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CHAPTER 1: 
INTRODUCTION 

1.1 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 TxDOT 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. TTI 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, W6×9 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: W6×9 steel 
posts, 7-inch diameter round wood posts, and 6-inch × 8-inch rectangular wood posts. 
Researchers concluded that a W6×9 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 W6×9 steel post is located 29 inches from the end of the parapet with a 6-inch × 
8-inch × 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. 

  

  

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. 

 
 
 
 
 
 
 
 
 
 

 
 

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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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. 

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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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 Case 3 

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. 

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. 

Figure 2.29. Final State of Simulation. 

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

TRAP Results: Truck Short Radius 
Impact Velocity, mph 43.5 
Impact Angle (degrees) 25 
Occupant Risk Factors 
OIV (ft/s)   

x-direction 14.8 
y-direction  5.9 

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 
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Figure 2.30. Longitudinal Accelerations for Truck Simulation.  
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Figure 2.31. Lateral Accelerations for Truck Simulation. 
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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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2.4 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 Rail,  

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. 

 
  

Time = 0.16 Time = 0.18 

Time = 0.25 Time = 0.33 

Time = 0.55 
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Figure 2.41. Tire and Cable Interaction. 
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Figure 2.42. Roll, Pitch, and Yaw Angles. 
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2.5 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. 

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. 

2.6 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-lb 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-lb Sand Drums behind Radius. 

 

 

Figure 2.47. Sequential Images of Truck Simulation, with Flare and 18-lb 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-lb sand drums. 
 

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

TRAP Results: Truck Short Radius 
Impact Velocity, mph 43.5 
Impact Angle (degrees) 25 
Occupant Risk Factors 
OIV (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 
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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 2.49. Longitudinal Accelerations for Truck Simulation. 

 

 
Figure 2.50. Lateral Accelerations for Truck Simulation. 
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Figure 2.51. Vertical Accelerations for Truck Simulation.  
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Figure 2.52. Roll, Pitch, and Yaw Angles for Truck Simulation. 
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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 W6×9 steel post starting 29 inches 
form the end of the parapet with a 6-inch × 8-inch × 21-inch routed wood blockout. The next two 
posts were the CRT posts with a 6-inch × 8-inch × 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 3.1. Guardrail System. 

 
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 36⅜-inches and 21-inch diameter. The drums were filled with 
sand and weighed approximately 700 lb. 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-lb 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 = 0.0 s Time = 0.075 s 

Time = 0.16 s Time = 0.26 s 

Time = 0.48 s Time = 0.8 s 

Figure 3.8. Sequential Images of Truck Simulation with Tension Cable and Four 700-lb 
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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Figure 3.9. Interaction of Truck with System. 

 
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-lb sand drums. 
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Table 3.1. TRAP Summary Data of Simulation with Tension Cable and Four 700-lb 
Sand Drums. 

TRAP Results: Truck Short Radius 
Impact Velocity, mph 43.5 
Impact Angle (degrees) 25 
Occupant Risk Factors 
OIV (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-lb 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 = 0.0 s Time = 0.15 s 

Time = 0.235 s Time = 0.34 s 

Time = 0.6 s Time = 0.8 s 

Figure 3.12. Sequential Images of Truck Simulation with Tension Cable and Four 700-lb 
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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Time = 0.255 s Time = 0.15 s 

Time = 0.415 s Time = 0.8 s 

Figure 3.13. Sequential Images of Truck Simulation from Back of Rail (No Drums Visible). 

 
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-lb sand drums. 
 

Time = 0.15 s Time = 0.27 s 
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Table 3.2. TRAP Summary Data of Simulation with Tension Cable and Four 700-lb 
Sand Drums. 

TRAP Results: Truck Short Radius 
Impact Velocity, mph 43.5 
Impact Angle (degrees) 0 
Occupant Risk Factors 
OIV (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-lb Sand Drums. 



TR No. 0-6913-R1 47 2019-04-02 

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.  

 
Figure 3.16. Sequential Images of Truck Simulation with Tension Cable and Five 700-lb 

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.  

Time = 0.0 s 

Time = 0.41  Time = 0.255 s 

Time = 0.12 s 

Time = 0.609 s Time = 0.8 s 
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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-lb sand drums. 
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Table 3.3. TRAP Summary Data of Simulation with Tension Cable and Five 700-lb 
Sand Drums. 

TRAP Results: Truck Short Radius 
Impact Velocity, mph 43.5 
Impact Angle (degrees) 25 
Occupant Risk Factors 
OIV (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 
0.35 s. 

 

Time = 0.309 s 

Time = 0.0 s 

Time = 0.635 s 

Time = 0.475 s 

Time = 0.195 s 

Time = 0.8 s 

Figure 3.20. Sequential Images of Truck Simulation with Tension Cable and Six 700-lb 
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-lb sand drums. 
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Table 3.4. TRAP Summary Data of Simulation with Tension Cable and Six 700-lb Sand 
Drums. 

TRAP Results: Truck Short Radius 
Impact Velocity, mph 43.5 
Impact Angle (degrees) 25 
Occupant Risk Factors 
OIV (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 = 0.0 s Time = 0.15 s 

Time = 0.25 s Time = 0.32 s 

Time = 0.49 s Time = 0.68 s 

Figure 3.24. Sequential Images of Truck Simulation with Two Tension Cables and Six 
700-lb 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-lb sand drums. 
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Table 3.5. TRAP Summary Data of Simulation with Two Tension Cables and 700-lb 
Sand Drums. 

TRAP Results: Truck Short Radius 
Impact Velocity, mph 43.5 
Impact Angle (degrees) 25 
Occupant Risk Factors 
OIV (ft/s)   

x-direction 25.9 
y-direction  1.9 

Occupant Ridedown Accelerations (g's)   
x-direction  −5.1 
y-direction  −5.3 

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.  

 

Time = 0.0 s 

Time = 0.38 s Time = 0.26 s 

Time = 0.15 s 

Figure 3.28. Sequential Images of Truck Simulation with Tension Cable and Six 700-lb 
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). 

Time = 0.305 s 
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Time = 0.315 s 

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-lb sand drums. 

 

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

TRAP Results: Truck Short Radius 
Impact Velocity, mph 43.5 
Impact Angle (degrees) 25 
Occupant Risk Factors 
OIV (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-lb sand drums. 
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Figure 3.32. Sequential Images of Truck Simulation with Two Tension Cables and Six 

700-lb Sand Drums. 

 

Time = 0.0 s Time = 0.105 s 

Time = 0.265 s Time = 0.395 s 

Time = 0.475 s Time = 0.66 s 
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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-lb Sand Drums. 

TRAP Results: Truck Short Radius 
Impact Velocity, mph 43.5 
Impact Angle (degrees) 25 
Occupant Risk Factors 
OIV (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-lb 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-lb sand drums. 
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Time = 0.0 s 

Time = 1.1 s 

Time = 0.48 s 

Time = 0.805 s 

Time = 0.635 s 

Time = 0.25 s 

 
Figure 3.34. Sequential Images of Truck Simulation with Two Tension Cables and Six 

700-lb 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). 
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Table 3.8. TRAP Summary Data of Simulation with Two Tension Cables and Six 
700-lb Sand Drums. 

TRAP Results: Truck Short Radius 
Impact Velocity, mph 43.5 
Impact Angle (degrees) 25 
Occupant Risk Factors 
OIV (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-lb 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 = 0.0 s 

Time = 0.64 s 

Time = 0.475 s Time = 0.34 s 

Time = 0.19 s 

Time = 0.95 s 

Figure 3.38. Sequential Images of Truck Simulation with Two Tension Cables and Six 
700-lb 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 = 0.45 s 

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

 

 

Time = 0.95 s 

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-lb sand drums. 
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Table 3.9. TRAP Summary Data of Simulation with Two Tension Cables and Six 
700-lb Sand Drums. 

TRAP Results: Truck Short Radius 
Impact Velocity, mph 43.5 
Impact Angle (degrees) 25 
Occupant Risk Factors 
OIV (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. 

 
Figure 3.42. Sequential Images of Truck Simulation with Two Tension Cables and Six 

700-lb 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.  

Time = 0.0 s 

Time = 1.2 s 

Time = 0.65 s Time = 0.475 s 

Time = 0.235 s 

Time = 0.81 s 
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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-lb sand drums. 
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Table 3.10. TRAP Summary Data of Simulation with Two Tension Cables and Six 
700-lb Sand Drums. 

TRAP Results: Truck Short Radius 
Impact Velocity, mph 43.5 
Impact Angle (degrees) 25 
Occupant Risk Factors 
OIV (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-lb sand drums.  
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Figure 3.45. Two Tension Cables and Six 700-lb Sand Drums behind Radius. 

 
Figure 3.46. Alignment of Car with System. 
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Figure 3.47. Sequential Images of Car Simulation with Two Tension Cables and Six 700-lb 

Sand Drums. 

Time = 0.0 s Time = 0.115 s 

Time = 0.565 s Time = 0.32 s 

Time = 0.849 s Time = 1.2 s 
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Time = 0.405 s 

Figure 3.48. Interaction of Car with System (No Drums Visible). 

 
Figure 3.49. Final State of Simulation (No Drums Visible). 

Time = 1.2 s 
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Table 3.11. TRAP Summary Data of Simulation with Two Tension Cables and Six 
700-lb Sand Drums. 

TRAP Results: Car Short Radius 
Impact Velocity, mph 43.5 
Impact Angle (degrees) 25 
Occupant Risk Factors 
OIV (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  −3.3 
Pitch −8.2 
Yaw  1.9 

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-lb 

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-lb sand drums. 

Time = 0.0 s Time = 0. 25 s 

Time = 0.49 s Time = 1.0 s 
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Time = 0.445 s 

Figure 3.52. Interaction of Car with System (No Drums Visible).  

Figure 3.53. Final State of Simulation (No Drums Visible). 

Time = 1.0 s 



TR No. 0-6913-R1 77 2019-04-02 

Table 3.12. TRAP Summary Data of Simulation with Two Tension Cables and Six 
700-lb Sand Drums. 

TRAP Results: Car Short Radius 
Impact Velocity, mph 43.5 
Impact Angle (degrees) 25 
Occupant Risk Factors 
OIV (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-lb sand drums spread out.  

 
Figure 3.54. Alignment 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 = 0.0 s Time = 0.22 s 

Time = 0.34 s Time = 0.48 s 

Time = 0.605 s Time = 0.1 s 

Figure 3.55. Sequential Images of Truck Simulation with Two Tension Cables and Six 
700-lb 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 = 0.04 s Time = 0.19 s 

Time = 0.34 s Time = 0.51 s 

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

 

 

Time = 0.16 s Time = 0.34 s 

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-lb 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-lb sand 
drums.  
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Table 3.13. TRAP Summary Data of Simulation with Two Tension Cables and Six 
700-lb Sand Drums. 

TRAP Results: Truck Short Radius 
Impact Velocity, mph 43.5 
Impact Angle (degrees) 0 
Occupant Risk Factors 
OIV (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). 

 
Figure 3.59. Sequential Images of Car Simulation with Two Tension Cables and Six 700-lb 

Sand Drums. 

Time = 0.0 s 

Time = 0.32 s 

Time = 0.15 s 

Time = 0.24 s 

Time = 0.50 s Time = 0.41 s 



TR No. 0-6913-R1 82 2019-04-02 

 

Time = 0.0 s Time = 0.15 s 

Time = 0.335 s Time = 0.50 s 

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

 

 

Time = 0.12 s 

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

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-lb 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-lb Sand Drums. 
TRAP Results: Truck Short Radius 
Impact Velocity, mph 43.5 
Impact Angle (degrees) 25 
Occupant Risk Factors 
OIV (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. 

Test Number:  Sim 2-34 
Test Article: Shifted 6 drums 
Test Vehicle: Small Car 
Inertial Mass: 1100 kg 
Gross Static:  1100 kg 
Impact Speed: 70 km/h 
Impact Angle: 25° 

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.  
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Figure 3.67. Alignment of Car with System. 
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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 = 0.565 s 

Time = 0.435 s Time = 0.29 s 

Time = 0.07 s Time = 0.0 s 

Time = 0.80 s 

Figure 3.68. Sequential Images of Car Simulation with Two Tension Cables and Six 700-lb 
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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Figure 3.69. Sequential Images of Simulation (Top View). 

 

Time = 0.0 s 

Time = 0.395 s 

Time = 0.235 s 

Time = 0.80 s 

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

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-lb 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-lb Sand Drums. 
TRAP Results: Truck Short Radius 
Impact Velocity, mph 43.5 
Impact Angle (degrees) 25 
Occupant Risk Factors 
OIV (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 
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Figure 3.72. Longitudinal Acceleration of Car Impacting Short Radius with Two Tension 
Cables and Six 700-Lb Sand Drums. 
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Figure 3.73. Longitudinal Acceleration of Car Impacting Short Radius with Two Tension 

Cables and Six 700-Lb Sand Drums. 
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Figure 3.74. Longitudinal Acceleration of Car Impacting Short Radius with Two Tension 
Cables and Six 700-Lb Sand Drums.
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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. 
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Test Article: Shifted 6 drums 
Test Vehicle: Small Car 
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Impact Speed: 70 km/h 
Impact Angle: 25° 

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-lb 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 = 0.0 s Time = 0.05 s  

Time = 0.15 s Time = 0.275 s 

Time = 0.38 s Time = 0.5 s 

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

Time = 0.30 s 

Time = 0.15 s 

Time = 0.45 s 

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

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

Sand Drums. 

TRAP Results: Truck Short Radius 
Impact Velocity, mph 43.5 
Impact Angle (degrees) 25 
Occupant Risk Factors 
OIV (ft/s)   

x-direction 32.5 
y-direction  −8.8 

Occupant Ridedown Accelerations (g's)  
x-direction  −7.7 
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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Figure 3.82. Roll, Pitch, and Yaw Angles of Car Impacting Short Radius with Two Tension 
Cables and Six 700-Lb Sand Drums. 
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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-lb 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. 
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CHAPTER 4: 
TEST ARTICLE DESIGN AND CONSTRUCTION 

4.1 TEST ARTICLE AND INSTALLATION DETAILS 

4.1.1 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 (RTM02a) 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-1½ inches, 14 to 15 spacing was 3 ft-½ inches, and 15 to 16 spacing was 
3-ft 1½-inches. Post 16 to the end face of the concrete parapet was approximately 31½ 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 (RWE03a) attached to post 1, and a 2-space, 
9 ft-4½ 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 (RWM04a) connected posts 3 and 4. A 9 ft-4½ 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 
(RTM04a) 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 (RTM02a). A final 
thrie-beam, 4-space, 12 ft-6 inch span (RWM04a) connected posts 13, 14, 15, and 16 to the 
parapet. Finally, a thrie-beam terminal connector (RTE01b) completed the transition from the 
guardrail to the parapet. All guardrail sections were galvanized standard 12-gauge material 
unless otherwise noted as “b.”  

Posts 1 and 2 in the DAT terminal were each comprised of a timber post measuring 
5½ inches × 7½ inches × 46 inches long. A 2½-inch diameter weakening hole was located 
28½ inches from the top near grade. Each post was installed in a 72-inch long hollow structural 
section rectangular foundation tube socket (HSS 6 × 8 × ⅛ inch wall) embedded in the soil. See 
Appendix A, TxDOT Dwg GF (31) DAT-14 for post 1 and 2 details. 

Posts 3 through 6 were 72-inch long W6×8.5 wide flange guardrail posts (PWE01). The 
guardrail was attached to each of posts 3 through 6 via a W-beam timber routered blockout 
(PDB01b, 6 inches × 8 inches × 14 inches tall; with a 4½-inch wide × ⅜-inch deep relief) and a 
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⅝-inch × 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 (PDE09) 6 inches × 8 inches × 72 inches 
long. Two 3½-inch diameter weakening holes were located at 32 inches (grade level) and 
47¾ inches below the top. The thrie-beam guardrail was attached to each of posts 7 and 8 via a 
6-inch × 8-inch × 22-inch tall timber blockout (PDB02) and two ⅝ × 18-inch guardrail bolts 
(FBB04) and recessed guardrail nuts. Posts 7 and 8 were installed 40 inches deep into a drilled 
hole with compacted strong soil as per MASH and without a foundation tube. See Appendix A, 
Sheet 12 for details.  

Posts 9 through 14 were modified BCT timber posts (PDF01) 5½ inches × 7½ inches × 
48¼ inches long. A 2½-inch diameter weakening hole was located 30¾ inches from the top near 
grade. A ⅞-inch diameter hole was located 33¼ inches from the top through which to install a 
⅝-inch × 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 × 8-inch × 3/16-inch thick 
ASTM A500 grade B steel HSS structural tube (PTE05), 72 inches long and embedded 
approximately 70 inches deep into drilled holes with compacted strong soil as per MASH. Two 
13/16-inch diameter holes were located 1 inch below the top of 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 ⅝ × 18-inch guardrail bolt (FBB04) 
and recessed guardrail nut. See Appendix A, Sheets 4 and 12 for details.  

Post 15 was a W6×8.5 wide flange guardrail post (PWE01), 72 inches long. The guardrail 
was attached to post 15 via a W-beam timber routered blockout (PDB01b) and a ⅝-inch × 
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 W6×8.5 wide flange guardrail posts (PWE01), 72 inches long. The 
guardrail was attached to post 16 via a thrie-beam timber routered blockout (6 inches × 8 inches 
× 18 inches tall; with a 4½-inch wide × ⅜-inch deep relief, similar to a PDB02) and one ⅝-inch 
× 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 (RTE01b) was utilized to connect and transition the 
thrie-beam to the parapet. Five A325 ⅞-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 ⅝-inch diameter × 2-inch long guardrail 
bolts (FBB02), rectangular washers (FWR03), and recessed guardrail nuts. See Appendix A, 
Sheet 4 for details.  

Two BCT anchor cables (FCA01) 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 56⅝ 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 10½ inches wide at the base and transitioned with a 1½-inch 
chamfer to a 12-inch wide top portion beginning 18½ inches above grade. Exposed edges were 
chamfered ¾-inch. The traffic side face conformed to the 2° offset and was 24 inches from the 
edge of the runway on the upstream end, and 20⅝ inches from the edge of the runway on the 
guardrail end. On the traffic side, the width of the parapet tapered from 12 inches to 10 inches 
over the final 12 inches on the guardrail attachment end. Five 1-inch diameter holes were cast 
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 ½-inch nominal diameter reinforcing 
steel (#4 rebar) S-bars longitudinally spaced on 6-inch longitudinal centers and four 82-inch long 
#4 bent bars vertically spaced on 8-inch centers on the traffic side, and four 93-inch long #4 
straight bars vertically spaced on 8-inch centers on the field side. The parapet was tied to the 
base with fifteen ½-inch nominal diameter reinforcing steel (#4 rebar) U-bars longitudinally 
spaced on 6-inch centers. Each 25½-inch tall U-bar extended from the bottom base mat to 
10 inches into the lower portion of the parapet.  

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

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

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 lb, 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 × 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. 

4.2 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 ¾-inch (6×19; 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 (FMM02) through which one terminal end of the 
anchor cable was secured via a 8-inch × 8-inch × ⅝-inch thick BCT bearing plate (FPB01), flat 
washer, and nut. The opposite end of 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 ⅝-inch × 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 
(FCA01) measuring 6 ft-6¾ inches end to end, inclusive of terminal fittings, were used. Due to 
the cables being longer than required, the Guardrail Anchor Brackets (FPA01) 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 
(FPA01) 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. TxDOT 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. 

4.3 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 W6×16 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 lb, 5500 lb, and 6540 lb, 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 lbf, 9015 lbf, and 7540 lbf, respectively. In 
Appendix C, Table C.2 shows the strength of the backfill material in which the TxDOT 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 lbf, 9343 lbf, and 8535 lbf, respectively. In 
Appendix C, Table C.3 shows the strength of the backfill material in which the TxDOT 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 lbf, 8484 lbf, and 8585 lbf, respectively. In 
Appendix C, Table C.4 shows the strength of the backfill material in which the TxDOT 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 lbf, 8989 lbf, and 10,050 lbf, respectively. In 
Appendix C, Table C.5 shows the strength of the backfill material in which the TxDOT 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 lbf, 7272 lbf, and 7575 lbf, respectively. In 
Appendix C, Table C.6 shows the strength of the backfill material in which the TxDOT low-
speed short radius guardrail treatment was installed met minimum requirements. 
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CHAPTER 5: 
TEST REQUIREMENTS AND EVALUATION CRITERIA 

5.1 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. 

Test Article Test Designation Test Vehicle 
Impact Conditions 

Evaluation Criteria 
Speed Angle 

Terminals  
and 

Redirective 
Crash  

Cushions 

2-30 1100C 44 mi/h 0° A, D, F, H, I 

2-31 2270P 44 mi/h 0° A, D, F, H, I 

2-32 1100C 44 mi/h 5–15° A, D, F, H, I 

2-33 2270P 44 mi/h 5–15° A, D, F, H, I 

2-34 1100C 44 mi/h 15° A, D, F, H, I 

2-35 2270P 44 mi/h 25° A, D, F, H, I 

2-36 2270P 44 mi/h 25° A, D, F, H, I 

2-37a 1100C 
44 mi/h 25° A, D, F, H, I 

2-37b 2270P 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.1. Target CIP for MASH Test 2-33 on the TxDOT Low-Speed Short Radius 
Guardrail Treatment. 
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Figure 5.2. Target CIP for MASH Test 2-32 on the TxDOT Low-Speed Short Radius 

Guardrail Treatment. 

 
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. 

 
Figure 5.5. Target CIP for Modified MASH Test 2-34 on the TxDOT Low-Speed Short 

Radius Guardrail Treatment. 



TR No. 0-6913-R1 108 2019-04-02 

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 

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

Occupant 
Risk 

D. Detached elements, fragments, or other debris from the test article should not 
penetrate or show potential for penetrating the occupant compartment, or present 
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. 

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

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

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

 
 



 

TR No. 0-6913-R1 109 2019-04-02 

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 × 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 II, 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: 

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

• One placed behind the installation at an angle.  

• 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 lb ±110 lb 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 lb, 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 lb, and its gross static weight was 5039 lb. 
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. TxDOT 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 TxDOT 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. 

 



 

TR No. 0-6913-R1 115 2019-04-02 

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 #8 
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 7.6. Damage to Rail Section Parallel to Roadway after Test No. 469137-3-1. 

  

  
  

Figure 7.7. Test Vehicle after Test No. 469137-3-1. 



 

TR No. 0-6913-R1 120 2019-04-02 

 

  
Before Test After 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 
OIV    

 Longitudinal 23.6 ft/s at 0.1459 s on front of interior 
 Lateral 2.3 ft/s 

Occupant Ridedown Accelerations   
 Longitudinal 4.2 g 0.1938–0.2038 s 

 Lateral 4.1 g 0.1670–0.1770 s 

Theoretical Head Impact Velocity (THIV) 26.4 km/h 
7.3 m/s at 0.1462 s on front of interior 

Post Head Deceleration (PHD) 4.3 g 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 −2.5 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° 0.9231 s 
 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 lb ±55 lb 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 lb, 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 lb, and its gross static weight was 2621 lb. 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. 

8.4 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 8.5. Field Side of Test Article after Test No. 469137-3-2. 

  

  
 

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. 

  

  
 

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 

OIV    
 Longitudinal 33.1 ft/s at 0.1079 s on front of interior 

 Lateral 3.0 ft/s 
Occupant Ridedown Accelerations   

 Longitudinal 5.1 g 0.1105–0.1205 s 
 Lateral 3.2 g 0.1096–0.1196 s 

THIV 37.5 km/h 
10.4 m/s at 0.1082 s on front of interior 

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 g 0.0191–0.0691 s 

 Lateral −3.0 g 0.0660–0.1160 s 
 Vertical −3.0 g 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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0.000 s 0.200 s 0.400 s 0.600 s 

  
 

General Information 
 Test Agency .......................  
 Test Standard Test No. ......  
 TTI Test No.  ......................  
 Test Date ...........................  
Test Article 
 Type ..................................  
 Name .................................  
 Installation Length ..............  
 Material or Key Elements ...  
 
 
 
Soil Type and Condition .....  
 
Test Vehicle 
 Type/Designation ...............  
 Make and Model ................  
 Curb ...................................  
 Test Inertial ........................  
 Dummy ..............................  
 Gross Static .......................  

 
Texas A&M Transportation Institute (TTI) 
MASH Test 2-32 
469137-3-2 
2017-09-05 
 
Short Radius Guardrail Treatment 
TxDOT Low-Speed Short Radius 
66 ft-½ inch 
31-inch tall, 87-ft long, thrie-beam short 
radius guardrail system with curved 25-ft 
arc length thrie-beam section rolled to a 
16-ft inside radius 
AASHTO M147-65(2004), grading B Soil 
(crushed limestone), Damp 
 
1100C 
2011 Kia Rio 
2495 lb 
2456 lb 
165 lb 
2621 lb 

Impact Conditions 
 Speed ................................  
 Angle .................................  
 Location/Orientation ...........  
Kinetic Energy .....................  
Exit Conditions 
 Speed ................................  
 Angle .................................  
Occupant Risk Values 
 Longitudinal OIV ................  
 Lateral OIV .........................  
 Longitudinal Ridedown .......  
 Lateral Ridedown ...............  
 THIV ..................................  
 PHD ...................................  
 ASI .....................................  
Max. 0.050-s Average  
  Longitudinal ....................  
  Lateral.............................  
  Vertical ............................  

 
45.3 mi/h 
25.5° 
Centerline post 11 
168 kip-ft 
 
Stopped 
44.8° 
 
33.1 ft/s 
3.0 ft/s 
5.1 g 
3.2 g 
37.5 km/h 
6.0 g 
1.19 
 
−13.4 g 
−3.0 g 
−3.0 g 

Post-Impact Trajectory 
 Stopping Distance .....................  
 
Vehicle Stability 
 Maximum Yaw Angle ................  
 Maximum Pitch Angle ...............  
 Maximum Roll Angle .................  
 
Test Article Deflections 
 Dynamic ....................................  
 Permanent ................................  
 Working Width...........................  
 Height of Working Width ...........  
Vehicle Damage 
 VDS ..........................................  
 CDC ..........................................  
 Max. Exterior Deformation .........  
 OCDI.........................................  
 Max. Occupant Compartment  
  Deformation ...........................  

 
8.3 ft 
 
 
22° 
8° 
4° 
 
 
10.5 ft 
10.5 ft 
2.5 ft 
Vehicle in ditch 
 
12FD4 
12FDEW3 
5.0 inches 
FS0000000 
 
None 

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 

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 

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.  

Pass 

Occupant Risk   
D. Detached elements, fragments, or other debris from 

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

Posts 10 through 13 fractured at ground. 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.  Pass 

Deformations of, or intrusions into, the occupant 
compartment should not exceed limits set forth in 
Section 5.3 and Appendix E of MASH. 

No occupant compartment deformation or 
intrusion occurred. 

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

The 1100C vehicle remained upright during and 
after the collision event. The maximum roll and 
pitch angles were 4° and 8°, respectively 

Pass 

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

Longitudinal OIV was 33.1 ft/s, and lateral OIV 
was 3.0 ft/s. Pass 

I. The occupant ridedown accelerations should satisfy 
the following limits: Preferred value of 15.0 g, or 
maximum allowable value of 20.49 g. 

Maximum longitudinal occupant ridedown 
acceleration was 10.1 g, and maximum lateral 
occupant ridedown acceleration was 0.9 g. 

Pass 
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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 lb ±110 lb 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 lb, 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 lb, and its gross static weight was 5034 lb. 
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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9.5 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.  

 

  

  
 

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 9.5. Damage to Rail Section Parallel to Roadway after Test No. 469138-3-3. 
 

 

  
 

Figure 9.6. Damage to Cable and Post 12 after Test No. 469138-3-3. 

9.6 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. 

 

  

  
  

Figure 9.7. Test Vehicle after Test No. 469138-3-3. 

 

  
Before Test After Test 

  

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

 Longitudinal 13.1 ft/s at 0.1625 s on left side of interior 
 Lateral 11.5 ft/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 
5.1 m/s at 0.1551 s on left side of interior 

PHD 3.2 g 0.3972–0.4072 s 
ASI 0.50 0.0440–0.0940 s 

Maximum 50-ms Moving Average    
 Longitudinal −3.8 g 0.0171–0.0671 s 

 Lateral 3.6 g 0.0248–0.0748 s 
 Vertical −2.5 g 0.6601–0.7101 s 

Maximum Roll, Pitch, and Yaw Angles   
 Roll 11.5° 0.3371 s 

 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. 

 



TR No. 0-6913-R1  140 2019-04-02 
 

  

0.
00

0 
s 

0.
20

0 
s 

0.
40

0 
s 

0.
60

0 
s 

 
 

 G
en

er
al

 In
fo

rm
at

io
n 

 
Te

st
 A

ge
nc

y .
...

...
...

...
...

...
...

.  
 

Te
st

 S
ta

nd
ar

d 
Te

st
 N

o.
 ..

...
.  

 
TT

I T
es

t N
o.

  ..
...

...
...

...
...

...
.. 

 
 

Te
st

 D
at

e 
...

...
...

...
...

...
...

...
...

  
Te

st
 A

rt
ic

le
 

 
Ty

pe
 ..

...
...

...
...

...
...

...
...

...
...

.. 
 

 
N

am
e .

...
...

...
...

...
...

...
...

...
...

.. 
 

 
In

st
al

la
tio

n 
Le

ng
th

 ...
...

...
...

.. 
 

 
M

at
er

ia
l o

r K
ey

 E
le

m
en

ts
 ..

.  
   So

il 
Ty

pe
 a

nd
 C

on
di

tio
n 

...
.. 

 
 Te

st
 V

eh
ic

le
 

 
Ty

pe
/D

es
ig

na
tio

n .
...

...
...

...
.. 

 
 

M
ak

e 
an

d 
M

od
el

 ..
...

...
...

...
.. 

 
 

C
ur

b .
...

...
...

...
...

...
...

...
...

...
...

.  
 

Te
st

 In
er

tia
l ..

...
...

...
...

...
...

...
.  

 
D

um
m

y .
...

...
...

...
...

...
...

...
...

.. 
 

 
G

ro
ss

 S
ta

tic
 ..

...
...

...
...

...
...

...
   Te

xa
s 

A&
M

 T
ra

ns
po

rta
tio

n 
In

st
itu

te
 (T

TI
) 

M
AS

H
 T

es
t 2

-3
1 

46
91

38
-3

-3
 

20
17

-0
9-

15
 

 Sh
or

t R
ad

iu
s 

G
ua

rd
ra

il 
Tr

ea
tm

en
t 

Tx
D

O
T 

Lo
w

-S
pe

ed
 S

ho
rt 

R
ad

iu
s 

66
 ft

-½
 in

ch
 

31
-in

ch
 ta

ll,
 8

7-
ft 

lo
ng

, t
hr

ie
-b

ea
m

 s
ho

rt 
ra

di
us

 g
ua

rd
ra

il 
sy

st
em

 w
ith

 c
ur

ve
d 

25
-ft

 
ar

c 
le

ng
th

 th
rie

-b
ea

m
 s

ec
tio

n 
ro

lle
d 

to
 a

 
16

-ft
 in

si
de

 ra
di

us
 

AA
SH

TO
 M

14
7-

65
(2

00
4)

, g
ra

di
ng

 B
 S

oi
l 

(c
ru

sh
ed

 li
m

es
to

ne
), 

D
am

p 
 22

70
P 

20
12

 D
od

ge
 R

AM
 1

50
0 

51
14

 lb
 

50
34

 lb
 

N
o 

du
m

m
y 

50
34

 lb
 

Im
pa

ct
 C

on
di

tio
ns

 
 

Sp
ee

d 
...

...
...

...
...

...
...

...
...

...
.. 

 
 

An
gl

e 
...

...
...

...
...

...
...

...
...

...
...

  
 

Lo
ca

tio
n/

O
rie

nt
at

io
n .

...
...

...
.  

 K
in

et
ic

 E
ne

rg
y .

...
...

...
...

...
...

.. 
 

Ex
it 

C
on

di
tio

ns
 

 
Sp

ee
d 

...
...

...
...

...
...

...
...

...
...

.. 
 

 
An

gl
e 

...
...

...
...

...
...

...
...

...
...

...
  

O
cc

up
an

t R
is

k 
Va

lu
es

 
 

Lo
ng

itu
di

na
l O

IV
 ..

...
...

...
...

.. 
 

 
La

te
ra

l O
IV

 ...
...

...
...

...
...

...
...

.  
 

Lo
ng

itu
di

na
l R

id
ed

ow
n .

...
...

  
 

La
te

ra
l R

id
ed

ow
n 

...
...

...
...

...
  

 
TH

IV
 ..

...
...

...
...

...
...

...
...

...
...

.. 
 

 
PH

D
 ..

...
...

...
...

...
...

...
...

...
...

...
  

 
AS

I ..
...

...
...

...
...

...
...

...
...

...
...

.. 
 

M
ax

. 0
.0

50
-s

 A
ve

ra
ge

  
 

 
Lo

ng
itu

di
na

l .
...

...
...

...
...

...
.  

 
 

La
te

ra
l..

...
...

...
...

...
...

...
...

...
  

 
 

Ve
rti

ca
l ..

...
...

...
...

...
...

...
...

.. 
  44

.0
 m

i/h
 

0.
2°

 
C

en
te

rli
ne

 o
f v

eh
ic

le
 

w
/tr

af
fic

 fa
ce

 p
ar

ap
et

 
32

6 
ki

p-
ft 

 31
.1

 m
i/h

 
23

.6
° 

 13
.1

 ft
/s

 
11

.5
 ft

/s
 

2.
1 

g 
3.

1 
g 

18
.4

 k
m

/h
 

3.
2 

g 
0.

50
 

 −3
.8

 g
 

3.
9 

g 
−2

.5
 g

 

Po
st

-Im
pa

ct
 T

ra
je

ct
or

y 
 

St
op

pi
ng

 D
is

ta
nc

e .
...

...
...

...
...

...
.. 

 
 Ve

hi
cl

e 
St

ab
ili

ty
 

 
M

ax
im

um
 Y

aw
 A

ng
le

 ..
...

...
...

...
.. 

 
 

M
ax

im
um

 P
itc

h 
An

gl
e 

...
...

...
...

...
  

 
M

ax
im

um
 R

ol
l A

ng
le

 ..
...

...
...

...
...

  
 Te

st
 A

rt
ic

le
 D

ef
le

ct
io

ns
 

 
D

yn
am

ic
 ...

...
...

...
...

...
...

...
...

...
...

...
  

 
Pe

rm
an

en
t .

...
...

...
...

...
...

...
...

...
...

.  
 

W
or

ki
ng

 W
id

th
...

...
...

...
...

...
...

...
...

  
 

H
ei

gh
t o

f W
or

ki
ng

 W
id

th
 ..

...
...

...
  

Ve
hi

cl
e 

D
am

ag
e 

 
VD

S 
...

...
...

...
...

...
...

...
...

...
...

...
...

...
  

 
C

D
C

 ...
...

...
...

...
...

...
...

...
...

...
...

...
...

  
 

M
ax

. E
xt

er
io

r D
ef

or
m

at
io

n .
...

...
.. 

 
 

O
C

D
I..

...
...

...
...

...
...

...
...

...
...

...
...

...
  

 
M

ax
. O

cc
up

an
t C

om
pa

rtm
en

t  
 

 
D

ef
or

m
at

io
n 

...
...

...
...

...
...

...
...

...
   12

3 
ft 

do
w

ns
tre

am
 

15
 ft

 tw
d 

tra
ffi

c 
 27

° 
6°

 
12

° 
  3.

8 
ft 

2.
9 

ft 
1.

5 
ft 

2.
5 

ft 
 11

LF
Q

3 
11

FL
EW

3 
9.

0 
in

ch
es

 
FL

00
00

00
0 

 N
on

e 
 

 

 

Fi
gu

re
 9

.9
. S

um
m

ar
y 

of
 R

es
ul

ts
 fo

r 
M

A
SH

 T
es

t 2
-3

1 
on

 th
e 

T
xD

O
T

 L
ow

-S
pe

ed
 S

ho
rt

 R
ad

iu
s G

ua
rd

ra
il 

T
re

at
m

en
t. 

 



TR No. 0-6913-R1  141 2019-04-02 
 

  

T
ab

le
 9

.3
. P

er
fo

rm
an

ce
 E

va
lu

at
io

n 
Su

m
m

ar
y 

fo
r 

M
A

SH
 T

es
t 2

-3
1 

on
 th

e 
T

xD
O

T
 L

ow
-S

pe
ed

 S
ho

rt
 R

ad
iu

s 
G

ua
rd

ra
il 

T
re

at
m

en
t. 

Te
st

 A
ge

nc
y:

 T
ex

as
 A

&
M

 T
ra

ns
po

rta
tio

n 
In

st
itu

te
 

Te
st

 N
o.

: 4
69

13
8-

3-
3 

 
 

 
Te

st
 D

at
e:

 2
01

7-
09

-1
5 

M
A

SH
 T

es
t 2

-3
1 

E
va

lu
at

io
n 

C
ri

te
ri

a 
T

es
t R

es
ul

ts
 

A
ss

es
sm

en
t 

St
ru

ct
ur

al
 A

de
qu

ac
y 

 
 

A.
 

Te
st

 a
rt

ic
le

 sh
ou

ld
 c

on
ta

in
 a

nd
 re

di
re

ct
 th

e 
ve

hi
cl

e 
or

 
br

in
g 

th
e 

ve
hi

cl
e 

to
 a

 c
on

tr
ol

le
d 

st
op

; t
he

 v
eh

ic
le

 
sh

ou
ld

 n
ot

 p
en

et
ra

te
, u

nd
er

ri
de

, o
r o

ve
rr

id
e 

th
e 

in
st

al
la

tio
n 

al
th

ou
gh

 c
on

tr
ol

le
d 

la
te

ra
l d

ef
le

ct
io

n 
of

 
th

e 
te

st
 a

rt
ic

le
 is

 a
cc

ep
ta

bl
e 

Th
e 

Tx
D

O
T 

lo
w

-s
pe

ed
 sh

or
t r

ad
iu

s g
ua

rd
ra

il 
tre

at
m

en
t c

on
ta

in
ed

 th
e 

22
70

P 
ve

hi
cl

e.
 T

he
 

ve
hi

cl
e 

di
d 

no
t p

en
et

ra
te

, u
nd

er
rid

e,
 o

r o
ve

rr
id

e 
th

e 
in

st
al

la
tio

n.
 M

ax
im

um
 d

yn
am

ic
 d

ef
le

ct
io

n 
du

rin
g 

th
e 

te
st

 w
as

 3
.8

 ft
.  

Pa
ss

 

O
cc

up
an

t R
is

k 
 

 
D

. 
D

et
ac

he
d 

el
em

en
ts

, f
ra

gm
en

ts
, o

r o
th

er
 d

eb
ri

s f
ro

m
 

th
e 

te
st

 a
rt

ic
le

 sh
ou

ld
 n

ot
 p

en
et

ra
te

 o
r s

ho
w

 p
ot

en
tia

l 
fo

r p
en

et
ra

tin
g 

th
e 

oc
cu

pa
nt

 c
om

pa
rt

m
en

t, 
or

 p
re

se
nt

 
an

 u
nd

ue
 h

az
ar

d 
to

 o
th

er
 tr

af
fic

, p
ed

es
tr

ia
ns

, o
r 

pe
rs

on
ne

l i
n 

a 
w

or
k 

zo
ne

.  

Po
st

s 1
3 

an
d 

14
 fr

ac
tu

re
d 

at
 g

ro
un

d 
le

ve
l a

nd
 

se
pa

ra
te

d 
fro

m
 th

e 
ra

il 
el

em
en

t. 
H

ow
ev

er
, t

he
se

 
de

ta
ch

ed
 e

le
m

en
ts

 d
id

 n
ot

 p
en

et
ra

te
 o

r s
ho

w
 

po
te

nt
ia

l f
or

 p
en

et
ra

tin
g 

th
e 

oc
cu

pa
nt

 
co

m
pa

rtm
en

t, 
or

 p
re

se
nt

 h
az

ar
d 

to
 o

th
er

s i
n 

th
e 

ar
ea

.  
Pa

ss
 

D
ef

or
m

at
io

ns
 o

f, 
or

 in
tr

us
io

ns
 in

to
, t

he
 o

cc
up

an
t 

co
m

pa
rt

m
en

t s
ho

ul
d 

no
t e

xc
ee

d 
lim

its
 se

t f
or

th
 in

 
Se

ct
io

n 
5.

3 
an

d 
Ap

pe
nd

ix
 E

 o
f M

AS
H

. 

N
o 

oc
cu

pa
nt

 c
om

pa
rtm

en
t d

ef
or

m
at

io
n 

or
 

in
tru

si
on

 o
cc

ur
re

d.
 

F.
 

Th
e 

ve
hi

cl
e 

sh
ou

ld
 re

m
ai

n 
up

ri
gh

t d
ur

in
g 

an
d 

af
te

r 
co

lli
si

on
. T

he
 m

ax
im

um
 ro

ll 
an

d 
pi

tc
h 

an
gl

es
 a

re
 n

ot
 

to
 e

xc
ee

d 
75

 d
eg

re
es

. 

Th
e 

22
70

P 
ve

hi
cl

e 
re

m
ai

ne
d 

up
rig

ht
 d

ur
in

g 
an

d 
af

te
r t

he
 c

ol
lis

io
n 

ev
en

t. 
Th

e 
m

ax
im

um
 ro

ll 
an

d 
pi

tc
h 

an
gl

es
 w

er
e 

12
° a

nd
 6

°, 
re

sp
ec

tiv
el

y.
 

Pa
ss

 

H
. 

O
cc

up
an

t i
m

pa
ct

 v
el

oc
iti

es
 (O

IV
) s

ho
ul

d 
sa

tis
fy

 th
e 

fo
llo

w
in

g 
lim

its
: P

re
fe

rr
ed

 v
al

ue
 o

f 3
0 

ft/
s, 

or
 

m
ax

im
um

 a
llo

w
ab

le
 v

al
ue

 o
f 4

0 
ft/

s. 

Lo
ng

itu
di

na
l O

IV
 w

as
 1

3.
1 

ft/
s, 

an
d 

la
te

ra
l O

IV
 

w
as

 1
1.

5 
ft/

s. 
Pa

ss
 

I. 
Th

e 
oc

cu
pa

nt
 ri

de
do

w
n 

ac
ce

le
ra

tio
ns

 sh
ou

ld
 sa

tis
fy

 
th

e 
fo

llo
w

in
g 

lim
its

: P
re

fe
rr

ed
 v

al
ue

 o
f 1

5.
0 

g,
 o

r 
m

ax
im

um
 a

llo
w

ab
le

 v
al

ue
 o

f 2
0.

49
 g

. 

M
ax

im
um

 lo
ng

itu
di

na
l o

cc
up

an
t r

id
ed

ow
n 

ac
ce

le
ra

tio
n 

w
as

 2
.1

 g
, a

nd
 m

ax
im

um
 la

te
ra

l 
oc

cu
pa

nt
 ri

de
do

w
n 

ac
ce

le
ra

tio
n 

w
as

 3
.1

 g
. 

Pa
ss

 





 

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

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 lb ±110 lb 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 lb, 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 IS 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 lb, and its gross static weight was 
5022 lb. 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. 

  
  

Figure 10.1. TxDOT Low-Speed Short Radius Guardrail Treatment/Test Vehicle 
Geometrics for Test No. 469138-3-4. 
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Figure 10.2. Test Vehicle before Test No. 469138-3-4. 

10.4 TEST DESCRIPTION 

The test vehicle, traveling at an impact speed of 45.9 mi/h, contacted the TxDOT 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.1 and 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. 

10.6 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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Figure 10.6. Test Vehicle after Test No. 469138-3-4. 

 

  
Before Test 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 

OIV    
 Longitudinal 16.7 ft/s at 0.1507 s on left side of interior 

 Lateral 14.1 ft/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 
6.6 m/s at 0.1432 s on left side of interior 

PHD 11.3 g 0.5556–0.5656 s 
ASI 0.60 0.0711–0.1211 s 

Maximum 50-ms Moving Average    
 Longitudinal −5.0 g 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° 1.2161 s 

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 lb ±55 lb 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 lb, 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 lb, and its gross static weight was 2609 lb. 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. TxDOT 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. 

11.4 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. 
 

   

  

Post 11 

 

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 11.7. Test Vehicle after Test No. 469138-3-5. 

 

  
  

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 

OIV    
 Longitudinal 31.8 ft/s at 0.1340 s on front of interior 

 Lateral 12.5 ft/s 
Occupant Ridedown Accelerations   

 Longitudinal 10.0 g 0.1978–0.2078 s 
 Lateral 3.4 g 0.1959–0.2059 s 

THIV 35.8 km/h 
9.9 m/s at 0.1283 s on left side of interior 

PHD 10.3 g 0.1977–0.2077 s 
ASI 0.97 0.0610–0.1110 s 

Maximum 50-ms Moving Average    
 Longitudinal −9.6 g 0.0340–0.0840 s 

 Lateral 4.9 g 0.0246–0.0746 s 
 Vertical 7.0 g 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 

12.1 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  

Factors 
Evaluation  

Criteria 
Test No.  

469137-3-1 
Test No.  

469137-3-2 
Test No.  

469138-3-3 
Test No.  

469138-3-4 
Test No.  

469138-3-5 
Structural  
Adequacy A S* S S S S 

Occupant  
Risk 

D S S S S S 

S 

H S S S S S 

I S S S S S 

F S S S S 

Test No. MASH  
Test 2-33 

MASH  
Test 2-32 

MASH  
Test 2-31 

MASH  
Test 2-35 

Modified MASH  
Test 2-34 

Pass/Fail Pass Pass Pass Pass Pass 

  * S = Satisfactory 
   U = Unsatisfactory 
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CHAPTER 13:  
IMPLEMENTATION STATEMENT1 

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 TxDOT 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-lb 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. 

 

                                                 
 
1 The opinions/interpretations identified/expressed in this section are outside the scope of TTI Proving Ground’s 
A2LA Accreditation. 
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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 

 
 

 

Geometry:   inches 
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   V 30.25 
C 227.50   H 62.00   M 68.50   R 18.00   W 62.00 
D 47.00   I 11.00   N 68.00   S 13.25   X 77.00 
E 140.50   J 26.50   O 46.00   T 77.00     

Wheel Center  
Height Front 14.75 

Wheel Well  
Clearance (Front) 6.00 

Bottom Frame 
Height - Front 17.00 

Wheel Center  
Height Rear 14.75 

Wheel Well  
Clearance (Rear) 9.25 

Bottom Frame 
Height - Rear 25.50 

 

(Allowable Range for TIM and GSM = 5000 lb ±110 lb) 

Mass Distribution: 
   lb LF: 1403  RF: 1410  LR: 1112  RR: 1114  

• Denotes accelerometer location. 
  
NOTES: None 
  
  
Engine Type: V-8 
Engine CID: 4.7 liter 
 
Transmission Type: 
 x Auto    or   Manual 
  FWD x RWD  4WD 
 
Optional Equipment: 
 None 
 
Dummy Data:  
 Type: None 
 Mass: NA 
 Seat Position: NA 

GVWR Ratings:  Mass: lb  Curb   Test Inertial   Gross Static 
Front 3700    Mfront  2907   2813   ------ 
Back 3900    Mrear  2250   2226   ------ 
Total 6700    MTotal  5157   5039   ------ 
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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 lb     (440 lb max) 
 
Tire Pressure: Front: 35 psi Rear: 35 psi Size: 265/70R17 

 

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   

  

Measured Vehicle Weights:     (lb)

LF: 1403 RF: 1410 Front Axle: 2813

LR: 1112 RR: 1114 Rear Axle: 2226

Left: 2515 Right: 2524 Total: 5039
5000 ±110 lb allow ed

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

Center of Gravity, SAE J874 Suspension Method

X: 62.07 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)

Wheel Base:

 



 

TR No. 0-6913-R1 203 2019-04-02 

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 SHEET1 

Complete When Applicable 
End Damage Side Damage 

Undeformed end width ________ 

Corner shift: A1 ________ 

A2 ________ 

End shift at frame (CDC) 

(check one) 

< 4 inches ________ 

≥ 4 inches ________ 

  Bowing: B1 _____ X1 _____ 

B2 _____ X2 _____ 

 

  Bowing constant 

2
21 XX +

 = ______ 

 

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

Specific 
Impact 
Number 

Plane* of 
C-Measurements 

Direct Damage 

Field 
L** 

C1 C2 C3 C4 C5 C6 ±D Width** 
(CDC) 

Max*** 
Crush 

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

            
 Measurements recorded           
 in inches            
            

1Table taken from National Accident Sampling System (NASS). 
 
*Identify the plane at which the C-measurements are taken (e.g., at bumper, above bumper, at sill, above sill, at 
beltline, 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 

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

OCCUPANT COMPARTMENT 
DEFORMATION MEASUREMENT 
  Before  After  Differ. 
  (inches) 

A1  65.25  65.25  0 
A2  63.25  63.25  0 
A3  65.50  65.50  0 
B1  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 
C1  26.00  26.00  0 
C2  -----  -----  - 
C3  26.00  26.00  0 
D1  11.50  11.50  0 
D2  -----  -----  - 
D3  11.50  11.50  0 
E1  58.75  58.75  0 
E2  63.50  63.50  0 
E3  63.50  63.50  0 
E4  63.50  63.50  0 
F  59.00  59.00  0 
G  59.00  59.00  0 
H  37.50  37.50  0 
I  37.50  37.50  0 
J*  23.25  23.25  0 
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D.2 SEQUENTIAL PHOTOGRAPHS 

0.000 s 
   

0.100 s 
   

0.200 s 
   

0.300 s 
  

Figure D.1. Sequential Photographs for Test No. 469137-3-1 (Overhead and Rear Views). 
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0.400 s 
   

0.600 s 
   

0.800 s 
   

1.000 s 

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

  

  

  

  
   

 
  



 

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

 0.000 s  
   

 0.100 s  
   

 0.200 s  
   

 0.300 s  

Figure D.2. Sequential Photographs for Test No. 469137-3-1 (Perpendicular Views). 
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 0.400 s  
   

 0.600 s  
   

 0.800 s  
   

 1.000 s  

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

  
 

 

 

Geometry:   inches 
A 66.38   F 33.00   K 10.50   P 4.12   U 15.25  
B 58.00   G -----   L 24.50   Q 22.50   V 20.38  
C 165.75   H 35.66   M 57.75   R 15.50   W 35.66  
D 34.00   I 7.75   N 57.70   S 9.00   X 107.40  
E 98.75   J 21.00   O 28.00   T 66.20      

Wheel Center Ht Front 11.00  Wheel Center Ht Rear 11.00  W-H 0  
 

 

Mass Distribution: 
   lb LF: 799  RF: 770  LR: 448  RR: 439  

• 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: 50th Percentile Male 
 Mass: 165 lb 
 Seat Position: Driver 

GVWR Ratings:  Mass: lb  Curb   Test Inertial   Gross Static 
Front 1718    Mfront  1581   1569   1654 
Back 1874    Mrear  914   887   967 
Total 3638    MTotal  2495   2456   2621 
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Table E.2. Exterior Crush 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 

 
VEHICLE CRUSH MEASUREMENT SHEET1 

Complete When Applicable 
End Damage Side Damage 

Undeformed end width ________ 

Corner shift: A1 ________ 

A2 ________ 

End shift at frame (CDC) 

(check one) 

< 4 inches ________ 

≥ 4 inches ________ 

  Bowing: B1 _____ X1 _____ 

B2 _____ X2 _____ 

 

  Bowing constant 

2
21 XX +

 = ______ 

 

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

Specific 
Impact 
Number 

Plane* of 
C-Measurements 

Direct Damage 

Field 
L** 

C1 C2 C3 C4 C5 C6 ±D Width** 
(CDC) 

Max*** 
Crush 

1 Front plane at bumper ht 60 5 60 5 4.75 3.75 3.25 3 4 0 
            

            
            
 Measurements recorded           
 in inches            
            

1Table taken from National Accident Sampling System (NASS). 
 
*Identify the plane at which the C-measurements are taken (e.g., at bumper, above bumper, at sill, above sill, at 
beltline, 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. 
 

G

F

I

H

B1, B2, B3, B4, B5, B6

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

C1, C2, & C3

E1 & E2
B1 B2 B3

Date: 2017-09-05 Test No.: 469137-3-2 VIN No.: KNADH4A38B6960769 
 
Year: 2011 Make: Kia Model: Rio 

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

OCCUPANT COMPARTMENT 
DEFORMATION MEASUREMENT 
  Before  After  Differ. 
  (inches) 

A1  67.50  67.50  0 
A2  67.50  67.50  0 
A3  67.75  67.75  0 
B1  40.50  40.50  0 
B2  36.75  36.75  0 
B3  40.50  40.50  0 
B4  36.25  36.25  0 
B5  35.75  35.75  0 
B6  36.25  36.25  0 
C1  26.00  26.00  0 
C2  -----  -----  - 
C3  26.00  26.00  0 
D1  9.50  9.50  0 
D2  -----  -----  - 
D3  9.75  9.75  0 
E1  51.50  51.50  0 
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 
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E.2 SEQUENTIAL PHOTOGRAPHS 

 0.000 s 
   

 0.100 s 
   

 0.200 s 
   

 0.300 s 

Figure E.1. Sequential Photographs for Test No. 469137-3-2 (Overhead and Frontal Views). 
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 0.400 s 
   

 0.600 s 
   

 0.800 s 
   

 1.000 s 

Figure E.1. Sequential Photographs for Test No. 469137-3-2 (Overhead and Frontal Views) 
(Continued). 
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 0.000 s  
   

 0.100 s  
   

 0.200 s  
   

 0.300 s  
   

Figure E.2. Sequential Photographs for Test No. 469137-3-2 (Perpendicular Views). 
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 0.400 s  
   

 0.600 s  
   

 0.800 s  
   

 1.000 s  
   

Figure E.2. Sequential Photographs for Test No. 469137-3-2 (Perpendicular Views) 
(Continued). 
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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 

 
 

 

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   V 30.25 
C 227.50   H 62.15   M 68.50   R 18.00   W 62.10 
D 47.00   I 11.00   N 68.00   S 13.25   X 78.50 
E 140.50   J 26.50   O 46.00   T 77.00     

Wheel Center  
Height Front 14.75 

Wheel Well  
Clearance (Front) 6.00 

Bottom Frame 
Height - Front 17.00 

Wheel Center  
Height Rear 14.75 

Wheel Well  
Clearance (Rear) 9.25 

Bottom Frame 
Height - Rear 25.50 

 

(Allowable Range for TIM and GSM = 5000 lb ±110 lb) 

Mass Distribution: 
   lb LF: 1383  RF: 1424  LR: 1128  RR: 1099  

• Denotes accelerometer location. 
  
NOTES: None 
  
  
Engine Type: V-8 
Engine CID: 4.7 liter 
 
Transmission Type: 
 x Auto    or   Manual 
  FWD x RWD  4WD 
 
Optional Equipment: 
 None 
 
Dummy Data:  
 Type: None 
 Mass: NA 
 Seat Position: NA 

GVWR Ratings:  Mass: lb  Curb   Test Inertial   Gross Static 
Front 3700    Mfront  2944   2807   ------ 
Back 3900    Mrear  2170   2227   ------ 
Total 6700    MTotal  5114   5034   ------ 



 

TR No. 0-6913-R1 232 2019-04-02 

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 lb     (440 lb max) 
 
Tire Pressure: Front: 35 psi Rear: 35 psi Size: 265/70R17 

 

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   

  

Measured Vehicle Weights:     (lb)

LF: 1383 RF: 1424 Front Axle: 2807

LR: 1128 RR: 1099 Rear Axle: 2227

Left: 2511 Right: 2523 Total: 5034
5000 ±110 lb allow ed

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

Center of Gravity, SAE J874 Suspension Method

X: 62.16 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)

Wheel Base:
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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 SHEET1 

Complete When Applicable 
End Damage Side Damage 

Undeformed end width ________ 

Corner shift: A1 ________ 

A2 ________ 

End shift at frame (CDC) 

(check one) 

< 4 inches ________ 

≥ 4 inches ________ 

  Bowing: B1 _____ X1 _____ 

B2 _____ X2 _____ 

 

  Bowing constant 

2
21 XX +  = ______ 

 

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

Specific 
Impact 
Number 

Plane* of 
C-Measurements 

Direct Damage 

Field 
L** 

C1 C2 C3 C4 C5 C6 ±D Width** 
(CDC) 

Max*** 
Crush 

1 Front plane at bumper ht 20 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            
            

1Table taken from National Accident Sampling System (NASS). 
 
*Identify the plane at which the C-measurements are taken (e.g., at bumper, above bumper, at sill, above sill, at 
beltline, 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 

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

OCCUPANT COMPARTMENT 
DEFORMATION MEASUREMENT 
  Before  After  Differ. 
  (inches) 

A1  65.00  65.00  0 
A2  63.00  63.00  0 
A3  65.50  65.50  0 
B1  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 
C1  27.00  27.00  0 
C2  -----  -----  - 
C3  27.00  27.00  0 
D1  11.25  11.25  0 
D2  -----  -----  - 
D3  11.25  11.25  0 
E1  58.75  58.75  0 
E2  63.50  63.50  0 
E3  63.50  63.50  0 
E4  63.25  63.25  0 
F  59.00  59.00  0 
G  59.00  59.00  0 
H  37.00  37.00  0 
I  37.00  37.00  0 
J*  23.00  23.00  0 
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F.2 SEQUENTIAL PHOTOGRAPHS 

 0.000 s  
   

 0.100 s  
   

 0.200 s  
   

 0.300 s 
   

 

Figure F.1. Sequential Photographs for Test No. 469138-3-3 (Overhead and Frontal Views). 
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 0.400 s  
   

 0.500 s  
   

 0.600 s 
   

 0.700 s  
   

Figure F.1. Sequential Photographs for Test No. 469138-3-3 (Overhead and Frontal Views) 
(Continued). 
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0.000 s  0.400 s 

   
0.100 s  0.500 s 

   
0.200 s  0.600 s 

   
0.300 s  0.700 s 

Figure F.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 

 
 

 

Geometry:   inches 
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   V 30.00 
C 227.50   H 62.17   M 68.50   R 18.00   W 63.10 
D 47.00   I 11.25   N 68.00   S 12.75   X 78.30 
E 140.50   J 26.50   O 45.50   T 77.00     

Wheel Center  
Height Front 14.75 

Wheel Well  
Clearance (Front) 6.00 

Bottom Frame 
Height - Front 12.00 

Wheel Center  
Height Rear 14.75 

Wheel Well  
Clearance (Rear) 9.25 

Bottom Frame 
Height - Rear 25.50 

 

(Allowable Range for TIM and GSM = 5000 lb ±110 lb) 

Mass Distribution: 
   lb LF: 1379  RF: 1385  LR: 1098  RR: 1160  

• Denotes accelerometer location. 
  
NOTES: None 
  
  
Engine Type: V-8 
Engine CID: 4.7 liter 
 
Transmission Type: 
 x Auto    or   Manual 
  FWD x RWD  4WD 
 
Optional Equipment: 
 None 
 
Dummy Data:  
 Type: None 
 Mass: NA 
 Seat Position: NA 

GVWR Ratings:  Mass: lb  Curb   Test Inertial   Gross Static 
Front 3700    Mfront  2890   2764   ------ 
Back 3900    Mrear  2009   2258   ------ 
Total 6700    MTotal  4899   5022   ------ 
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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: 270 lb     (440 lb max) 
 
Tire Pressure: Front: 35 psi Rear: 35 psi Size: 265/70R17 

 

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   

  

Measured Vehicle Weights:     (lb)

LF: 1379 RF: 1385 Front Axle: 2764

LR: 1098 RR: 1160 Rear Axle: 2258

Left: 2477 Right: 2545 Total: 5022
5000 ±110 lb allow ed

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

Center of Gravity, SAE J874 Suspension Method

X: 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)

Wheel Base:
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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 SHEET1 

Complete When Applicable 
End Damage Side Damage 

Undeformed end width ________ 

Corner shift: A1 ________ 

A2 ________ 

End shift at frame (CDC) 

(check one) 

< 4 inches ________ 

≥ 4 inches ________ 

  Bowing: B1 _____ X1 _____ 

B2 _____ X2 _____ 

 

  Bowing constant 

2
21 XX +  = ______ 

 

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

Specific 
Impact 
Number 

Plane* of 
C-Measurements 

Direct Damage 

Field 
L** 

C1 C2 C3 C4 C5 C6 ±D Width** 
(CDC) 

Max*** 
Crush 

1 Front plane at bumper ht 24 10 36 10 8 6 3.5 1 0 -18 
            
            

            
 Measurements recorded           
 in inches            
            

1Table taken from National Accident Sampling System (NASS). 
 
*Identify the plane at which the C-measurements are taken (e.g., at bumper, above bumper, at sill, above sill, at 
beltline, 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 

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

OCCUPANT COMPARTMENT 
DEFORMATION MEASUREMENT 
  Before  After  Differ. 
  (inches) 

A1  65.00  65.00  0 
A2  62.50  62.50  0 
A3  65.25  65.25  0 
B1  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 
C1  26.50  26.50  0 
C2  -----  -----  - 
C3  26.50  26.50  0 
D1  11.25  11.25  0 
D2  -----  -----  - 
D3  11.25  11.25  0 
E1  58.50  58.50  0 
E2  63.50  63.50  0 
E3  63.50  63.50  0 
E4  63.50  63.50  0 
F  59.00  59.00  0 
G  59.00  59.00  0 
H  37.50  37.50  0 
I  37.50  37.50  0 
J*  23.50  23.50  0 



 

TR No. 0-6913-R1 249 2019-04-02 

G.2 SEQUENTIAL PHOTOGRAPHS 

 0.000 s  
   

 0.125 s  
   

0.250 s  
   

0.375 s  

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

0.625 s  
   

 0.750 s  
   

 0.875 s  

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

 
  

 

   



 

TR No. 0-6913-R1 251 2019-04-02 

   
0.000 s  0.500 s 

   
0.125 s  0.625 s 

   
0.250 s  0.750 s 

   
0.375 s  0.875 s 

Figure G.2. Sequential Photographs for Test No. 469138-3-4 (Rear View). 
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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;  
 

 

 

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   V 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   O 28.12   T 66.25      

Wheel Center Ht Front 11.00  Wheel Center Ht Rear 11.00  W-H 0  
 

           Allowable TIM = 2420 lb ±55 lb | Allowable GSM = 2585 lb ± 55 lb 

Mass Distribution: 
   lb LF: 778  RF: 778  LR: 455  RR: 433  

• 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 
 None 
 
Dummy Data:  
 Type: 50th percentile male 
 Mass: 165 lb 
 Seat Position: Driver position 

GVWR Ratings:  Mass: lb  Curb   Test Inertial   Gross Static 
Front 1718    Mfront  1585   1556   1641 
Back 1874    Mrear  898   888   968 
Total 3638    MTotal  2483   2444   2609 
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Table H.2. Exterior Crush 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 

 
VEHICLE CRUSH MEASUREMENT SHEET1 

Complete When Applicable 
End Damage Side Damage 

Undeformed end width ________ 

Corner shift: A1 ________ 

A2 ________ 

End shift at frame (CDC) 

(check one) 

< 4 inches ________ 

≥ 4 inches ________ 

  Bowing: B1 _____ X1 _____ 

B2 _____ X2 _____ 

 

  Bowing constant 

2
21 XX +  = ______ 

 

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

Specific 
Impact 
Number 

Plane* of 
C-Measurements 

Direct Damage 

Field 
L** 

C1 C2 C3 C4 C5 C6 ±D Width** 
(CDC) 

Max*** 
Crush 

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

            
            
 Measurements recorded           
 in inches            
            

1Table taken from National Accident Sampling System (NASS). 
 
*Identify the plane at which the C-measurements are taken (e.g., at bumper, above bumper, at sill, above sill, at 
beltline, 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. 

G

F

I

H

B1, B2, B3, B4, B5, B6

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

C1, C2, & C3

E1 & E2
B1 B2 B3

 
Date: 2017-12-14 Test No.: 469138-3-5 VIN No.: KNADE223396448357 
 
Year: 2009 Make: Kia Model: Rio 

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

OCCUPANT COMPARTMENT 
DEFORMATION MEASUREMENT 
  Before  After  Differ. 
  (inches) 

A1  67.75  67.75  0 
A2  67.00  67.00  0 
A3  67.50  67.50  0 
B1  40.50  40.50  0 
B2  37.00  37.00  0 
B3  40.50  40.50  0 
B4  36.00  36.00  0 
B5  35.50  35.50  0 
B6  36.00  36.00  0 
C1  26.00  26.00  0 
C2  -----  -----  - 
C3  26.00  26.00  0 
D1  9.50  9.50  0 
D2  -----  -----  - 
D3  9.50  9.50  0 
E1  51.50  51.50  0 
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 
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H2 SEQUENTIAL PHOTOGRAPHS 

0.000 s 
   

0.100 s 
   

0.200 s 
   

0.300 s 

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

0.600 s 
   

0.800 s 
   

1.000 s 
   

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