



Buimeld €169t -LE1LE9T "BUBIONL-E-LE LBAIE-LE LEORWEBINY-SNIPBHUOUS-Z-11-LOOXL-/EL6IHS3|I410300ud - AL

Roadside Safety and
Proving Ground

Physical Security Division -

16' Radius Guardrail with 3:1 Slope  2017-08-17

Texas A&M
Transportation

Institute

Project 469137 1-2
Drawn By GES Scale 1:60 Sheet 20of 12  |sometric Views

Pr—

Isometric Views

TR No. 0-6913-R1 170 2019-04-02



Buimeld €169t -LE1LE9T "BUBIONL-E-LE LBAIE-LE LEORWEBINY-SNIPBHUOUS-Z-11-LOOXL-/EL6IHS3|I410300ud - AL

oje '‘Buedg jsod  ZLJog @eys  golleeos S39 Ag umelq ] )
/1-80-10z  2dolS |:E UM lelpIenS snipey 91 Z-1 LeLeor waloig €1 pue Z| s1sod Usamiaq pue ‘0L pue g sisod usamyaq [eoldAj sjielep aiged Jouyouy "qg

(g1 puUe ZL pue ‘0L puUe 6 1504 UI2aMmiaqg s|alieg 92s) pajesipul JO UMOYS aSIAIaLI0

B aymsu _
- uois! hmzﬂ_w._ow__mﬂ__._mn_u_w fug :aamt%&wmﬁh l'\ SS3JUN 'S]S04 Uaamlaq palaluad pue |Iey Jo yoeq woll | Alplewixoidde sjaleg aoel4 "qg

pue Ajajes apispeoy WPV SEX3] = i - ‘908 Jadeled Yim Jeauljod si|ley Jo yoeg ‘eg
=~ o N ) NN
o N N = @ O
o 3 N 3 3 Y S
\f)m_ Cm = - - = -] H = - )
A Id FuGl b LE ——re—— e - - B - o wGf | 18=iesu 0}

N papunol sUoNneso| 1o

J 9l Gl bl el B \ B
=T ! | .0
— * "OOE0 i

-
p xdA]
NN |lBlplens) passadey ¥ WG9
pue JUSEM JB|4 SSN UMM
XaU Z X 8/G 1109
LOWOd
8|qeD Joysuy |08 oL Y
wCn0k
COWINS
8A88|3 1504 109
: Og 298
Lovdd \o8dd 0Z'L 8leog '
JeoeIg Joyauy |leiplensy ./ / -Sridbulesg 128  [IgJ9(] 2pIS Plal4 A
N}?\‘/\(r\ur_?\f\(r NS ?\f\({\/\(g\s‘\f;?\s{\} EP\SE?\S;\?E?\SE?\S;E?%\{J ‘ .u“- * _N_____vu_nr.m\
o | ]
¢
e |e \ s
-] —f I o — — o ]
sl |s s - Y ez
e _|® y o
-] & —3
& & R =
6 018 48
!
qag 23S (sq| 0L # 512 WYBlam S Y ez
ssolb) pues paysem yym payy - AususqubiH3d  / ‘AJ1eI0 1o} UAMOUS JoU yoNa i
, \ - 3
9GoL# [epo a1Be3 ‘(g ) pil uim uojieb oG ‘leueg -/ 2l° mc_omn_w 1S0d

2019-04-02

171

TR No. 0-6913-R1



Buimeld €169t -LE1LE9T "BUBIONL-E-LE LBAIE-LE LEORWEBINY-SNIPBHUOUS-Z-11-LOOXL-/EL6IHS3|I410300ud - AL

Aempeoy Aewild
L1-80-L102

Loy 88ys (05| 8eas
ado|s |:g yum |leJpienD snipey 9|
punolg) Buiaoig

S35 Ag umelq
2L LELeor waloid

71 - 63e [eoldAL
sjuauodwion 3804 |1

ajymunsuy .
- uoisiAlg Alunoag [edisAud uoneyuodsuely "\ GZ: | 9|Bdg
pue Ajajeg spispeoy WPV SeX3 = O-O uonoeg
_——3gn] uolepunaod 9
— — el
GZ . | 9|80 GZ | Slesg
NN [IBJpJens) passaday pue
o -(] uoljoa
3-3 Uohloes a-d Ho9S 1BUYsep Jel4 SSN UM
\ — X8U L X8/ jlog
180d [lBIplens) G 8XoM 2L ™~ 1304 |IBIpJENS) G GXOM .CL
ve forat cc NN lelpiens
passa0ay pue
IBUSBAA B4 SSN YIiM
weaqauy] Joj h ﬁ _ o) e i -
INOMoOIg Jaqual] palanoy Xey 0k x8/g 3o
T . AL e £oggad
- ’ _—3}og liesprens 0L #0884
vl _Jog lleipleng gl
\n ]
cogg4 v ° N
Jog |leiptens oL — Leaq-pA 10) AN
\__noyooig 1aquul] palainoy S Weag-pA 10) INoX20|g Jaquul ]
pesy au} Japun SIsUsepp
leipiens JeinBueioay yum ey
(z1 X) 1og leipiens g
'SINU Xay Areay pue SISUSEAA L= | = : . | _|
VS oml Ulim GZey ale sjjog .8/ wk Bk Gk kk Bl fi 3
(zx)xeyzl x g/l Yog i
i I
(e x) xay L X872 Nog— | gl Gl g_
.. . L] P \ e
. . = - = s 1 J1
L _ﬁ .J_ _ﬁ _ﬁ .J_ _n | ] d.—.l { 8
Y
Bc.l_"l" _ = £ -v = e — Iuﬁlll-
4 = =1 = 1 T e 1 B =
qLo0314
J0J03LILOYD [BUILIS | Weaqauy | 3 >a
-0 Aempeoy Aewud

abnef z| soeds-& ‘Weaqalyl STl

2019-04-02

172

TR No. 0-6913-R1



Buimeld €169t -LE1LE9T "BUBIONL-E-LE LBAIE-LE LEORWEBINY-SNIPBHUOUS-Z-11-LOOXL-/EL6IHS3|I410300ud - AL

o
ejPIou0D  ZLJOG Jeeys QgL eess S39 Agumelg o
LL-80-LL0Z  9dOIS LiE Y espienD snipey 9L z-1 LeL6oy Paloid (1sd 009%) O SSBID LOQXL Sl 8]20U0D “BG S
punolg) Buiaoig aymunsuy O_J
- uoisiaig Alunaag [eaisAyd uonepodsuesj l'\ S
pue Ajajes apispeoy WPV Sexa] = Q
4 MBIA UOIJBAS|T
auIn punol
0c - L=Ieds
4-4 UoIo3S Y &R & | & & ©.0
F Raad Y sreel
: ’ o I
. g e
. —y ot
° = Y WSLELTE
2 I W8/G-8C
€ .0 Lo ‘A
- 2 P P B Y
sAem yjoq ) =S ™
o 1SBD 10 palog s ~
i f g B _H_m_, xu sajoy , L @ —
Y W0g
Y e —HRemuny jo 36p3 M3IA Ueld
sabpa pasodxa
1BJWEYD /e ' r/‘r__’EL)
) A
0'g8
-
109 koo G-90
L 2 n8IG-9G -
X o
o™
2 >
©
Y Y Y o
o
2]2J0Uu0) - .06 - Z
a'd
-



Buimeld €169t -LE1LE9T "BUBIONL-E-LE LBAIE-LE LEORWEBINY-SNIPBHUOUS-Z-11-LOOXL-/EL6IHS3|I410300ud - AL

L-s|lejeq leqey  ZL 409 @8ys gl 8eas 539 Agumeiqg
L1-80-£10z  odojg Lig uim |lelpiens Snipey gl Z-L LeLeor weloid

punoig Buiaocig aymunsuy
- uoisiaig Alunaag [eaisAyd uonepodsuesj "\

pue Ajajes apispeoy WPV Sex3] =

) W8
™= 9@ dspl ...
sleg voddng
Jew wonogq al - .
sleg aslaasuel | i - ¥ sieg al - s . en
&\HILI __Nr &\fl_l _nm_\ 1
- IS B - I » WY - [ « N - ER—— . R—— Mo o0 __Cco Qo o . Ccol
- H 1k 1k T
1ew doy
sleg asiansuel |
dAl .9
1eg-N
sieg |-S
nGl bE — |
sleq-n f__Ll_ N Ry IO oS ot IS I . N -
dAl.9 : . mm mm _“m ° mm m —J1egq ¢-8§
I i U i Y
A R /D IR \
I I I I ne M& “—leg €5
] H H H L1 L] _

(ma1p, uoneas|3)

L-s|ie}e( Jeqey

2019-04-02

174

TR No. 0-6913-R1



Buimeld €169t -LE1LE9T "BUBIONL-E-LE LBAIE-LE LEORWEBINY-SNIPBHUOUS-Z-11-LOOXL-/EL6IHS3|I410300ud - AL

cslieleg leqay Lo/l jeeys

ZLiLoess 539 Agumelg

L1-80-£10z  odojg Lig uim |lelpiens Snipey gl Z-L LeLeor weloid

punoig Buiaocig

a1musu| gy

- uoisiaig Alunoag [eoisAyd uoneuodsues) —

pue fjajes apispeoy

W3RV Sexa] =

Axoda w-00Z34 NIIH UM ainoas

el i) el s cig

-

B R e ¥ e

Il
L

dAl.8L L

(main ueld)

Z-slielaq Jeqey

2019-04-02

175

TR No. 0-6913-R1



Buimeld €169t -LE1LE9T "BUBIONL-E-LE LBAIE-LE LEORWEBINY-SNIPBHUOUS-Z-11-LOOXL-/EL6IHS3|I410300ud - AL

gslieleg Jeqey Lo g jeeys ZL:L eeds 539 Agumeiqg
L1-80-£10z  odojg Lig uim |lelpiens Snipey gl Z-L LeLeor weloid

punolg) Buiaoig aymunsuy
- uoisiaig Alunaag [eaisAyd uonepodsuesj l'\

pue Ajajes apispeoy PV SEX3] =

> - T O — Pt T — bt T —— S
Y
_F mHHHHH».MHHHHHHHHHH Idlllllfll/HHHHI |III||III||IIHHHHHHHHHHHI|AMM_JU~
i
[N
i
i T
..@m_.-m*\ EE|_‘MII|:| ||||||| e taten ol o :..nw‘_ 4
w0 & i
3
s Wi L B S S
e -,/
- e
Y
WOl
GXdAL
™8
81
9z Y
(ma1p puz)

g-s|iejeqd Jeqay

2019-04-02

176

TR No. 0-6913-R1



Buimeld €169t -LE1LE9T "BUBIONL-E-LE LBAIE-LE LEORWEBINY-SNIPBHUOUS-Z-11-LOOXL-/EL6IHS3|I410300ud - AL

l-Bgey  ZLio6 199ys oLl eless s39 Agumelg
L1010 2doiS Lig Ui [IeJpIENS SNIpey gL Z-L LeLBor peloid -t £l -
puno1n Buiroid aymnsuy > -2/
- uoisiaig Alunoag [eoisAyd uonepodsuesj l' )
pue Alajes apispeoy WPV SEX3] = y A
Buol ,8/€ 0€ preed —
leguoddng = gL =
i
1 N__ xu.MN-
Buol . #/1 09
1eq-n
Wl EL
Y Y <
A WIEED K\\ Y
8IS P FIEED —
- LD | e v A )]
Y _ Y _
A A I A
WCl WGl -
Buol ,91/51 65 /192 Buol ,.aL/5L +9
leg g-S ! leg z-S Gl L0E
~ y
dAL. D —— Y ¥ '
e L __N___. _-u_m ﬂ_\rn_u __N )] -
= »—,2/L9

'09 epeib sl legal ||y ‘e

[ Ieg uoddng
9 Jeg ol
[t leg aslansuel |
rl %03Q ‘Jeg |euipnybuoT]
t 1adeled ‘leg [eupnyibuoT
4 Jeg jusg
Gl leq-n
Pl Jeg L-§
L legz-s
b legg-g
ALD aweN yed
S1yvd
- - ol L@
A
W2l
Buol .9L/GL 69
deg |-§
Wl -0
o
P — Y
dAL.Z® —
| - cil-2

2019-04-02

177

TR No. 0-6913-R1



Buimeld €169t -LE1LE9T "BUBIONL-E-LE LBAIE-LE LEORWEBINY-SNIPBHUOUS-Z-11-LOOXL-/EL6IHS3|I410300ud - AL

Z-eqsy ZLJo0lL 198Ys  QLiLoess 539 Agumelg

L180-£10  @dois L:g ym |lelpienD Snipey 9| T L1869y waloid leg all
punolg) Buiaoig aymunsuy -
- uoisiag Aunoas [eaisAyd uonepodsuesj "\!
pue Ajajes apispeoy W3V sexal =
W86 D Wz
leg asiaAsuel]
' _
8/ - €5 -
yoaq ‘Jegq jeuipnibuon
* [
A
WBISD e .06

jadeled 'leg |euipnjibuon

- |

ZILG

leg jusg

wl @

- g

i

uld

2019-04-02

178

TR No. 0-6913-R1



Buimeld €169 -LE1LE9T "BUBIONL-E-LE LBAE L€ LEORWEBINY-SNIPBHUOUS-Z-11-LOOXL-/EL6IHS3|I4103l0ud- AL

leysnipey Z1LJoLL 1994Ys 0zl 8eds $39 Ag umelq

L180-£10  @dojs g yim |lelpienD Snipey 9| T-L L1689y waloid "2J94 UMOUS JoU SUOISUSWIP (|2 10} (BZOW LY #41) llelpJens weag-alyL 235 el
punolg) Buiaoig aymunsuy
- uoisiaig Alunaag [eaisAyd uonepodsuesj "\
pue Ajajes apispeoy WPV sexaj =

MBSIA OlI}BWOoS|

MAIA Ueld

/

0-91Y

0L : | 2e0g
-9 UoIj0eg f
. SIOIS ubL X /€ — uisjjed 1e|4 SjOIS B/ L-L X . EE/BE
\ o
: ' ¥ ==
= — = — (=] -1 (=] (=3 = =3
E__= . ; : . = e o & o = __=
_Mu.ll
o - = ~t P | =
=] o — o W oo =
4 o] =l =2} = e R @
) & - & A !
% R &

r
1l

Iley snipey

2019-04-02

179

TR No. 0-6913-R1



Buimeld €169t -LE1LE9T "BUBIONL-E-LE LBAIE-LE LEORWEBINY-SNIPBHUOUS-Z-11-LOOXL-/EL6IHS3|I410300ud - AL

s180d Joquill ZLJOZL 199US

L1-80-£10z  odojg Lig uim |lelpiens Snipey gl

punolg) Buiaoig
- uoisiaig Alunoag [eoisAyd
pue Ajajes spispeoy

W/ LB i

WILEE i
W08 i

8511 i

WOl i

gLiLoess 539 Agumelg

2L LELeor waloid

aymiusu
:a.amta&mwﬁh "\
RV SEX3] =

CXulllED

1sod Jequil] 109 PelIPO

weag syl 10} 3S0d Joquill 14D

XD

__Nm ’

W8S PL i

ud &

X BED

2019-04-02

180

TR No. 0-6913-R1



APPENDIX B. DETAILS OF THE GUARDRAIL TREATMENT FOR

Buimesq 8ELEINEE-BE LI DUNBIONE -£-2E L BOTE-LE L BIPWENY-SNIPRHHOUS-Z-1L-LOOX L-LEL69RSI419300ud - 1\ L

TEST NOS. 469138-3-3 THROUGH 469138-3-5

S39 Ag umelQ
¢ gc 160 weloid

uonelEIsu s8] €110 | 188YS  00L:1S|eog
PL-60-2L0Z  2dOIS LE Y |leipiens shipey 91

punoisy Buiaoly
- uoisial] Aunoag |esisAud

PIEIIPUL SSIMISUI0 SSIIUN LOEY Ble S)jod IV el

aymnsuy
uonepodsuesj l"
RV SeX3] =

|IBIpIENS) SMOJ0) 3j1oid yo1a

pue Alajes apispeoy 06 SI puaq |leIpIenS
[ W/ 199 -
ueds ,z/L-#- 6 ‘Weag-pp BB ZL - o
o : £ lelplensy Wesq-pp soeds- .
» uohisuel | Wesq-aliy | 0} -AA SUjBWIWASY — L el M v slaquinp 1sod M3IA UB|d
3 8 L 9\ S 4 £ 4 [ L
o : i WL - o
= E A A E [ ") = 4] | e ——
o \
g Y
= \ g r | gl
= el | Q) \
m_m_ E€l-/ pUE g- | s1s0d leuiial 1va LOaxL
8 dAL,.G) —r= -
@ cl
m, afinef 7| aoeds- ‘weaqauy) GZL
i)}
weaqg-alyl snipey 91 peloIg
gl
L wlead-auyl snipey 9l peuoIs
(deap g sl yona) g pue 2 sisod je dA|
. ado|g |:¢ jo woneg — 0t - | s|esg _
ey = 2 -
abneb z| aoeds-p g-g uoljoes
- Qe o /
gl | wesqauyL SZL y
vl A g-gs)sodedAil
- / 2 0g - Loeos
W wesdq-suy | 1o) 1804 Jaqul] 1 &0 O
m ’ 'k V-V Uoioag
0 L]
(]
o i)
=1 adojg L.¢jodo] = A
W_ 1N0Yo0|g Jaquul] weag auy L
5 # . dAl .le
- 012 » . » ‘W
E A s
/ / Y
180d |IBIPIENS G 8XOM &L —/
. - o >0 - wieag-pA Jof INoXo0|g Jaquil ] palanoy
00F:L 8leag
M3IA UOlJEAS|T
P uone|lesu| 181

2019-04-02

181

TR No. 0-6913-R1



Buimelq 8SLEINE-E-BE 169 ‘BUNBIONE-E-BE LEIHE-/E L GO AWRIY-SNIPBYUOYS-Z-11-100XL-L€ L 6IRSRII4 109004 - L

Roadside Safety and
Proving Ground

Physical Security Division -

16' Radius Guardrail with 3:1 Slope  2017-09-14

Texas A&M
Transportation

Institute

Project 469138 3-4
Drawn By GES Scale 1:60 Sheet 20f 13  |sometric Views

Pr—

Isometric Views

TR No. 0-6913-R1 182 2019-04-02



Buimelq 8SLEINE-E-BE 169 ‘BUNBIONE-E-BE LEIHE-/E L GO AWRIY-SNIPBYUOYS-Z-11-100XL-L€ L 6IRSRII4 109004 - L

19)oBIg Joyouy |Ilpienc)

.

{

oje 'Buioeds 1504
¥L-60-LL0C

- uoisiaig Alunoag [eoisAyd
pue Ajajes spispeoy

NN [IeIpien
pLUE Jaysepn 184 SSN

punolg) Buiaoig

gxdAl

X3y ¢ x g/c

LOVdAd

©) pPassanay

Heg

w0

FuCh L LE — i

7€ 8EL69Y Rloid
aymnsuy
uonepodsuesy l‘
IRV SBX3Y &=

M3IA Ue|d

ELIOE 1994yS 6oL oeds  S3I9 Agumelg
adols |:g yum [leIpIEnS) snipey gL

‘€L pue Z| sisod Usamiad pue ‘gL pue 6§ sisod Usamiaq [eoldA) slielap aiged Joyouy  'qg

(g1 puUe ZL pue ‘0L puUe 6 1504 UI2aMmiaqg s|alieg 92s) pajesipul JO UMOYS aSIAIaLI0

Y i
Y b2
Y

Gl vl

SS3JUN 'S]S04 Uaamlaq palaluad pue |Iey Jo yoeq woll | Alplewixoidde sjaleg aoel4 "qg

g 20k} Jadeied Yym Jeaujoo si ey Jo yoeg ‘eg
8]
4 ] NN
e (=] W
N} 4 a R
Ll B - wof L 1s2leau 0]

— Y

LOYOd
a|qen Joyoly 109

COWW4
ans8|s 1804 109

L09d4d
ale|d buueag |0g

A Y A VAL P W A VAL \./\(f.]l—\r\/\.(f N A VAL S LR Eﬂ\‘s&r\/;\/\di}lé\r Y A ¥ i A W W " i A VAL \/\.r).\{J

comoﬁm_ e

rd—p— G| -GE

0¢ 938
0Z'L 8eds

lleyod apIS piald

® o o

urmu I ) S

&

0l

qg 295 (sql 0L F GLZ yBlam

$s016) pues paysem Yum pa||l - Asuaq ybiH 34 /
959 L# 1epo 3ibe3 ‘(9 X) pIl yl

A UO||eD ¢G ‘|jalleg

‘AjliE|2 10] UMOYS 10U Yala

219 ‘Buioedg 1sod

papunol suoneso| 1sod

a0

oL

y wC/ =91

y wClb-€-CC

2019-04-02

183

TR No. 0-6913-R1



Buimelq 8SLEINE-E-BE 169 ‘BUNBIONE-E-BE LEIHE-/E L GO AWRIY-SNIPBYUOYS-Z-11-100XL-L€ L 6IRSRII4 109004 - L

S35 Ag umelq
¢ ge169r waloid

Aempeoy Aewild
¥L-80-LL02

gliop 1Beys 0S| 9eag

ado|g |:g yum |lelpieng snipey gl Fl-6lejeadAL

Sid=u odwoo 1804 IV

punolg) Buiaoig aymunsuy !
- uoisiAlg Alunoag [edisAud uoneyuodsuely "\ GZ: | 9|Bdg
pue Ajajeg spispeoy WPV SeX3 = O-O uonoeg

__-8qgn | uonepuno4 9

GZ . | 8eos GC - | 9edg
NN [IBJpJens) passaday pue
£ - uolo8
3-3 UohoSs a-d HosS 1BYSEA 1E|4 SSMN YIMm
— X34 L X8/ leg
180d [lBIplens) G 8XoM 2L ™ 1504 |IBJpIEND) G'8X9M 2L
b cz e NN [1_IpIenNS
passasay pue
1BUSEAA 1814 SSN YIMm
weaqaly | Jo} A F F > ) . -
INOMoOIg JqUUI L PIBINOY -—— Xay Ol x8/G Jlod
™~ dAL e cogg4
e ! _—Yog llejpens 0L r0dg4d
. _—-log leipleng gl
\n i o
eogad Y e N
Jiog Jlespiens oL~ _ Leaq-M o) N
N\ Jnoyoolg J1aqull | palanoy N LWieag-pA o) IN0xo0|g Jaqull |
peay aUy] Japun SIausepn
__m.._Em:,O JeinBueioay yum ey
'(z1 x) y0g IIeJprEND T
'SINU Xay Areay pue SISUSEAA = | ) ; = i
VS oM} YIm ‘SzeY ale siiog /. Fl €l ch bl ok
(Zx)xau zL x g/ Yog 7
1 |
(€ x) xsy L xg/2 Nog—, | al Gl g_
.. . - 3 | -
- - - ._ ..| - | . ! ] |.|_
L _ ¥ _ﬁ .J_ _ﬁ _n | ] d.—.l { 8
1@Un|u - - o = a— - HAMII.II.
D = = = o — = = Wl == =
— Y| = = === T | [ LT [
qLo3.1y
JOJ02UL0D [BUILLI2 | wWeadaly | =g =d
abneB z|. soeds-t+ ‘Weadgalyl Szl — =0 >w>>_um0ﬂ_ \CNC.__._n_

2019-04-02

184

TR No. 0-6913-R1



Buimelq 8SLEINE-E-BE 169 ‘BUNBIONE-E-BE LEIHE-/E L GO AWRIY-SNIPBYUOYS-Z-11-100XL-L€ L 6IRSRII4 109004 - L

AN
sjaoue)  €LJ0G 198YS  OgiLeess S39 Ag umelg o
punolg) Buiaoig aymunsuy O_J
- uoisiaig Alunaag [eaisAyd uonepodsuesj l'\ S
pue Alajes apispeoy WPV SEX3] = m
Sl M3IA UOlJBAS|T
auIn punois)
0C : | 9]eds
4-4 Uoioag Y 8 & |5 & & & ©.0
L8 Y seel
: " o )
. ol Rt
. gyt
° = Y WSLELTE
o . W8/G-8C
€ .0 Lo ‘A
4 - /  latata—g oY
shem Lyoq ] NS To)
b 1SBO 10 palnd 2 < [oe)
oCf oL (g x) sajoy , L B —
Y W0g
Y 2% g Aemuny Jo abp3 MBIA UB|d
safpa pasodxa
e ok .
) i
0'g8
-
___UO F WO L IG-0C
y n8IG-9G -
: o
o™
e P
©
Y Y Y o
o
2]2J0Uu0) - W96 - Z
o
-



Buimelq 8SLEINE-E-BE 169 ‘BUNBIONE-E-BE LEIHE-/E L GO AWRIY-SNIPBYUOYS-Z-11-100XL-L€ L 6IRSRII4 109004 - L

L-s|lejeq leqey €1 409 @dys gl 8eas 539 Agumeiqg
71-60-LL0Z  odojg Lig uim |lelpiens Snipey gl -€ 8e169r 0eloid

punoig Buiaocig aymunsuy
- uoisiaig Alunaag [eaisAyd uonepodsuesj "\

pue Ajajes apispeoy WPV Sex3] =

) W8
™= 9@ dspl ...
sleg voddng
Jew wonogq al - .
sleg aslaasuel | i - ¥ sieg al - s . en
&\HILI __Nr &\fl_l _nm_\ 1
- IS B - I » WY - [ « N - ER—— . R—— Mo o0 __Cco Qo o . Ccol
- H 1k 1k T
1ew doy
sleg asiansuel |
dAl .9
1eg-N
sieg |-S
nGl bE — |
sleq-n f__Ll_ N Ry IO oS ot IS I . N -
dAl.9 : . mm mm _“m ° mm m —J1egq ¢-8§
I i U i Y
A R /D IR \
I I I I ne M& “—leg €5
] H H H L1 L] _

(ma1p, uoneas|3)

L-s|ie}e( Jeqey

2019-04-02

186

TR No. 0-6913-R1



Buimelq 8SLEINE-E-BE 169 ‘BUNBIONE-E-BE LEIHE-/E L GO AWRIY-SNIPBYUOYS-Z-11-100XL-L€ L 6IRSRII4 109004 - L

cslieleg leqey glLio ) jeeys ZLiL 9jeds

¥L-60-LL0C

S35 Ag umelq

ado|s |:g Y [leIpIEND Snipey 9L v-€ 8e169F 109loid
punoig Buiaocig aymunsuy ‘
- uoisiaig Alunoag [eoisAyd uoneuodsues) —
pue Alsjes apispeoy WY sex3] =

Axoda w-00Z34 NIIH UM ainoas

el i) el s cig

-

B R e ¥ e

Il
L

dAl.8L L

(main ueld)

Z-slielaq Jeqey

2019-04-02

187

TR No. 0-6913-R1



Buimelq 8SLEINE-E-BE 169 ‘BUNBIONE-E-BE LEIHE-/E L GO AWRIY-SNIPBYUOYS-Z-11-100XL-L€ L 6IRSRII4 109004 - L

gs|ieleg Jeqay  glLiog jeeys ZL:L 9eds 539 Agumeiqg
71-60-LL0Z  odojg Lig uim |lelpiens Snipey gl -€ 8e169r 0eloid

punolg) Buiaoig aymunsuy
- uoisiaig Alunaag [eaisAyd uonepodsuesj l'\

pue Ajajes apispeoy PV SEX3] =

> - T O — Pt T — bt T —— S
Y
_F mHHHHHmHHHHHHHHHH Idlllllfll/HHHHI |III||III||IIHHHHHHHHHHHI|AMMJU
1
i
[N
i
i T
..@m_.-m*\ EE|_‘MII|:| ||||||| e taten ol o :..nw‘_ 4
w0 & i
3
s Wi L B S S
e -,/
- e
Y
WOl
GXdAL
™8
81
9z Y
(ma1p puz)

g-s|iejeqd Jeqay

2019-04-02

188

TR No. 0-6913-R1



Buimelq 8SLEINE-E-BE 169 ‘BUNBIONE-E-BE LEIHE-/E L GO AWRIY-SNIPBYUOYS-Z-11-100XL-L€ L 6IRSRII4 109004 - L

l-Bgey  £L06 199Ys oLl eess s39 Agumelg
7L-60-2102  2doS Lig Ui [IBJpIENS SNIpEN 9L € 8eLeor 1oeloid -t £l -
puno1n Buiroid aymnsuy > -2/
- uoisiaig Alunoag [eoisAyd uonepodsuesj l' )
pue Alajes apispeoy WPV SEX3] = y A
Buol ,8/€ 0€ preed —
leguoddng = gL =
i
1 N__ xu.MN-
Buol . #/1 09
1eq-n
Wl EL
Y Y <
A WIEED K\\ Y
8IS P FIEED —
- LD | e v A )]
Y _ Y _
A A I A
WCl WGl -
Buol ,91/51 65 /192 Buol ,.aL/5L +9
leg g-S ! leg z-S Gl L0E
~ y
dAL. D —— Y ¥ '
e L __N___. _-u_m ﬂ_\rn_u __N )] -
= »—,2/L9

'09 epeib sl legal ||y ‘e

[ Ieg uoddng
9 Jeg ol
[t leg aslansuel |
rl %03Q ‘Jeg |euipnybuoT]
t 1adeled ‘leg [eupnyibuoT
4 Jeg jusg
Gl leq-n
Pl Jeg L-§
L legz-s
b legg-g
ALD aweN yed
S1yvd
- - ol L@
A
W2l
Buol .9L/GL 69
deg |-§
Wl -0
o
P — Y
dAL.Z® —
| - cil-2

2019-04-02

189

TR No. 0-6913-R1



Buimelq 8SLEINE-E-BE 169 ‘BUNBIONE-E-BE LEIHE-/E L GO AWRIY-SNIPBYUOYS-Z-11-100XL-L€ L 6IRSRII4 109004 - L

¢-egey €l JoQl @eys 0Oll eeas
71-60-LL0Z  odojg Lig uim |lelpiens Snipey gl

S35 Ag umelq
¢ ge169r waloid

leg all
punolg) Buiaoig aymunsuy
- uoisiag Aunoas [eaisAyd uonepodsuesj "\!
pue Ajajes apispeoy W3V sexal =
nBfS Q@ Wz
leg asiaAsuel]

‘ ]
'y

WS £ =

yoaq ‘leg |euipnibuon

06
uld

jadeled 'leg |euipnjibuon

- |

ZILG

weB

leg jusg

wl @

- g

i

uld

o
w

2019-04-02

190

TR No. 0-6913-R1



Buimelq 8SLE9ME-E-8E1697 'BUNBIONE-E-3C69H\E-/E L GO AWRINY-SNIPBYUOYS-Z-11-100XL-L€ L IR SR|I4109004d- I L

lley snipey gl 4o || jeeys  (OZ-| 9eas 539 Ag umelq

pL-60-LL0C  2dO|S Lig Uum IBIpIENS SNIPEY 9| 7€ gelegr waloid "213Y UMOUS Jou suoisuaWIp |2 Jo} (BZ0W LY #d1) llelpiens weag-aly | 235 "ef}
punoig Buiaoig aymunsuy
- uoisiaig Alunoas |eoisAy4 uoneyodsuesj "\!
pue Ajajes apispeoy WPV SEX3) =

MBSIA OlI}8WOoS|

MAIA Ueld

!

0-91
0L L 3[e0s
9-9 Uoljoes ﬁ_
S1018 L L X P/E uisned eld -S10IS  8/L-| X BT
| £) -
s - > m_:. _ =EE =_=
B u . . _ = 555 E =
mUl
= i =i = & i |
=l o [9%] - [an ] L) I~ Do -~
o o = o = o NO g (3]
) @ = o
” i E ley shipey

2019-04-02

191

TR No. 0-6913-R1



Buimelq 8SLEINE-E-BE 169 ‘BUNBIONE-E-BE LEIHE-/E L GO AWRIY-SNIPBYUOYS-Z-11-100XL-L€ L 6IRSRII4 109004 - L

s180d Joquill €1 J0ZL 199US

71-60-LL0Z  odojg Lig uim |lelpiens Snipey gl

punolg) Buiaoig
- uoisiaig Alunoag [eoisAyd
pue Ajajes spispeoy

W/ LB i

WILEE i
W08 i

8511 i

WOl i

gLiLoess 539 Agumelg

¢ ge169r waloid

aymiusu
:a.amta&mwﬁh "\
RV SEX3] =

CXulllED

1sod Jequil] 109 PelIPO

weag syl 10} 3S0d Joquill 14D

XD

__Nm ’

W8S PL i

ud &

X BED

2019-04-02

192

TR No. 0-6913-R1



Bumelq gE1LBOV\S-€-8E LBIY ‘BUNjeIQ\S-€-8E LBOME /€ LEIPNMED Y -SNIPEYHOUS-Z-11- 100X L-LELEgHSaldRaloid- L L

siqen joyouy €1 Jogl 199Ys  OLiLeeds 39 Ag umelg

vL60-£L0C  2dois L:g ym |IelpienD Snipey 9| 7-€ 82169y 1aloid
punolg) Buiaoig aymunsuy
- uoisiaig Alunoag [eoisAyd uonepodsuesj "
pue Ajajes apispeoy WPV SEX3] =

‘adoi anm ay Jo yibusaiis Bunjeaiq ayl dojaaap (|eys 1nu pue ‘pnis ‘Bumiy pabems ay) "og)

‘sl 0009 Jo Wibuals Bunjealq WnWIUW & ypim (9215 mojd pasoldul jo painoeinuew ‘Ae| 1einbal bl ‘paziuenedb (DxMaAl) 2100 adol auim
Juapuadapul Jo 2100 pUBIS alM ‘B X 9 ‘Paulol-aid ,F/e@ ag [Bys puE DE-IN OLHSYY 10 siuswalinbal ay) o] Wiojuod |jeys adoy aips 2yl "qgl

‘Buiziveneb alojeq )y WE ssen e
aARl [leys Spesiy} sUL EGLY N LSY Ul souepioooe Ul psziuealeb ad |leys pue gpiy N LSY J0 sjusiuainbsl syj 0} WOJUOS [jeys pnis syl "eg)

(A 1210 10} UMOYS Jou
_ speaiyl ‘yibua ||In4 papeaiyl pms)
Wl L+ )L - s pms pue Bumi4 pabemg plepuels

lley snipey Hoys Joj 8|qed Joyouy

2019-04-02

193

TR No. 0-6913-R1






2019-04-02

APPENDIX C. SOIL PROPERTIES

CQE GrOg T >H_OO_®> HUGQCL_
G BODG o Hr_@_w\s w_mom
‘_OHONQEOO OE@ED@CQ e yim UQQEMH SIHIJ YOUI-Q  frreressssessmsssssss s 2INpagoid Wswade|d || JO CO_HQ_._OWQQ
(anoqe sisAjeue anals aas) ajebaibby-(I0S g apel OLHSYY *sisAfeue anals pue (/872A INLSY) uonduosaq |eusien |4
saul} \Au__m 1M _®>m._@ >—Ucmm .............................................................................. /8vza _\/_n_-m<v CO_HQ_\_OWQD 10S NYIS U]
NOWNN Xn_n .Cmam .N? Iw OOHM .UCDO‘_O @C_>O‘_Q _|_-|_| .......................................................................................... CO_uGOOI_ mu_w —UCM \Q___OGH_ ummn_n
GO-TToBO0G | e e
RN RN S|elsg N . Euz_::m_%%_nm_n_ . i
- N uolye|jeisu| 1sa.L ,
Lo peoT] 21els Ao
T 07 o Lot ] 114 .\ MMMM
I v <V//K<14 NNVHO Ing s — \\ o
T IO HA13NVId uww.__:_wwm| \\ g
107: ¢N olweuAg— \\ _ MMMM M
YIANIAD o= /4 \ -
QNNVHJAH \ 0008
40 HONIM 0006
0000T
WbIeYy your-sz e
Juswae|dsiq ‘sA peoT Jo uosiedwod
S|relsg 0o . funu) @ d_N_u upesy i
£ uone|eIsu| o
| 1591 N i -
JlweuAq & - I
g o
W 0% .......,..l.f...
m (i1 [l
v .
1OVdAl 40 ”n ~
NOILOFHIQf #rirzts /
7 — [ . |
H__ T a0k /l_
@ mm%m;ﬁﬂomﬂwbz_j\/\ww $1531 PROT J0LIS PUE JueUAd 10] 1108 114 J0 SZIS UIRIS "SA J9UIS JUSIed )
1s0d Jo ojoyd
1581 peoT] 5 4 1881-1S0d .
nels —> & e -
oloyd dnias
Hmwl_luu.wo& O_C(_.GC\A LSNI NOILY

'94NP3204d uone|feisu] Bulysigelsy 1oy synsay 1sa1 [10S Buons Jo Arewwns 1°D mrnm.r

195

TR No. 0-6913-R1



Jojoedwod onewnaud e yum padwe) sy youl-9

(s1sAjeue anals a9s) arebalbby-|I0S g apelo O1HSYVY

saul QIS yum |aAelb Apues

X1 ‘uehig ‘¥ HS 00TE — punolo buinoid |11

8T-80-LT0¢

............................... m._:UQOO;_n_ Hcmgmom_n_ ___H_ ..—o CO_HQ_;_QWQD
" sisAjeue anaIs pue (.8%zd INLSY) uonduossq [eustei [|1I4

................................. (18v2Q WLSY) uonduosaq [10S NS uj
.............................................. CO_H.NUOI_ mH_w UCM \AH___o.mu mel_l

150d 40 010Yd 1581 -150d

{unuj g *azis U1
8] I o

.{!I-.......:

18uld Jedlad
2

S159.L PR IREIS PUe JWeuA( 10} [0S [l1d 40 22IS UlRID "SA Jeuld Juadled

peo onelg 1) 159 peo ElS Wioy 10 A peom

(yow) jueweoedsig

oL

| 000F

[ 0002

| 000€

[ 000%

[ 000G

(q1) peo

[ 0009

| 000L

[ 0008

r 0006

00001
yBieH you| gz 1e Juswede|ds|q SNSIeA peo]
“wnwiuI pasinbay pue s)nsey 1sal peo 211elg Jo uosLeduion

'T-€-LET69Y "ON 1S9.L J0J UOITRIUSWNI0Q YIBUaaS [10S 21el1s Ae@ 1s9L 2D 3oL

2019-04-02

196

TR No. 0-6913-R1



Jojoedwod onewnaud e yim paduwe) SYI| YoUl-g  rrrrrrrrressessesseseessee alnpado.d Juawade|d ||I4 Jo uonduosag
(sisAjeue anals 99s) alebalbby-|I0S g apelo O1HSYY ° SISAjeue aaals pue (/8v2d INLSY) uonduasaq [eusiei |14
SOUN KIS I [DABID APUBSG  wroeersesesesessssssssssenes (28%72a INLSY) uonduosaq |10S NS u|

X1 _C.®>hm _N._V HS 00TE — punoI9 @C_>O.‘_n_ T AR uones0 als pue \AH___OMH_ 1S9
GO-BO-ZT 0z | " e e aleq

150d 40 010Yd 1581 -150d

{unuj g *azis U1
o 8] I o

ar .{!Il.........

. T
og .I-.I
(11 /

ao

18uld Jedlad
2 !

S159.L PR IREIS PUe JWeuA( 10} [0S [l1d 40 22IS UlRID "SA Jeuld Juadled

pea] 153 pRo] Dl ]

(yaw) yuawacejdsig

13

- 000%

(a1} peo

ooozE

. WB1aH YUl 52 18 Juawae|dsig sNsian peo
- - [wnwiugy pasnbay pue synsay 1531 peo elS Jo uosuedwon

'2-€-LET69Y "ON 1S9L 10} UOITRIUSWNI0Q YIBUaAS [10S 21el1S Ae@ 1s8L '€ 3oL

2019-04-02

197

TR No. 0-6913-R1



Jojoedwod onewnaud e yim paduwe) SYI| YoUl-g  rrrrrrrrressessesseseessee alnpado.d Juawade|d ||I4 Jo uonduosag
(sisAjeue anals 99s) alebalbby-|I0S g apelo O1HSYY ° SISAjeue anals pue (/8vzd INLSY) uonduasaq [eusiei |14
SOUN KIS I [DABID APUBSG  wroeersesesesesssssssssenns (28%72a INLSY) uonduosaq |10S NS u|

X1 _C®>hm _N._V HS 00TE — punoI9 @C_>O.‘_n_ T AR uones0 als pue \AH___OMH_ 1S9
GT-GO-LT0g | " e e e e aleq

150d 40 010Yd 1581 -150d

2

18uld Jedlad

{unuj g *azis U1
o 8] I o

ar .{!Il.........

. T
og .I-.I
(11 /

ao

S159.L PR IREIS PUe JWeuA( 10} [0S [l1d 40 22IS UlRID "SA Jeuld Juadled

pea] 153 pRo] Dl ]

(yaw) yuawacejdsig

13

0004

000z

- 0008

(a1} peo

r 000L

0006

yBIaH youl §Z 1€ uawade|dsiq sNsIA peo
‘wnwiuly painbay pue synsay 153l peoT 30e)S Jo uosuedwos

'€-€-8E£T69Y "ON 1S9.L J0J UOITRIUSWNI0Q YIBUaAS [10S 91el1S Ae@ 1sL 'v'D 0L

2019-04-02

198

TR No. 0-6913-R1



Jojoedwod onewnaud e yim paduwe) SYI| YoUl-g  rrrrrrrrressessesseseessee alnpado.d Juawade|d ||I4 Jo uonduosag
(sisAjeue anals 99s) alebalbby-|I0S g apelo O1HSYY ° SISAjeue anals pue (/8vzd INLSY) uonduasaq [eusiei |14
SOUN KIS I [DABID APUBSG  wroeeesesesesessssssssssenns (28%72a INLSY) uonduosaq |10S NS u|

X1 _C®>hm _N._V HS 00TE — punoI9 @C_>O.‘_n_ T AR uones0 als pue \AH___OMH_ 1S9
BZ-B0-LT0g | *r aleq

150d 40 010Yd 1581 -150d

2

18uld Jedlad

{unuj g *azis U1
o 8] I o

ar .{!Il.........

. T
og .I-.I
(11 /

ao

S159.L PR IREIS PUe JWeuA( 10} [0S [l1d 40 22IS UlRID "SA Jeuld Juadled

PECT HEIS WOWRIWE  150) PO SOEIS WK IeaUBIRKISI( 54 pROTD

{yow) uswaseidsig
ok

- 000%

(a1} peo

oooot

00021
BlaH you| 5z je Juswase|dsig snsiaa peo
wnWuIW paJinbay pue s)INsay 15aL PEOT JNEIS JO UosLedwod

'p-€-8ET69Y "ON 1S9.L J0J UOITRIUSWNI0A YIBUaaS [10S 911e1S Ae@ 1s91 "GO 3|0 L

2019-04-02

199

TR No. 0-6913-R1



Jojoedwod onewnaud e yim paduwe) SYI| YoUl-g  rrrrrrrrressessesseseessee alnpado.d Juawade|d ||I4 Jo uonduosag
(sisAjeue anals 99s) ajebalbby-|I0S g apelo O1HSYY ° SISAjeue anals pue (/8v2d INLSY) uonduasaq [eusiei |14
SOUN KIS I [DABID APUBSG  wwoeersesesesesesssssssenns (28%72a INLSY) uonduosaq |10S NS u|

X1 _C~w>hm _N._V HS 00TE — punoI9 @C_>O.‘_n_ T AR uones0 als pue \AH___OMH_ 1S9
PTZT-JTOg | *r e e aleq

150d 40 010Yd 1581 -150d
. . {unu} g “az)5 upels

al

0z -— |
oe — S

ar .{!Il.........
a5 re_

. T
og ./.I
(11 /

ao

18uld Jedlad

S159.L PR IREIS PUe JWeuA( 10} [0S [l1d 40 22IS UlRID "SA Jeuld Juadled

dmes peo oneis = T T B ST

{ysun) wswaseidsig

or

- 000k

0002

ooor

(a1} peo

0004

= 2 WwbjaH youy gz e juswade|dsig snsiaa peo
[ - wnwiuy pannbay pue synsay Jsa) peot AMels Jo uospedwod

'G-€-8ET69Y "ON 1S9.L J0J UOITRIUSWINI0A YIBUaAS [10S 911e1S Ae@ 1s91 '9°D 3|0 L

2019-04-02

200

TR No. 0-6913-R1



APPENDIX D. MASH TEST 2-33 (CRASH TEST NO. 469137-3-1)

D.1  VEHICLE PROPERTIES AND INFORMATION
Table D.1. Vehicle Properties for Test No. 469137-3-1.

Date: 2017-08-18 Test No.: 469137-3-1 VIN No.: 1D7RB1GP7BS526827

Year: 2011 Make: Dodge Model: RAM 1500

Tire Size: 265/70R17 Tire Inflation Pressure: 35 psi

Tread Type: Highway Odometer: 405188

Note any damage to the vehicle prior to test: None

X—
® Denotes accelerometer location. Pi—
NOTES: None I ‘ I HIES T I
) A M —( - -———-— N il

Engine Type: V-8 TRACK

Engine CID: 4.7 liter l i 1 S l—y l?ﬁ% l

Transmission Type:

X Auto or Manual
FWD x RWD 4WD T
Optional Equipment:

None i
Dummy Data: l
Type: None
Mass: NA
Seat Position: NA
Geometry: inches I - & - il
A 78.50 F 40.00 K 20.75 P 3.00 U 27.25
B 75.00 G 28.38 L 29.50 Q 30.50 \Y 30.25
C 227.50 H 62.00 M 68.50 R 18.00 W 62.00
D 47.00 | 11.00 N 68.00 S 13.25 X 77.00
E 140.50 J 26.50 (e} 46.00 T 77.00

Wheel Center Wheel Well Bottom Frame
Height Front 14.75 Clearance (Front) 6.00 Height - Front 17.00
Wheel Center Wheel Well Bottom Frame
Height Rear 14.75 Clearance (Rear) 9.25 Height - Rear 25.50
GVWR Ratings: Mass: Ib Curb Test Inertial Gross Static
Front 3700 Miront 2907 2813 e
Back 3900 Mrear 2250 2226 -
Total 6700 Mrotal 5157 503¢9 e
(Allowable Range for TIM and GSM = 5000 Ib +110 Ib)
Mass Distribution:
Ib LF: 1403 RF: 1410 LR: 1112 RR: 1114
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Table D.2. Measurements of Vehicle Vertical CG for Test No. 469137-3-1.

Date: 2017-08-18  Test No.: 469137-3-1 VIN: 1D7RB1GP7BS526827

Year: 2011 Make: Dodge Model: RAM 1500

Body Style: Quad Cab Mileage: 405188

Engine: 4.7 liter V-8 Transmission: Automatic

Fuel Level: Empty Ballast: 207 |b (440 Ib max)
Tire Pressure: Front: 35 psi Rear: 35 psi Size: 265/70R17

Measured Vehicle Weights:  (Ib)

LF: 1403 RF: 1410 Front Axle: 2813
LR: 1112 RR: 1114 Rear Axle: 2226
Left: 2515 Right: 2524 Total: 5039
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: 62.07 inches Rear of Front Axle (63 +4 inches allow ed)

Y: 0.06 inches Left- Right + of Vehicle Centerline
Z. 28.375 inches Above Ground (minumum 28.0 inches allow ed)
Hood Height: 46.00 inches Front Bumper Height: 26.50 inches

43 +4 inches allowed

Front Overhang: 40.00 inches Rear Bumper Height: 29.50 inches

39 £3 inches allowed

Overall Length: 227.50 inches

237 £13 inches allowed
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Table D.3. Exterior Crush Measurements of Vehicle for Test No. 469137-3-1.

Date: 2017-08-18 Test No.: 469137-3-1 VIN No.: 1D7RB1GP7BS526827

Year: 2011 Make: Dodge Model: RAM 1500

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 -
>4 inches

Note: Measure C; to Cs 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 C. C. Cs Cs Cs Co +D
Number C-Measurements (CDC) Crush L**

1 Front plane at bumper ht 72 6 72 6 3 2.5 25 3 6 0

Measurements recorded

in inches

Table taken from National Accident Sampling System (NASS).

*1dentify the plane at which the C-measurements are taken (e.g., at bumper, above bumper, at sill, above sill, at
beltline, etc.) or label adjustments (e.g., free space).

Free space value is defined as the distance between the baseline and the original body contour taken at the individual
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 D.4. Occupant Compartment Measurements of Vehicle for Test No. 469137-3-1.

Date: 2017-08-18 Test No.: 469137-3-1 VIN No.: 1D7RB1GP7BS526827

Year: 2011 Make: Dodge Model: RAM 1500

OCCUPANT COMPARTMENT
— DEFORMATION MEASUREMENT

. L N Before After Differ.

\ (inches)
N R Al 65.25 65.25 0
G A2 63.25 63.25 0
SV A3 6550 _ 65.50 0
Bl 44.50 44.50 0
B2 38.00 38.00 0
B3 44.50 44.50 0
B4 39.50 39.50 0
B5 43.00 43.00 0
B6 39.50 39.50 0
] Ci 26.00 26.00 0
C2 W - e -
C3 26.00 26.00 0
D1 11.50 11.50 0
D2 W eeee eeee- -
D3 11.50 11.50 0
( El 58.75 58.75 0
B, E2 63.50 63.50 0
T E3 63.50 63.50 0
E4 63.50 63.50 0
I~ F 50.00  59.00 0
G 59.00 59.00 0
H 37.50 37.50 0
*Lateral area across the cab from driver’s side | 37.50 37.50 0

kickpanel to passenger’s side kickpanel.

J* 23.25 23.25 0
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D.2 SEQUENTIAL PHOTOGRAPHS

Figure D.1. Sequential Photographs for Test No. 469137-3-1 (Overhead and Rear Views).
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Figure D.1. Sequential Photographs for Test No. 469137-3-1 (Overhead and Rear Views)
(Continued).
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Figure D.2. Sequential Photographs for Test No. 469137-3-1 (Perpendicular Views).

TR No. 0-6913-R1 207 2019-04-02



1.000 s

Figure D.2. Sequential Photographs for Test No. 469137-3-1 (Perpendicular Views)
(Continued).
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VEHICLE ACCELERATIONS
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APPENDIX E. MASH TEST 2-32 (CRASH TEST NO. 469137-3-2)

E.1 VEHICLE PROPERTIES AND INFORMATION
Table E.1. Vehicle Properties for Test No. 469137-3-2.

Date:  2017-09-05 Test No..  469137-3-2 VIN No.: KNADH4A38B6960769
Year: 2011 Make: Kia Model: Rio
Tire Inflation Pressure: 32 psi Odometer: 101676 Tire Size: 185/65R14

Describe any damage to the vehicle prior to test:  None

® Denotes accelerometer location.

NOTES: None

Engine Type:

4 cylinder

Engine CID:

1.6 liter

Transmission Type:

X Auto or _____Manual

X FWD _ RWD _ 4WD
Optional Equipment:

None
Dummy Data:
Type: 50t Percentile Male
Mass: 165 Ib
Seat Position: Driver
Geometry: inches
A 66.38 F 33.00
B 58.00 G @ -
C 165.75 H 35.66
D 34.00 I 7.75
E 98.75 J 21.00
Wheel Center Ht Front  11.00

GVWR Ratings: Mass: Ib
Front 1718 Mtront
Back 1874 Mrear
Total 3638 Mrotal
Mass Distribution:

Ib LF: 799

TR No. 0-6913-R1

K 10.50 P 4,12
L 24.50 Q 22.50
M 57.75 R 15.50
N 57.70 S 9.00
(e 28.00 T 66.20
Wheel Center Ht Rear 11.00
Curb Test Inertial
1581 1569
914 887
2495 2456

RF: 770 LR: 448

217

u 15.25

\ 20.38
W 35.66
X 107.40
W-H 0

Gross Static
1654

967

2621

RR: 439
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Table E.2. Exterior Crush Measurements for Test No. 469137-3-2.

Date:  2017-09-05 TestNo.: 469137-3-2 VIN No.: KNADH4A38B6960769

Year: 2011 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 -
> 4 inches

Note: Measure C; to Cs 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 G C. G Cs Cs Co +D
Number C-Measurements (CDQ) Crush L**

1 Front plane at bumper ht 60 5 60 51 475 | 3.75 | 3.25 3 4 0

Measurements recorded

in inches

Table taken from National Accident Sampling System (NASS).

*1dentify the plane at which the C-measurements are taken (e.g., at bumper, above bumper, at sill, above sill, at
beltline, etc.) or label adjustments (e.g., free space).

Free space value is defined as the distance between the baseline and the original body contour taken at the individual
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 E.3. Occupant Compartment Measurements for Test No. 469137-3-2.

Date: 2017-09-05 Test No.:  469137-3-2 VIN No.: KNADH4A38B6960769
Year: 2011 Make: Kia Model: Rio
o~ OCCUPANT COMPARTMENT
4 [7 ——H__ \ DEFORMATION MEASUREMI'ENT
E Before After Differ.
(inches)
1l ¢ U Al 67.50  67.50 0
§ =1/ A2 6750 _ 67.50 0
A3 67.75 67.75 0
Bl 40.50 40.50 0
B2 36.75 36.75 0
B1, B2, B3, B4, B5, B6 B3 40.50 40.50 0
jé% B4 3625  36.25 0
Al A2, &A B5 35.75 35.75 0
P QL | B6 3625 _ 36.25 0
@ AN Cl 2600  26.00 0
c2 - e -
C3 26.00 26.00 0
D1 9.50 9.50 0
D2 - - -
{ D3 9.75 9.75 0
Bl B2 p3 El 51.50 51.50 0
E1 % E2 E2 51.00 51.00 0
F 51.00 51.00 0
G 51.00 51.00 0
H 38.00 38.00 0
I 38.00 38.00 0
J* 51.00 51.00 0
*Lateral area across the cab from
driver’s side kickpanel to passenger’s side kickpanel.
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E2 SEQUENTIAL PHOTOGRAPHS

Figure E.1. Sequential Photographs for Test No. 469137-3-2 (Overhead and Frontal Views).
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Figure E.1. Sequential Photographs for Test No. 469137-3-2 (Overhead and Frontal Views)
(Continued).
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Figure E.2. Sequential Photographs for Test No. 469137-3-2 (Perpendicular Views).
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Figure E.2. Sequential Photographs for Test No. 469137-3-2 (Perpendicular Views)
(Continued).
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VEHICLE ANGULAR DISPLACEMENTS

E.3
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APPENDIX F. MASH TEST 2-31 (CRASH TEST NO. 469138-3-3)

F.1 VEHICLE PROPERTIES AND INFORMATION
Table F.1. Vehicle Properties for Test No. 469138-3-3.

Date: 2017-09-15 Test No.: 469138-3-3 VIN No.: 1C6RD6FP6CS180345

Year: 2012 Make: Dodge Model: RAM 1500

Tire Size: 265/70R17 Tire Inflation Pressure: 35 psi

Tread Type: Highway Odometer: 195261

Note any damage to the vehicle prior to test: None

X—
® Denotes accelerometer location. Pi—
NOTES: None I ‘ I HIES T I
) A M —( - -———-— N il

Engine Type: V-8 TRACK

Engine CID: 4.7 liter l i 1 S l—y l?ﬁ% l

Transmission Type:

X Auto or Manual
FWD x RWD 4WD T
Optional Equipment:

None i
Dummy Data: l
Type: None
Mass: NA
Seat Position: NA
Geometry: inches - - & - -

A 78.50 F 40.00 K 20.75 P 3.00 U 27.50
B 75.00 G 28.25 L 29.50 Q 30.50 \Y 30.25
C 227.50 H 62.15 M 68.50 R 18.00 W 62.10
D 47.00 | 11.00 N 68.00 S 13.25 X 78.50
E 140.50 J 26.50 (e} 46.00 T 77.00
Wheel Center Wheel Well Bottom Frame
Height Front 14.75 Clearance (Front) 6.00 Height - Front 17.00
Wheel Center Wheel Well Bottom Frame
Height Rear 14.75 Clearance (Rear) 9.25 Height - Rear 25.50
GVWR Ratings: Mass: Ib Curb Test Inertial Gross Static
Front 3700 Miront 2944 2807 -
Back 3900 Mrear 2170 2227 -
Total 6700 Mrotal 5114 5034 e
(Allowable Range for TIM and GSM = 5000 Ib +110 Ib)
Mass Distribution:
Ib LF: 1383 RF: 1424 LR: 1128 RR: 1099
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Table F.2. Measurements of Vehicle Vertical CG for Test No. 469137-3-1.

Date: 2017-09-15 Test No.: 469138-3-3 VIN: 1C6RD6FP6CS180345

Year: 2012 Make: Dodge Model: RAM 1500

Body Style: Quad Cab Mileage: 195261

Engine: 4.7 liter V-8 Transmission: Automatic

Fuel Level: Empty Ballast: 172 b (440 Ib max)
Tire Pressure: Front: 35 psi Rear: 35 psi Size: 265/70R17

Measured Vehicle Weights:  (Ib)

LF: 1383 RF: 1424 Front Axle: 2807
LR: 1128 RR: 1099 Rear Axle: 2227
Left: 2511 Right: 2523 Total: 5034
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: 62.16 inches Rear of Front Axle (63 +4 inches allow ed)

Y: 0.08 inches Left- Right + of Vehicle Centerline
Z 28.25 inches Above Ground (minumum 28.0 inches allow ed)
Hood Height: 46.00 inches Front Bumper Height: 26.50 inches

43 +4 inches allowed

Front Overhang: 40.00 inches Rear Bumper Height: 29.50 inches

39 £3 inches allowed

Overall Length: 227.50 inches

237 £13 inches allowed
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Table F.3. Exterior Crush Measurements of Vehicle for Test No. 469138-3-3.

Date:  2017-09-15 Test No.: 469137-3-1 VIN No.: 1C6RD6FP6CS180345

Year: 2012 Make: Dodge Model: RAM 1500

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 -
>4 inches

Note: Measure C; to Cs 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 C. C. Cs Cs Cs Co +D
Number C-Measurements (CDC) Crush L**
1 Front plane at bumper ht 20 9 36 9 7 2 1 1 0 -18
2 Side plane at bumper ht 20 8 24 -- 8 7 7 -- -- +88

Measurements recorded

in inches

Table taken from National Accident Sampling System (NASS).

*1dentify the plane at which the C-measurements are taken (e.g., at bumper, above bumper, at sill, above sill, at
beltline, etc.) or label adjustments (e.g., free space).

Free space value is defined as the distance between the baseline and the original body contour taken at the individual
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 F.4. Occupant Compartment Measurements of Vehicle for Test No. 469138-3-3.

Date: 2017-08-18 Test No.: 469137-3-1 VIN No.: 1C6RD6FP6CS180345

Year: 2012 Make: Dodge Model: RAM 1500

OCCUPANT COMPARTMENT
— DEFORMATION MEASUREMENT

. L N Before After Differ.

\ (inches)
N R Al 65.00 65.00 0
G A2 63.00 63.00 0
SV A3 6550 _ 65.50 0
Bl 44.50 44.50 0
B2 38.25 38.25 0
B3 44.50 44.50 0
B4 39.50 39.50 0
B5 43.00 43.00 0
B6 39.50 39.50 0
] Ci 27.00 27.00 0
C2 W - e -
C3 27.00 27.00 0
D1 11.25 11.25 0
D2 W eeee eeee- -
D3 11.25 11.25 0
( El 58.75 58.75 0
B, E2 63.50 63.50 0
T E3 63.50 63.50 0
E4 63.25 63.25 0
I~ F 50.00  59.00 0
G 59.00 59.00 0
H 37.00 37.00 0
*Lateral area across the cab from driver’s side | 37.00 37.00 0

kickpanel to passenger’s side kickpanel.

J* 23.00 23.00 0
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F.2  SEQUENTIAL PHOTOGRAPHS

Figure F.1. Sequential Photographs for Test No. 469138-3-3 (Overhead and Frontal Views).
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Figure F.1. Sequential Photographs for Test No. 469138-3-3 (Overhead and Frontal Views)
(Continued).
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Figure F.2. Sequential Photographs for Test No. 469138-3-3 (Perpendicular View).
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APPENDIX G. MASH TEST 2-35 (CRASH TEST NO. 469138-3-4)

G.1 VEHICLE PROPERTIES AND INFORMATION
Table G.1. Vehicle Properties for Test No. 469138-3-4.
Date: 2017-09-28 Test No.: 469138-3-4 VIN No.: 1C6RD6FP6C3242469
Year: Make: Dodge Model: RAM 1500
Tire Size: 265/70R17 Tire Inflation Pressure: 35 psi
Tread Type: Highway Odometer: 180536
Note any damage to the vehicle prior to test: None
X—
® Denotes accelerometer location. P:w_-
NOTES: None I ‘ I HIES T I
A M = = - -———-— N il
Engine Type: V-8 TRACK
Engine CID: 4.7 liter 1 Nl . TRACK

Transmission Type:

X Auto or Manual
FWD x RWD 4WD T
Optional Equipment:

None i
Dummy Data: l
Type: None
Mass: NA
Seat Position: NA
Geometry: inches I - & - il
A 78.50 F 40.00 K 18.75 P 3.00 U 27.00
B 75.00 G 28.62 L 28.00 Q 30.50 \Y 30.00
C 227.50 H 62.17 M 68.50 R 18.00 W 63.10
D 47.00 | 11.25 N 68.00 S 12.75 X 78.30
E 140.50 J 26.50 (e} 45.50 T 77.00

Wheel Center Wheel Well Bottom Frame
Height Front 14.75 Clearance (Front) 6.00 Height - Front 12.00
Wheel Center Wheel Well Bottom Frame
Height Rear 14.75 Clearance (Rear) 9.25 Height - Rear 25.50
GVWR Ratings: Mass: Ib Curb Test Inertial Gross Static
Front 3700 Miront 2890 2764 e
Back 3900 Mrear 2009 2258 e
Total 6700 Mrotal 4899 5022 e
(Allowable Range for TIM and GSM = 5000 Ib +110 Ib)
Mass Distribution:
Ib LF: 1379 RF: 1385 LR: 1098 RR: 1160
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Table G.2. Measurements of Vehicle Vertical CG for Test No. 469138-3-4.

Date: 2017-09-28  Test No.: 469138-3-4 VIN: 1C6RD6FP6C3242469

Year: 2012 Make: Dodge Model: RAM 1500

Body Style: Quad Cab Mileage: 180536

Engine: 4.7 liter V-8 Transmission: Automatic

Fuel Level: Empty Ballast: 2701b (440 Ib max)
Tire Pressure: Front: 35 psi Rear: 35 psi Size: 265/70R17

Measured Vehicle Weights:  (Ib)

LF: 1379 RF: 1385 Front Axle: 2764
LR: 1098 RR: 1160 Rear Axle: 2258
Left: 2477 Right: 2545 Total: 5022
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: 63.17 inches Rear of Front Axle (63 +4 inches allow ed)

Y: 0.46 inches Left- Right + of Vehicle Centerline
Z. 28.625 inches Above Ground (minumum 28.0 inches allow ed)
Hood Height: 45.50 inches Front Bumper Height: 26.50 inches

43 +4 inches allowed

Front Overhang: 40.00 inches Rear Bumper Height: 28.00 inches

39 £3 inches allowed

Overall Length: 227.50 inches

237 £13 inches allowed
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Table G.3. Exterior Crush Measurements of Vehicle for Test No. 469138-3-4.

Date: 2017-09-28 Test No.: 469138-3-4 VIN No.: 1C6RD6FP6C3242469

Year: 2012 Make: Dodge Model: RAM 1500

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 -
>4 inches

Note: Measure C; to Cs 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 C. C. Cs Cs Cs Co +D
Number C-Measurements (CDC) Crush L**

1 Front plane at bumper ht 24 10 36 10 8 6 35 1 0 -18

Measurements recorded

in inches

Table taken from National Accident Sampling System (NASS).

*1dentify the plane at which the C-measurements are taken (e.g., at bumper, above bumper, at sill, above sill, at
beltline, etc.) or label adjustments (e.g., free space).

Free space value is defined as the distance between the baseline and the original body contour taken at the individual
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 G.4. Occupant Compartment Measurements of Vehicle for Test No. 469138-3-4.

Date: 2017-09-28 Test No.: 469138-3-4 VIN No.: 1C6RD6FP6C3242469

Year: 2012 Make: Dodge Model: RAM 1500

OCCUPANT COMPARTMENT
— DEFORMATION MEASUREMENT

. L N Before After Differ.

\ (inches)
N R Al 65.00 65.00 0
G A2 62.50 62.50 0
SV A3 6525 _ 65.25 0
Bl 44,75 44,75 0
B2 38.00 38.00 0
B3 44,75 44,75 0
B4 39.50 39.50 0
B5 43.00 43.00 0
B6 39.50 39.50 0
] Ci 26.50 26.50 0
C2 W - e -
C3 26.50 26.50 0
D1 11.25 11.25 0
D2 W eeee eeee- -
D3 11.25 11.25 0
( El 58.50 58.50 0
B, E2 63.50 63.50 0
T E3 63.50 63.50 0
E4 63.50 63.50 0
I~ F 50.00  59.00 0
G 59.00 59.00 0
H 37.50 37.50 0
*Lateral area across the cab from driver’s side | 37.50 37.50 0

kickpanel to passenger’s side kickpanel.

J* 23.50 23.50 0
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G.2 SEQUENTIAL PHOTOGRAPHS

Figure G.1. Sequential Photographs for Test No. 469138-3-4 (Overhead and Frontal Views).
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Figure G.1. Sequential Photographs for Test No. 469138-3-4 (Overhead and Frontal Views)
(Continued).

TR No. 0-6913-R1 250 2019-04-02



03755 . 0.875s
Figure G.2. Sequential Photographs for Test No. 469138-3-4 (Rear View).
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VEHICLE ANGULAR DISPLACEMENT
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VEHICLE ACCELERATIONS
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APPENDIX H. MODIFIED MASH TEST 2-34 (CRASH TEST NO.
469138-3-5)

H1  VEHICLE PROPERTIES AND INFORMATION
Table H.1. Vehicle Properties for Test No. 469138-3-5.

Date: 2017-12-14 Test No..  469138-3-5 VIN No.: KNADE223396448357
Year: 2009 Make: Kia Model: Rio
Tire Inflation Pressure: 32 psi Odometer: 227215 Tire Size: 185/65R14

Describe any damage to the vehicle prior to test:  the head of the dummy cracked the windshield when

loading it into the vehicle; starburst crack near the top just left of center;

® Denotes accelerometer location.

NOTES: None

Engine Type: 4 cylinder

Engine CID: 1.6 liter
Transmission Type:

X Auto or Manual )

X FWD RWD 4WD
Optional Equipment: 5

None

None

\

Dummy Data:
Type: 50" percentile male
Mass: 165 Ib
Seat Position:  Driver position
Geometry: inches ¢
A 66.38 F 33.00 K 10.50 P 4.12 U 14.75
B 58.00 G @ - L 24.50 Q 22.50 Vv 20.00
C 165.75 H 35.88 M 57.75 R 15.50 w 35.88
D 34.00 I 7.75 N 57.75 S 9.00 X 105.75
E 98.75 J 21.00 (0] 28.12 T 66.25

Wheel Center Ht Front _ 11.00 Wheel Center Ht Rear 11.00 W-H 0
GVWR Ratings: Mass: Ib Curb Test Inertial Gross Static
Front 1718 Mtront 1585 1556 1641
Back 1874 Mrear 898 888 968
Total 3638 Mrotal 2483 2444 2609

Allowable TIM = 2420 |b +55 Ib | Allowable GSM = 2585 Ib + 55 |b
Mass Distribution:
b LF: 778 RF: 778 LR: 455 RR: 433
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Table H.2. Exterior Crush Measurements for Test No. 469138-3-5.

Date: 2017-12-14 TestNo.: 469138-3-5 VIN No.: KNADE?223396448357

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 B
> 4 inches

Note: Measure C; to Cs 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 G C. G Cs Cs Co +D
Number C-Measurements (CDQ) Crush L**

1 Front plane at bumper ht 17 26 26 17 12 3 1 -- -- 0

Measurements recorded

in inches

Table taken from National Accident Sampling System (NASS).

*1dentify the plane at which the C-measurements are taken (e.g., at bumper, above bumper, at sill, above sill, at
beltline, etc.) or label adjustments (e.g., free space).

Free space value is defined as the distance between the baseline and the original body contour taken at the individual
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 H.3. Occupant Compartment Measurements for Test No. 469138-3-5.

Date: 2017-12-14 Test No.:  469138-3-5 VIN No.: KNADE223396448357
Year: 2009 Make: Kia Model: Rio
o~ OCCUPANT COMPARTMENT
il [7 =———H__\ DEFORMATION MEASUREMENT
E Before After Differ.
(inches)
1l ¢ U Al 67.75  67.75 0
§ =1/ A2 67.00 _ 67.00 0
A3 67.50 67.50 0
Bl 40.50 40.50 0
B2 37.00 37.00 0
B1, B2, B3, B4, B5, B6 B3 40.50 40.50 0
jé% B4  36.00 _ 36.00 0
Al A2, &A B5 35.50 35.50 0
P QL ‘ B6 _ 36.00 _ 36.00 0
@ AN Cl 2600  26.00 0
c2 - e -
C3 26.00 26.00 0
D1 9.50 9.50 0
D2 - e -
{ D3 9.50 9.50 0
81 B2 B3 El 51.50 51.50 0
E1 % E2 E2 51.00 51.00 0
F 51.00 51.00 0
G 51.00 51.00 0
H 37.00 37.00 0
I 37.00 37.00 0
J* 51.00 51.00 0
*Lateral area across the cab from
driver’s side kickpanel to passenger’s side kickpanel.
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H2  SEQUENTIAL PHOTOGRAPHS

Figure H.1. Sequential Photographs for Test No. 469138-3-5 (Overhead and Frontal Views).
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Figure H.1D.1. Sequential Photographs for Test No. 469138-3-5 (Overhead and Frontal Views)
(Continued).
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