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1 INTRODUCTION 

1.1 Background 

New York State Department of Transportation (NYSDOT) relies heavily on box beam 

guide rail along their roadsides and has experienced several penetration impacts with National 

Cooperative Highway Research Program (NCHRP) Report No. 350 [1] compliant box beam 

terminals. Further, NYSDOT was facing the prospect of losing their energy-absorbing terminal 

options, the WyBET and BEAT, for their box beam guide rail system. The WyBET was being 

discontinued and the manufacturer of the BEAT had indicated that they would “wait until the last 

minute” to conduct tests according to the Manual for Assessing Safety Hardware, Second Edition 

(MASH 2016) [2]. Consequently, NYSDOT was concerned that a MASH-compliant proprietary 

energy-absorbing box beam terminal might not be available when the MASH implementation 

deadline occurred. Therefore, NYSDOT desired to investigate the potential viability of a prototype 

box beam zig-zag end terminal through preliminary crash testing.  

1.2 Objective 

The objective of this report included an exploratory evaluation of the safety performance 

of a prototype box beam zig-zag end terminal through preliminary full-scale vehicle crash testing. 

The system was to be evaluated according to the Test Level 3 (TL-3) criteria of MASH 2016 [2].  

1.3 Scope 

The research objective was achieved by conducting one full-scale crash test on the 

NYSDOT box beam zig-zag end terminal according to MASH 2016 test designation no. 3-31. 

Next, the full-scale vehicle crash test results were analyzed, evaluated, and documented. 

Conclusions and recommendations were then made pertaining to the preliminary safety 

performance of the NYSDOT box beam zig-zag end terminal. 
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2 TEST REQUIREMENTS AND EVALUATION CRITERIA 

2.1 Test Requirements 

Historically, guide rail end terminal systems have been required to satisfy impact safety 

standards to be accepted by the Federal Highway Administration (FHWA) for use on National 

Highway System (NHS) construction projects or as a replacement for existing designs not meeting 

current safety standards. According to TL-3 of MASH 2016, gating end terminals must be 

subjected to nine full-scale vehicle crash tests. The nine full-scale crash tests are as follows: 

1. Test designation no. 3-30 consisting of a 2,425-lb (1,100-kg) passenger car impacting 

at a nominal speed and angle of 62 mph (100 km/h) and 0 degrees, respectively, on the 

nose of the end terminal with a ¼-point offset. 

 

2. Test designation no. 3-31 consisting of a 5,000-lb (2,268-kg) pickup truck impacting 

at a nominal speed and angle of 62 mph (100 km/h) and 0 degrees, respectively, on the 

nose of the end terminal. 

 

3. Test designation no. 3-32 consisting of a 2,425-lb (1,100-kg) passenger car impacting 

at a nominal speed and angle of 62 mph (100 km/h) and 5 to 15 degrees, respectively, 

on the nose of the end terminal. 

 

4. Test designation no. 3-33 consisting of a 5,000-lb (2,268-kg) pickup truck impacting 

at a nominal speed and angle of 62 mph (100 km/h) and 5 to 15 degrees, respectively, 

on the nose of the end terminal. 

 

5. Test designation no. 3-34 consisting of a 2,425-lb (1,100-kg) passenger car impacting 

at a nominal speed and angle of 100 km/h (62 mph) and 15 degrees, respectively, and 

at the Critical Impact Point (CIP) on the end terminal. 

 

6. Test designation no. 3-35 consisting of a 5,000-lb (2,268-kg) pickup truck impacting 

at a nominal speed and angle of 62 mph (100 km/h) and 25 degrees, respectively, and 

at the beginning of the Length-of-Need (LON) on the end terminal. 

 

7. Test designation no. 3-36 consisting of a 5,000-lb (2,268-kg) pickup truck impacting 

at a nominal speed and angle of 62 mph (100 km/h) and 25 degrees, respectively, and 

at the CIP with respect to the transition to the backup structure. 

 

8. Test designation no. 3-37a consisting of a 5,000-lb (2,268-kg) pickup truck impacting 

at a nominal speed and angle of 62 mph (100 km/h) and 25 degrees, respectively, and 

at the CIP for reverse direction impacts on the end terminal. Test designation no. 3-37b 

consisting of a 2,425-lb (1,100-kg) passenger car impacting at a nominal speed and 

angle of 62 mph (100 km/h) and 25 degrees, respectively, and at the CIP for reverse 

direction impacts on the end terminal. 

 

9. Test designation no. 3-38 consisting of a 3,307-lb (1,500-kg) intermediate car 

impacting at a nominal speed and angle of 62 mph (100 km/h) and 0 degrees, 
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respectively, on the nose of the end terminal, if it is demonstrated to be necessary 

following an analysis of selected test results. 

 

The test conditions for TL-3 guide rail end terminals are summarized in Table 1.  

Table 1. MASH TL-3 Crash Test Conditions 

Test 

Article 

Test 

Designation 

Test 

Vehicle 

Impact Conditions 

Evaluation 

Criteria 1 
Speed Angle 

(degrees) (mph) (km/h) 

Terminals 

3-30 1100C 62 100 0 C,D,F,H,I,N 

3-31 2270P 62 100 0 C,D,F,H,I,N 

3-32 1100C 62 100 5 to 15 C,D,F,H,I,N 

3-33 2270P 62 100 5 to 15 C,D,F,H,I,N 

3-34 1100C 62 100 15 C,D,F,H,I,N 

3-35 2270P 62 100 25 A,D,F,H,I 

3-36 2270P 62 100 25 A,D,F,H,I 

3-37a 2270P 62 100 25 C,D,F,H,I,N 

3-37b 1100C 62 100 25 C,D,F,H,I,N 

3-38 1500A 62 100 0 C,D,F,H,I,N 
1 Evaluation criteria explained in Table 2. 
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Table 2. MASH 2016 Evaluation Criteria for Terminals and Crash Cushions 

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. 

C. Acceptable test article performance may be redirection, controlled 

penetration, or controlled stopping of the vehicle 

Occupant 

Risk 

D. 1. 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.  

            2. Deformations of, or intrusions into, the occupant compartment should 

not exceed limits set forth in Section 5.2.2 and Appendix E of MASH 

2016. 

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 Velocity (OIV) (see Appendix A, Section A5.2.2 of 

MASH 2016 for calculation procedure) should satisfy the following 

limits: 

 Occupant Impact Velocity Limits 

Component Preferred Maximum 

Longitudinal and Lateral 
30 ft/s 

(9.1 m/s) 

40 ft/s 

(12.2 m/s) 

I. The Occupant Ridedown Acceleration (ORA) (see Appendix A, 

Section A5.2.2 of MASH 2016 for calculation procedure) should 

satisfy the following limits: 

 Occupant Ridedown Acceleration Limits  

Component Preferred Maximum 

Longitudinal and Lateral 15.0 g’s 20.49 g’s 

Post –Impact 

Vehicular 

Response 
N. Vehicle Trajectory behind the test article is acceptable. 

 

2.2 Evaluation Criteria 

Evaluation criteria for full-scale vehicle crash testing are based on three appraisal areas: 

(1) structural adequacy; (2) occupant risk; and (3) vehicle trajectory after collision. Criteria for 

structural adequacy are intended to evaluate the ability of the box-beam guardrail system to contain 

and redirect impacting vehicles. In addition, controlled lateral deflection of the test article is 

acceptable. Occupant risk evaluates the degree of hazard to occupants in the impacting vehicle. 
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Post-impact vehicle trajectory is a measure of the potential of the vehicle to result in a secondary 

collision with other vehicles and/or fixed objects, thereby increasing the risk of injury to the 

occupants of the impacting vehicle and/or other vehicles. These evaluation criteria are summarized 

in Table 2 and defined in greater detail in MASH 2016. The full-scale vehicle crash test 

documented herein was conducted and reported in accordance with the procedures provided in 

MASH 2016. 

In addition to the standard occupant risk measures, the Post-Impact Head Deceleration 

(PHD), the Theoretical Head Impact Velocity (THIV), and the Acceleration Severity Index (ASI) 

were determined and reported. Additional discussion on PHD, THIV and ASI is provided in 

MASH 2016. 

2.3 Soil Strength Requirements 

In accordance with Chapter 3 and Appendix B of MASH 2016, foundation soil strength 

must be verified before any full-scale crash testing can occur. During the installation of a soil 

dependent system, W6x16 (W152x23.8) posts are installed near the impact region utilizing the 

same installation procedures are the system itself. Prior to full-scale testing, a dynamic impact test 

must be conducted to verify a minimum dynamic soil resistance of 7.5 kips (33.4 kN) at post 

deflections between 5 in. and 20 in. (127 mm and 508 mm) measured at a height of 25 in. (635 

mm) above the ground line. If dynamic testing near the system is not desired, MASH 2016 permits 

a static test to be conducted instead and compared against the results of a previously established 

baseline test. In this situation, the soil must provide a resistance of at least 90% of the static baseline 

test at deflections of 5 in., 10 in., and 15 in. (127 mm, 254 mm, and 381 mm). Further details can 

be found in Appendix B of MASH 2016. 
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3 DESIGN DETAILS 

The test installation consisted of 158 ft – ¼ in. (48.2 m) of box beam guardrail supported 

by steel posts with a “zig zag” box beam end terminal, as shown in Figures 1 through 30. All posts 

were spaced 72 in. (1,829 mm) on their center. The top mounting height of the box beam rail was 

27 in. (686 mm) from the ground line. Photographs of the test installation are shown in Figures 31 

through 38. Material specifications, mill certifications, and certificates of conformity for the 

system materials are shown in Appendix A.  

Post nos. 1 through 8 were W6x9 (W152x13.4) ASTM A992 steel posts measuring 84 in. 

(2,134 mm) long with soil plates and embedded 57 in. (1,448 mm) into well-graded soil. The 

spacing between post nos. 1 through 9 were alternatively spaced 5 ft – 10 in. (1,778 mm) or 6 ft – 

2 in. (1,880 mm) apart, starting with 5-ft 10-in. (1.8-m) spacing between post nos. 1 and 2. Post 

nos. 9 through 26 were S3x5.6 (S75x8.5) ASTM A36 steel posts measuring 63 in. (1,600 mm) 

long with soil plates and each post had an embedment depth of 36 in. (914 mm). Standard box 

beam was used between post nos. 9 and 26. Each post between post nos. 9 and 26 was spaced 72 

in. (1,829 mm) apart. Splice plates with tapped holes were used at all rail splice locations. 

ASTM A500 Grade B steel tube blockouts, 8 in. x 8 in. x 6 in. (203 mm x 203 mm x 152 

mm) long, were used to connect the box beam rail to post nos. 1 through 8. ASTM A36 steel L-

brackets, 3 in. x 2 in. x 4.8 in. (76 mm x 51 mm x 122 mm) long, were used to connect the box 

beam to post nos. 9 through 26. Bent rail was placed between post nos. 1 and 9 in alternating zig-

zags, as shown in Figure 3. An end terminal assembly, as shown in Figures 1 and 5 was utilized 

on the upstream end of the system. The downstream anchorage assembly used anchor posts to 

provide tension resistance, as shown in Figure 7. 
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Figure 1. System Layout, Test No. NYT-1
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Figure 2. Post Sections, Test No. NYT-1
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Figure 3. End Assembly, Test No. NYT-1



 

 

1
0
 

D
ecem

b
er 1

6
, 2

0
2
0
 

M
w

R
S

F
 R

ep
o

rt N
o
. T

R
P

-0
3

-3
9
1
-2

0
 

 
Figure 4. Splice Details, Test No. NYT-1
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Figure 5. Upstream End Details, Test No. NYT-1
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Figure 6. Upstream Anchor Cable Mounting, Test No. NYT-1
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Figure 7. Downstream Anchor Details, Test No. NYT-1
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Figure 8. Downstream Anchor Mounting Details, Test No. NYT-1



 

 

1
5
 

D
ecem

b
er 1

6
, 2

0
2
0
 

M
w

R
S

F
 R

ep
o

rt N
o
. T

R
P

-0
3

-3
9
1
-2

0
 

 
Figure 9. Post Assembly Details, Test No. NYT-1
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Figure 10. Post Assembly Details, Test No. NYT-1
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Figure 11. Anchor Cable Details, Test No. NYT-1
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Figure 12. HFT Anchor, Test No. NYT-1
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Figure 13. Upstream End Terminal Assembly, Test No. NYT-1
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Figure 14. Cable Catcher Assembly Details, Test No. NYT-1
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Figure 15. Downstream Cable Anchor Assembly Details, Test No. NYT-1
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Figure 16. Downstream Cable Anchor Assembly Details, Test No. NYT-1
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Figure 17. Post Details, Test No. NYT-1



 

 

2
4
 

D
ecem

b
er 1

6
, 2

0
2
0
 

M
w

R
S

F
 R

ep
o

rt N
o
. T

R
P

-0
3

-3
9
1
-2

0
 

 
Figure 18. Post Component Details, Test No. NYT-1
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Figure 19. Cable Anchor Component Details, Test No. NYT-1
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Figure 20. Cable Anchor Component Details, Test No. NYT-1



 

 

2
7
 

D
ecem

b
er 1

6
, 2

0
2
0
 

M
w

R
S

F
 R

ep
o

rt N
o
. T

R
P

-0
3

-3
9
1
-2

0
 

 
Figure 21. HFT Anchor Component Details, Test No. NYT-1
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Figure 22. Upstream End Terminal Component Details, Test No. NYT-1
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Figure 23. Upstream End Terminal Component Details, Test No. NYT-1
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Figure 24. Rail Components, Test No. NYT-1
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Figure 25. Splice Plate Details, Test No. NYT-1
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Figure 26. Splice and Connection Plate Details, Test No. NYT-1
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Figure 27. Hardware Details, Test No. NYT-1
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Figure 28. Bill of Materials, Test No. NYT-1
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Figure 29. Bill of Materials, Test No. NYT-1
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Figure 30. Bill of Materials, Test No. NYT-1
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Figure 31. Test Installation, Test No. NYT-1 



December 16, 2020 

MwRSF Report No. TRP-03-391-20 

 

38 

 
 

 
 

Figure 32. Test Installation-End Terminal, Test No. NYT-1 
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Figure 33. Test Installation Post and Rail Details for Post Nos. 1 through 8, Test No. NYT-1 
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Figure 34. Test Installation Post and Rail Details for Post Nos. 9 through 26, Test No. NYT-1 
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Figure 35. Test Installation, Splice Details, Test No. NYT-1 
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Figure 36. Test Installation, Splice Details; Test No. NYT-1 
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Figure 37. Test Installation, Upstream Anchor Details, Test No. NYT-1 
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Figure 38. Test Installation, Upstream Anchor Details, Test No. NYT-1 
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4 TEST CONDITIONS 

4.1 Test Facility 

The testing facility is located at the Lincoln Air Park on the northwest side of the Lincoln 

Municipal Airport and is approximately 5 miles (8.0 km) northwest of the University of Nebraska-

Lincoln. 

4.2 Vehicle Tow and Guidance System 

A reverse-cable, tow system with a 1:2 mechanical advantage was used to propel the test 

vehicle. The distance traveled and the speed of the tow vehicle were one-half that of the test 

vehicle. The test vehicle was released from the tow cable before impact with the barrier system. A 

digital speedometer on the tow vehicle increased the accuracy of the test vehicle impact speed. 

A vehicle guidance system developed by Hinch [3] was used to steer the test vehicle. A 

guide flag, attached to the right-front wheel and the guide cable, was sheared off before impact 

with the barrier system. The ⅜-in. (9.5-mm) diameter guide cable was tensioned to approximately 

3,500 lb (15.6 kN) and supported both laterally and vertically every 100 ft (30.5 m) by hinged 

stanchions. The hinged stanchions stood upright while holding up the guide cable, but as the 

vehicle was towed down the line, the guide flag struck and knocked each stanchion to the ground. 

4.3 Test Vehicles 

For test no. NYT-1, a 2011 Dodge Ram 1500 quad cab pickup truck was used as the test 

vehicle. The curb, test inertial, and gross static vehicle weights were 5,071 lb (2,300 kg), 5,000 lb 

(2,268 kg), and 5,158 lb (2,340 kg), respectively. The test vehicle is shown in Figures 39 and 40, 

and vehicle dimensions are shown in Figure 41. Pre-test photographs of the vehicle’s undercarriage 

were unavailable.  

The longitudinal component of the center of gravity (c.g.) was determined using the 

measured axle weights. The Suspension Method [4] was used to determine the vertical component 

of the c.g. for the pickup truck. This method is based on the principle that the c.g. of any freely 

suspended body is in the vertical plane through the point of suspension. The vehicle was suspended 

successively in three positions, and the respective planes containing the c.g. were established. The 

intersection of these planes pinpointed the final c.g. location for the test inertial condition. The 

location of the final c.g. is shown in Figures 41 and 42. Data used to calculate the location of the 

c.g. and ballast information are shown in Appendix B. 

Square, black- and white-checkered targets were placed on the vehicle for reference to be 

viewed from the high-speed digital video cameras and aid in the video analysis, as shown in Figure 

42. Round, checkered targets were placed at the c.g. on the left-side door, the right-side door, and 

the roof of the vehicle. 
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Figure 39. Test Vehicle, Test No. NYT-1 
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Figure 40. Test Vehicle Interior Floorboards, Test No. NYT-1 
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Figure 41. Vehicle Dimensions, Test No. NYT-1 
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Figure 42. Target Geometry, Test No. NYT-1 
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The front wheels of the test vehicle were aligned to vehicle standards except the toe-in 

value was adjusted to zero such that the vehicles would track properly along the guide cable. A 5B 

flash bulb was mounted under the left windshield wiper and was fired by a pressure tape switch 

mounted at the impact corner of the bumper. The flash bulb was fired upon initial impact with the 

test article to create a visual indicator of the precise time of impact on the high-speed digital videos. 

A radio-controlled brake system was installed in the test vehicle so the vehicle could be brought 

safely to a stop after the test. 

4.4 Simulated Occupant 

For test no. NYT-1, a Hybrid II 50th-Percentile, Adult Male Dummy, equipped with 

clothing and footwear, was placed in the right-front seat of the test vehicle with the seat belt 

fastened. The simulated occupant had a final weight of 158 lb (72 kg). As recommended by MASH 

2016, the simulated occupant was not included in calculating the c.g. location. 

4.5 Data Acquisition Systems 

4.5.1 Accelerometers 

Two environmental shock and vibration sensor/recorder systems were used to measure the 

accelerations in the longitudinal, lateral, and vertical directions. Both accelerometer systems were 

mounted near the c.g. of the test vehicle. The electronic accelerometer data obtained in dynamic 

testing was filtered using the SAE Class 60 and the SAE Class 180 Butterworth filter conforming 

to the SAE J211/1 specifications [5]. 

The two systems, the SLICE-1 and SLICE-2 units, were modular data acquisition systems 

manufactured by Diversified Technical Systems, Inc. (DTS) of Seal Beach, California. The 

SLICE-2 unit was designated as the primary system. The acceleration sensors were mounted inside 

the bodies of custom-built, SLICE 6DX event data recorders and recorded data at 10,000 Hz to the 

onboard microprocessor. Each SLICE 6DX was configured with 7 GB of non-volatile flash 

memory, a range of ±500 g’s, a sample rate of 10,000 Hz, and a 1,650 Hz (CFC 1000) anti-aliasing 

filter. The “SLICEWare” computer software programs and a customized Microsoft Excel 

worksheet were used to analyze and plot the accelerometer data.  

4.5.2 Rate Transducers 

Two identical angular rate sensor systems mounted inside the bodies of the SLICE-1 and 

SLICE-2 event data recorders were used to measure the rates of rotation of the test vehicle. Each 

SLICE MICRO Triax ARS had a range of 1,500 degrees/sec in each of the three directions (roll, 

pitch, and yaw) and recorded data at 10,000 Hz to the onboard microprocessors. The raw data 

measurements were then downloaded, converted to the proper Euler angles for analysis, and 

plotted. The “SLICEWare” computer software program and a customized Microsoft Excel 

worksheet were used to analyze and plot the angular rate sensor data.  

4.5.3 Retroreflective Optic Speed Trap 

The retroreflective optic speed trap was used to determine the speed of the test vehicle 

before impact. Five retroreflective targets, spaced at approximately 18-in. (457-mm) intervals, 
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were applied to the side of the vehicle. When the emitted beam of light was reflected by the targets 

and returned to the Emitter/Receiver, a signal was sent to the data acquisition computer, recording 

at 10,000 Hz, as well as the external LED box activating the LED flashes. The speed was then 

calculated using the spacing between the retroreflective targets and the time between the signals. 

LED lights and high-speed digital video analysis are only used as a backup in the event that vehicle 

speeds cannot be determined from the electronic data. 

4.5.4 Digital Photography 

Five AOS high-speed digital video cameras and eleven GoPro digital video cameras were 

utilized to film test no. NYT-1. Camera details, camera operating speeds, lens information, and a 

schematic of the camera locations relative to the system are shown in Figure 43. 

The high-speed videos were analyzed using TEMA Motion and Redlake MotionScope 

software programs. Actual camera speed and camera divergence factors were considered in the 

analysis of the high-speed videos. A digital still camera was also used to document pre- and post-

test conditions for the test. 
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No. Type 

Operating Speed 
(frames/sec) 

Lens Lens Setting 

AOS-2 AOS Vitcam 500 Fujinon 35 mm Fixed - 

AOS-5 AOS X-PRI 500 Vivitar 135 mm Fixed - 

AOS-6 AOS X-PRI 500 Kowa 25 mm Fixed - 

AOS-8 AOS S-VIT 1531 500 Kowa 16 mm Fixed - 

AOS-9 AOS TRI-VIT 2236 500 Kowa 12 mm Fixed - 

GP-3 GoPro Hero 3+ 120   

GP-4 GoPro Hero 3+ 120   

GP-6 GoPro Hero 3+ 120   

GP-7 GoPro Hero 4 240   

GP-8 GoPro Hero 4 240   

GP-9 GoPro Hero 4 120   

GP-10 GoPro Hero 4 240   

GP-15 GoPro Hero 4 120   

GP-16 GoPro Hero 4 120   

GP-17 GoPro Hero 4 240   

GP-18 GoPro Hero 4 240   

Figure 43. Camera Locations, Speeds, and Lens Settings, Test No. NYT-1 
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5 FULL-SCALE CRASH TEST NO. NYT-1  

5.1 Static Soil Test  

Before full-scale crash test no. NYT-1 was conducted, the strength of the foundation soil 

was evaluated with a static test, as described in MASH 2016. The static test results, as shown in 

Appendix C, demonstrated a soil resistance above the baseline test limits. Thus, the soil provided 

adequate strength, and full-scale crash testing could be conducted on the barrier system. 

5.2 Weather Conditions 

Test no. NYT-1 was conducted on May 16, 2017 at approximately 3:00 p.m. The weather 

conditions as per the National Oceanic and Atmospheric Administration (station 14939/LNK) 

were reported and are shown in Table 3. 

Table 3. Weather Conditions, Test No. NYT-1 

Temperature 90° F 

Humidity 44% 

Wind Speed 18 mph 

Wind Direction 190° from True North 

Sky Conditions Partly Cloudy 

Visibility 10 Statute Miles 

Pavement Surface Dry  

Previous 3-Day Precipitation  0.01 in. 

Previous 7-Day Precipitation  0.39 in. 

 

5.3 Test Description 

Initial vehicle impact was to occur at the upstream face of the terminal, as shown in Figure 

44, which was selected using Table 2-3 of MASH 2016. The 5,000-lb (2,268-kg) quad cab pickup 

truck impacted the New York zig-zag box-beam terminal at a speed of 62.7 mph (101 km/h) and 

at an angle of 0.1 degrees. The actual point of impact was on the upstream end of the terminal. The 

vehicle came to rest 80 ft – 3 in. (24.5 m) downstream from the impact point and 6 in. (152 mm) 

from the back of the system, facing the system. 

A detailed description of the sequential impact events is contained in Table 4. Sequential 

photographs are shown in Figures 46 and 47. Documentary photographs of the crash test are shown 

in Figure 48 and Figure 49. The vehicle trajectory and final position are shown in Figure 50. 
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Figure 44. Impact Location, Test No. NYT-1 
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Table 4. Sequential Description of Impact Events, Test No. NYT-1 

TIME  

(sec) 
EVENT 

0.000 Vehicle’s front bumper impacted end terminal head. 

0.002 Vehicle’s front bumper deformed. Vehicle’s grille contacted end terminal head. 

0.004 Vehicle’s grille deformed. 

0.006 End terminal head assembly deflected downstream. 

0.012 Vehicle’s right headlight deformed. 

0.014 End terminal caused post no. 1 to deflect downstream. 

0.016 Blockout no. 1 disengaged from post no. 1. 

0.018 Vehicle’s hood deformed. 

0.022 Post no. 1 bent downstream. 

0.024 Vehicle’s left fender deformed. 

0.026 Vehicle pitched downward. 

0.028 
Blockout no. 1 disengaged from rail at post no. 1. Vehicle’s left headlight 

deformed. 

0.044 Rail bent between post nos. 1 and 2. Rail section no. 1 deflected downstream. 

0.046 
Vehicle’s right fender deformed. Rail bent between post nos. 2 and 3. Rail 

section no. 2 deflected downstream. 

0.048 Post no. 2 rotated counterclockwise. Vehicle yawed toward barrier. 

0.050 Anchor cable disengaged from post no. 1. Rail bent between post nos. 3 and 4. 

0.052 
Post no. 2 deflected downstream. Post no. 3 rotated counterclockwise. Rail bent 

between post nos. 4 and 5. Rail section no. 3 deflected downstream. 

0.054 Post no. 3 deflected downstream. Rail bent between post nos. 5 and 6. 

0.056 
Post nos. 4 and 5 deflected downstream. Rail bent between post nos. 6 and 7. Rail 

section no. 4 deflected downstream. 

0.058 
Blockout no. 4 disengaged from post no. 4. Blockout no. 2 disengaged from post 

no. 2. Rail bent between post nos. 7 and 8. 

0.060 Post no. 7 deflected downstream. 

0.062 Blockout no. 6 disengaged from post no. 6. 

0.064 Blockout no. 3 disengaged from post no. 3. 

0.068 Blockout no. 5 disengaged from post no. 5. 

0.072 Blockout no. 8 disengaged from post no. 8. 

0.090 Rail section no. 2 contacted post no. 3. 

0.098 Vehicle overrode post no. 1. 

0.100 Post no. 3 bent downstream. 

0.130 Vehicle front bumper contacted post no. 2. 

0.138 Post no. 2 bent downstream. Rail section no. 3 rotated counterclockwise. 

0.158 Vehicle yawed away from barrier. 

0.180 Vehicle overrode post no. 2. 

0.200 
Post no. 4 bent downstream. Vehicle’s right headlight disengaged. Rail section 

no. 2 contacted post no. 4. 

0.236 Rail section no. 3 deflected downstream. 



December 16, 2020 

MwRSF Report No. TRP-03-391-20 

56 

Table 5. Sequential Description of Impact Events, Test No. NYT-1, Cont. 

TIME  

(sec) 
EVENT 

0.238 Rail section no. 2 tore at notch. 

0.258 Vehicle overrode post no. 3. 

0.298 Vehicle pitched upward. 

0.300 Rail section no. 2 contacted post no. 5. Post no. 5 bent downstream. 

0.326 Vehicle overrode post no. 4. 

0.372 Rail section no. 2 contacted post no. 6. 

0.376 Post no. 6 bent downstream. 

0.414 Vehicle overrode post no. 5. 

0.422 Upstream end of rail section no. 2 contacted downstream end of rail section no. 3. 

0.426 Vehicle’s front bumper contacted rail section no. 4. 

0.454 Blockout no. 3 contacted post no. 7. 

0.458 Blockout no. 7 disengaged from post no. 7. 

0.464 Post no. 7 bent downstream. 

0.474 Rail section no. 2 contacted post no. 7. 

0.486 Rail section no. 4 rotated counterclockwise. 

0.502 Vehicle overrode post no. 6. 

0.536 Vehicle’s grille contacted blockout no. 7. Rail bent between post nos. 8 and 9. 

0.542 Vehicle’s right-front tire contacted rail section no. 4. 

0.550 Vehicle pitched downward. 

0.554 Rail section no. 2 contacted post no. 8. 

0.556 Vehicle’s right fender contacted rail section no. 4. 

0.560 Post no. 8 bent downstream. 

0.566 Vehicle rolled away from barrier. 

0.586 Vehicle overrode post no. 7. 

0.658 Vehicle’s front bumper contacted tangent rail. 

0.660 Vehicle’s grille contacted tangent rail. 

0.662 Vehicle’s right fender contacted tangent rail. 

0.690 Vehicle overrode post no. 8. 

0.764 Vehicle’s right-side mirror deformed. 

0.766 Vehicle’s right A-pillar and windshield deformed. 

0.782 Vehicle’s right-front door deformed. 

0.786 Vehicle’s roof deformed. 

0.788 
Vehicle’s right-front window shattered due to contact with structural member of 

system. 

0.796 Vehicle’s windshield separated from right A-pillar. 

0.916 Vehicle’s grille disengaged. 

1.038 Vehicle pitched upward. 

1.064 Vehicle rolled toward barrier. 

1.512 Vehicle rolled away from barrier. 
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Figure 45. Vehicle Final Position and Trajectory Marks, Test No. NYT-1 
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Figure 46. Sequential Photographs, Test No. NYT-1 
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Figure 47. Additional Sequential Photographs, Test No. NYT-1 
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Figure 48. Documentary Photographs, Test No. NYT-1 
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Figure 49. Additional Documentary Photographs, Test No. NYT-1 
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5.4 Barrier Damage 

Damage to the barrier was moderate, as shown in Figures 50 through 57. Barrier damage 

consisted of contact marks on the impact head and box beam, vertical tears at the V-shaped 

sections, deformations to the box beam, and deflection of the posts. The length of vehicle contact 

along the barrier was approximately 80 ft – 3 in. (24.5 m) beginning at the front of the impact head. 

Contact marks found on the front of the impact head measured 35 in. (889 mm), 24 in. (610 

mm), and 23 in. (584 mm). An 8-in. high by 3-in. wide (203-mm by 76-mm) contact mark was 

found at the bottom of the back face of the impact head. A 2½-in. (64-mm) dent was visible on the 

front face of the impact head box beam. A 4½-in. (114-mm) bend was located at the downstream 

corner of the vertical plate, which bent ¾ in. (19 mm) backward. Dents were found on the V-

shaped section on the rail between post nos. 6 and 7. A 7-in. (178 mm) tear was found on the V-

shaped section on the rail between post nos. 6 and 7. Smaller contact marks, bends, tears, and dents 

were located on the impact head, V-shaped sections, and box beam. 

The splice plate on the rail between post nos. 4 and 5 was bent 90 degrees at the splice 

center. The splice plate connecting rail sections between post nos. 8 and 9 was bent 90 degrees at 

the splice center. The splice plate on the rail between post nos. 6 and 7 was bent 20 degrees 

upstream from the splice center, and it was also bent 90 degrees at the splice plate centerline. The 

splice plate on the rail between post nos. 8 and 9 was bent 90 degrees at the splice centerline.  

Soil heaves formed at the bases of post nos. 7, 9, and 11 through 13, and soil craters were 

found at the bases of post nos. 8 through 10, 13, and 15. Post nos. 1 through 13 were bent 

downstream at the ground line. For post nos. 1 through 8, four 1-in (25-mm) tears were found at 

the saw cuts, two on the upstream flange and two on the downstream flange. Dents, gouges, and 

contact marks were found on post nos. 1 through 14. The box beam disengaged from post nos. 12 

and 13. All blockouts from post nos. 2 through 8 disconnected from their respective posts but 

stayed connected to the box beam. The blockout from post no. 1 disengaged from both the post 

and the box beam, and was displaced 32 ft – 6 in. (9,906 mm) laterally behind and 152 ft – 7 in. 

(46,507) downstream from its original position. The blockouts from post nos. 3, 4, and 7 were 

deformed. The rail-to-post L-brackets remained attached to post nos. 12 through 26. The L-bracket 

of post no. 14 rotated, but the L-bracket remained intact and fastened to both the post and the box-

beam rail. The L-brackets from post nos. 11 through 13 disengaged from the box beam but stayed 

attached to their respective posts. The L-brackets from post nos. 9 and 10 disengaged from both 

the box beam and their respective posts. The remaining posts, nos. 15 through 26, appeared to be 

undamaged.  

The maximum lateral permanent set of the barrier system was 266 in. (6,756 mm) which 

occurred at the rail initially attached to post no. 4, as measured in the field. The maximum lateral 

dynamic barrier deflection was 326.7 in. (8,299 mm) which occurred at the rail initially attached 

to post no. 4, as determined from high-speed digital video analysis. 
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Figure 50. System Damage Overview, Test No. NYT-1 
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Figure 51. End Terminal Damage, Test No. NYT-1 
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Figure 52. System Damage, Post Nos. 1 through 4, Test No. NYT-1 
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Figure 53. System Damage, Post Nos. 5 through 8, Test No. NYT-1 



 

 

6
7
 

D
ecem

b
er 1

6
, 2

0
2
0
 

M
w

R
S

F
 R

ep
o

rt N
o
. T

R
P

-0
3

-3
9
1
-2

0
 

 
 

 

 
 

  

Figure 54. System Damage, Post Nos. 9 through 11, Test No. NYT-1 
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Figure 55. Rail Damage, Test No. NYT-1 
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Figure 56. Additional Rail Damage, Test No. NYT-1 
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Figure 57. Splice Damage, Test No. NYT-1 
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5.5 Vehicle Damage 

The damage to the vehicle was extensive, as shown in Figures 58 through 62. The 

maximum occupant compartment intrusions are listed in Table 6 along with the deformation limits 

established in MASH 2016 for various areas of the occupant compartment. MASH 2016 defines 

intrusion or deformation as the occupant compartment being deformed and reduced in size with 

no observed penetration.  Note that the side window shattered as a result of contact with a structural 

member of the system, and thus violated the deformation limits established in MASH 2016. 

Complete occupant compartment and vehicle deformations and the corresponding locations are 

provided in Appendix D. 

Majority of the damage was concentrated on the right-front corner and right side of the 

vehicle, where ‘right’ is determined from the rear of the vehicle. The front bumper, headlights, 

radiator, and grille disengaged from the vehicle. The right-front fender and right-front door were 

separated from the vehicle’s frame, consequently shattering the right-front side window. The right-

front wheel assembly deformed and counterclockwise, and the tire tore. Denting and scraping were 

observed along the vehicle’s entire right side. The entire windshield fractured and the top-right 

corner of the windshield tore from the roof where it was attached. The roof bent downward and 

buckled.  

The vehicle anti-roll bar was dented near the middle-rear. The right-side steering knuckle 

disengaged from the vehicle. The right-side upper-control arm was severely bent, and the ball joint 

deflected approximately 3 in. (76 mm) toward the rear of the vehicle. The right-front mounting 

bracket and lower control arm bent backward. The right-side inner tire rod disengaged. The left-

side suspension appeared undamaged. The left-side frame horn bent backward toward the left-side 

doors, and the right-side frame horn bent inward toward the left side. The first left-side cab mount 

disengaged from the vehicle while the second left-side cab mount bent inward. The left-front brake 

line was fractured at the caliper. 
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Figure 58. Vehicle Damage, Test No. NYT-1 
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Figure 59. Additional Vehicle Damage, Test No. NYT-1 
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Figure 60. Vehicle Windshield Damage, Test No. NYT-1 
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Figure 61. Occupant Compartment Damage, Test No. NYT-1 
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Figure 62. Vehicle Undercarriage Damage, Test No. NYT-1 
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Table 6. Maximum Occupant Compartment Intrusions by Location 

LOCATION 

MAXIMUM 

INTRUSION 

in. (mm) 

MASH 2016 

ALLOWABLE 

INTRUSION 

in. (mm) 

Wheel Well & Toe Pan 1⅛ (29) ≤ 9  (229) 

Floor Pan & Transmission Tunnel 3 (76) ≤ 12  (305) 

A-Pillar 1⅜ (35) ≤ 5  (127) 

A-Pillar (Lateral) 1⅛ (29) ≤ 3  (76) 

B-Pillar 1⅝ (41) ≤ 5  (127) 

B-Pillar (Lateral) 1⅜ (35) ≤ 3  (76) 

Side Front Panel (in Front of A-Pillar) 1⅛ (29) ≤ 12  (305) 

Side Door (Above Seat) 1 (25) ≤ 9  (229) 

Side Door (Below Seat) ⅝ (16) ≤ 12  (305) 

Roof 4 (102) ≤ 4  (102) 

Windshield N/A2 ≤ 3  (76) 

Side Window 
Right-front window shattered 

due to vehicle contact with a 

structural member 

No shattering resulting from 

contact with structural 

member of test article 

Dash 3⅜ (86) N/A1 

N/A1 – No MASH criteria exists for this location 

N/A2 – No data available 
 

5.6 Occupant Risk 

The calculated occupant impact velocities (OIVs) and maximum 0.010-sec average 

occupant ridedown accelerations (ORAs) in both the longitudinal and lateral directions are shown 

in Table 7. Note that the OIVs and ORAs were within suggested limits, as provided in MASH 

2016. The calculated THIV, PHD, and ASI values are also shown in Table 7. The results of the 

occupant risk analysis, as determined from the accelerometer data, are summarized in Figure 63. 

The recorded data from the accelerometers and the rate transducers are shown graphically in 

Appendix E.  
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Table 7. Summary of OIV, ORA, THIV, PHD, and ASI Values, Test No. NYT-1 

Evaluation Criteria 

Transducer 
MASH 2016 

Limits SLICE-1 
SLICE-2 

(primary) 

OIV 

ft/s (m/s) 

Longitudinal -13.45 (-4.10) -13.50 (-4.11) ±40 (12.2) 

Lateral 5.16 (1.57) 4.69 (1.43) ±40 (12.2) 

ORA 

g’s 

Longitudinal -13.77 -14.00 ±20.49 

Lateral 3.81 3.82 ±20.49 

MAX. 

ANGULAR 

DISPL. 

deg. 

Roll -13.94 13.90 ±75 

Pitch 4.07 -2.97 ±75 

Yaw 77.68 75.80 not required 

THIV 

ft/s (m/s) 
4.11 (1.25) 4.13 (1.26) not required 

PHD 

g’s 
13.81 14.06 not required 

ASI 0.52 0.53 not required 

 

5.7 Discussion 

The analysis of the test results for test no. NYT-1 showed that the system adequately 

contained and redirected the 2270P vehicle with controlled lateral displacements of the barrier. A 

summary of the test results is shown in Figure 63. Deformations of, and intrusions into, the 

occupant compartment that could have caused serious injury did occur. The right side of the vehicle 

snagged on the box-beam and separated the right-front door from the vehicle’s frame, shattering 

the right-front window. The test vehicle did not penetrate nor ride over the barrier and remained 

upright during and after the collision. Vehicle roll, pitch, and yaw angular displacements, as shown 

in Appendix E, were deemed acceptable, because they did not adversely influence occupant risk 

nor cause rollover. Therefore, test no. NYT-1 does not satisfy the MASH 2016 safety performance 

criteria for test designation no. 3-31. 
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• Test Agency .........................................................................................................MwRSF 

• Test Number .......................................................................................................... NYT-1 

• Date ................................................................................................................... 5/16/2017 

• MASH 2016 Test Designation No. ............................................................................. 3-31 

• Test Article.............................................. New York “Zig-Zag” Box Beam End Terminal 

• Total Length  ............................................................................. 158 ft – ¼ in. (48.164 m) 

• Key Component – Zig Zag Rail (between post nos. 1 and 9) 

Length .......................................................................................... 142 in. (3607 mm) 

Top Mounting Height ....................................................................... 27 in. (686 mm) 

End Terminal Assembly .......................................... Impact head and cable assembly 

• Key Component – Post Nos. 1-8 (W6x9) [W152x13.4] 

Length ........................................................................................... 84 in. (2,134 mm) 
Embedment Depth ......................................................................... 57 in. (1,448 mm) 

Spacing .......................................................................................... 72 in. (1,829 mm) 

• Key Component – Post Nos. 9-26 (S3x5.7) [S76x8.5] 

Length ........................................................................................... 63 in. (1,600 mm) 

Embedment Depth ............................................................................ 36 in. (914 mm) 
Spacing .......................................................................................... 72 in. (1,829 mm) 

• Soil Type  .............................................................................. Coarse Crushed Limestone 

• Vehicle Make /Model ............................ 2011 Dodge Ram 1500 Quad Cab Pickup Truck 

Curb .............................................................................................. 5,071 lb (2,300 kg) 

Test Inertial................................................................................... 5,000 lb (2,268 kg) 
Gross Static................................................................................... 5,158 lb (2,340 kg) 

• Impact Conditions 

Speed ........................................................................................ 62.7 mph (101 km/h) 

Angle ........................................................................................................ 0.1 degrees 

Impact Location .................................................................... On end of terminal head 

• Kinetic Energy ..........655.5 kip-ft (889 kJ) > 594 kip-ft (806 kJ) limit from MASH 2016 

• Exit Conditions ...................................................................... Vehicle did not exit system 

• Vehicle Stability ............................................................................................. Satisfactory 

• Vehicle Stopping Distance ........................................... 80 ft – 3 in. (24.5 m) downstream 

 6 in. (152 mm) laterally behind impact axis 

 

 
 

 

 
 

 

 
 

 

 

• Vehicle Damage ................................................................................................. Extensive 

VDS [6]  ........................................................................................................ 12-FR-5 
CDC [7] .................................................................................................... 12-FRAZ-2 

Maximum Interior Deformation .......................................................... 4 in. (102 mm) 

• Test Article Damage .......................................................................................... Extensive 

• Maximum Test Article Deflections 

Permanent Set ......................................................................... 270.25 in. (6,864 mm) 
Dynamic .................................................................................... 326.7 in. (8,299 mm) 

• Transducer Data 

Evaluation Criteria 

Transducer 
MASH 2016       

Limit SLICE-1 
SLICE-2 
(primary) 

OIV 

ft/s 

(m/s) 

Longitudinal -13.45 (-4.10) -13.50 (-4.11) ±40 (12.2) 

Lateral 5.16 (1.57) 4.69 (1.43) ±40 (12.2) 

ORA 
g’s 

Longitudinal -13.77 -14.00 ±20.49 

Lateral 3.81 3.82 ±20.49 

MAX 

ANGULAR 

DISP. 
deg. 

Roll -13.94 13.90 ±75 

Pitch 4.07 -2.97 ±75 

Yaw 77.68 75.80 not required 

THIV – ft/s (m/s) 4.11 (1.25) 4.13 (1.26) not required 

PHD – g’s 13.81 14.06 not required 

ASI 0.52 0.53 not required 

Figure 63. Summary of Test Results and Sequential Photographs, Test No. NYT-1 

0.000 sec 0.200 sec 0.370 sec 0.540 sec 0.800 sec 
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6 SUMMARY AND CONCLUSIONS 

Test no. NYT-1 was conducted on the “zig-zag” box beam end terminal according to 

MASH 2016 test designation no. 3-31. The system consisted of standard box beam guardrail 

supported by steel posts with a new box beam terminal concept. The posts were spaced at 72 in. 

(1,829 mm). The top mounting height of the box beam rail was 27 in. (686 mm) from the ground 

line. A summary of the test evaluation is shown in Table 8.  

During the test, the vehicle impacted the system at 62.7 mph (101 km/h) at an angle of 0.1 

degrees resulting in a kinetic energy of 655.5 kip-ft (889 kJ). During impact, the vehicle first 

contacted the end terminal assembly, then it travelled through the zig-zag box beam. This action 

caused the rail at post nos. 1 through 6 to deflect downstream and the rail at post nos. 7 through 

13 to deflect to the traffic side of the system. Post nos. 1 through 13 all deflected downstream. 

Deformation and contact marks were found on the rails, posts, and end terminal assembly. Once 

the vehicle made contact with the straight box beam between post nos. 8 and 9, the rail section 

snagged on the vehicle. This behavior caused the right fender, the right-front door, and the front 

of the right-rear door to tear away from the vehicle’s frame. The right-front window also shattered 

as a result of the snag event. A dynamic deflection of 326.7 in. (8,299 mm) was observed at post 

no. 4. All occupant risk values were found to be within limits, however, not all occupant 

compartment deformations were deemed acceptable. The right side of the vehicle snagged on the 

box beam and separated the right-front door from the vehicle’s frame, shattering the right-front 

window and the windshield. Further, the terminal did not absorb sufficient energy before the 

vehicle reached the tangent portion of the run. Therefore, test no. NYT-1 did not satisfy the safety 

performance criteria for MASH 2016 test designation no. 3-31.  
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Table 8. Summary of Safety Performance Evaluation  

Evaluation 

Factors 
Evaluation Criteria 

Test No. 

NYT-1 

Structural 

Adequacy  

C. Acceptable test article performance may be redirection, controlled 

penetration, or controlled stopping of the vehicle 
S 

Occupant 

Risk 

D. 1. 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.  

         2.  Deformations of, or intrusions into, the occupant compartment should 

not exceed limits set forth in Section 5.2.2 and Appendix E of MASH 

2016. 

U 

 

 

 

S 

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

maximum roll and pitch angles are not to exceed 75 degrees. 
S 

H. Occupant Impact Velocity (OIV) (see Appendix A, Section A5.2.2 of 

MASH 2016 for calculation procedure) should satisfy the following 

limits: 

S  Occupant Impact Velocity Limits 

Component Preferred Maximum 

Longitudinal and Lateral 30 ft/s (9.1 m/s) 
40 ft/s 

(12.2 m/s) 

I. The Occupant Ridedown Acceleration (ORA) (see Appendix A, Section 

A5.2.2 of MASH 2016 for calculation procedure) should satisfy the 

following limits: 

S 
 Occupant Ridedown Acceleration Limits  

Component Preferred Maximum 

Longitudinal and Lateral 15.0 g’s 20.49 g’s 

Post –

Impact 

Vehicular 

Response 

N. Vehicle Trajectory behind the test article is acceptable. S 

MASH 2016 Test Designation No. 3-31 

Final Evaluation (Pass or Fail) Fail 

 S – Satisfactory  U – Unsatisfactory  NA - Not Applicable 
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7 CRITICAL ANALYSIS OF ZIG ZAG TERMINAL 

The NYSDOT “zig zag” box beam end terminal consisted of box beam segments offset 

from S3x5.7 posts with tubular steel blockouts. The system had a continuous traffic-side face, and 

the box beam was cut at 45-degree angles toward the backside, as shown in Figures 64 and 65. 

Each pair of 45-degree cuts were considered a joint, such that the rail was to deflect, rotate, and 

bend about those cuts. Splices were used when joints occurred at the box beam ends to form a 

continuous front face. The impact head consisted of a tubular plate steel box, which fit over the 

end of the last box beam segment such that the box beam slid inside of the terminal head before 

the system engaged. A series of bolts were placed in the box beam head. When the terminal head 

moved down the rail, the upstream end of the box beam would fracture the bolts in double shear 

before it bottomed out on the terminal head. 

  

Figure 64. Plan View of NYSDOT “Zig Zag” Box Beam End Terminal
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Figure 65. Plan and Elevation Views of Box Beam, Test No. NYT-1 

In test no. NYT-1, the vehicle impacted the system at 62.7 mph (101 km/h) and at an angle 

of 0.1 degrees resulting in a kinetic energy of 655.5 kip-ft (888.7 kN-m). The vehicle displaced 

the terminal head downstream and caused the rail segments to buckle in a zig-zag pattern. 

However, the rail failed at the third joint, which resulted in rail spearing on the right-side door and 

high occupant ride down accelerations. Thus, the terminal did not absorb sufficient energy before 

the vehicle reached the tangent portion of the run. Following the unsuccessful test of test no. NYT-

1, MwRSF researchers analyzed the behavior of the end terminal to determine critical events which 

contributed to the failure of the terminal system. 
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7.1 Sequence of Events 

Immediately after impact, the impact head displaced downstream, fracturing the steel 

terminal head shear bolts. When the impact head bottomed out on the first rail segment, all box 

beam rails between post nos. 1 and 12 deflected downstream. The rail segments attached to post 

nos. 1 through 6 disengaged from the posts, but remained attached to the blockouts, and displaced 

laterally to the traffic side of the system.  

A zig-zag pattern was formed as the rail deflected about each joint. The front sides of the 

rail locked when the notched faces collapsed against each other as they deformed. This 

phenomenon was referred to as “bend-locking”. At each bend-locked joint, the compressive force 

was transmitted from the vehicle through the bend lock and consecutive rail segments, restricting 

further rotation. This action in turn caused the rail segments to rotate along the inner contact 

surface and elongated or tear the traffic-side face flange or splice plate. Bend locking occurred at 

midpoints between post nos. 1 and 2, 3 and 4, and 5 and 6 (joints A, C, and E as shown in Figure 

66). The alternating bends caused the thin flanges or splice plates to “open” or bend outward and 

away from the cut webs, resulting in 180-degree bends (90-degree bends for each consecutive 

segment). Segments that were not bend locked deflected, such that the backside faces of 

consecutive box beams would be stacked against each other. Deflections of segments that were 

not bend locked occurred between post nos. 2 and 3, 4 and 5, and 6 and 7 (joints B, D, and F, 

respectively, as shown in Figure 66). The alternating sequence of bend-locked and non-bend-

locked deflection is shown in Figure 66. 

In general, the force required to rotate the box beam segments about joints decreased as the 

angle of rotation increased (i.e., as longitudinal deflection of the rail segments increased). Thus, 

as a joint deflected, the joint rotated fully to either 180 degrees (non-bend-locked joints) or 90 

degrees (bend-locked joints) before deflecting the rail at the next joint. Therefore, bend-locking at 

joints A and C and collapse of joint B caused three box beam segments to stack in front of the 

impacting pickup truck with little reduced deflection downstream. Two consecutive bend-locked 

segments caused the vehicle to load the flange at joint C in shear instead of in bending, resulting 

in rail fracture, as shown in Figure 66. Following the fracture of the shear-loaded box beam flange, 

the rail speared the pickup truck and produced large longitudinal decelerations and occupant 

compartment deformations.  
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Figure 66. Rail Collapse Sequence and Fracture 
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7.2 Analysis 

All energy-absorbing end terminal systems slow an impacting vehicle by decelerating the 

vehicle in a controlled manner. Deceleration is produced by a net longitudinal force acting on the 

vehicle, and the magnitude of the deceleration is based on the ratio of force to vehicle mass. 

Vehicle velocity is likewise reduced based on the time-integration of the acceleration signal. 

Therefore, to safely decelerate an impacting vehicle, acceleration must be sustained over a period 

of time which is within MASH occupant ridedown acceleration limits (e.g., 20 g’s). The time 

corresponding to the acceleration can be plotted against physical position to create a deceleration 

vs. distance plot. Note that the integration of force acting over a distance is also equivalent to 

energy: 

 ∆𝐸 = ∫ �⃑� ∙ 𝑑𝑟 = ∫ 𝐹𝑥𝑑𝑥 (1) 

E = Energy 

F = Force vector 

Fx = Longitudinal force (x-direction) 

dr = change in displacement vector 

dx = change in longitudinal displacement (x-direction) 

During impact, the vehicle is decelerated from the impact force between the vehicle front 

end and the impact head. After the upstream cable release terminal disengages at post no. 1, the 

box beam is put into compression and moment-bending by the action of the impact head. The 

compressive load is transferred through the box beam and becomes a concentrated compression 

load on the thin flanges at the joint locations. By design, the joints are intended to promote buckling 

and collapse of the box beam at those locations. Although the beams are constructed with a small 

eccentric offset to facilitate bending, Euler’s formulas for column stability can still be applied to 

evaluate the limit state of the box beam. The Euler column stability formula is given by:  

 𝑃𝑐𝑟 =
𝜋2𝐸𝐼

(𝐾𝐿)2 (2) 

Where:  

Pcr = Euler's critical load (longitudinal compression load on column), 

E = modulus of elasticity of column material, 

I = minimum area moment of inertia of the cross section of the column, 

L = unsupported length of column, 

K = column effective length factor  

The values for K vary based on the boundary conditions, as shown in Figure 67. Because 

the hinges have very little lateral resistance due to the weakened cut flanges, the boundary 

conditions for the “zig zag” box beam are most closely associated with cantilever bending. 

Evaluating the beam through the weakened flange and ignoring the eccentricity of the load, K is 

nominally equal to 2.0, E is approximatley 30 × 106 psi, I is approximately 0.0033 in.4, L is 

assumed to be 72 in. which is one segment between joints. Using these parameters, the longitudinal 

load through the beam to cause axial column collapse is approximately 47 lb.  
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Figure 67. Column Effective Length Factors for Euler's Critical Loads [8] 

The Euler column stability calculations are not valid in dynamically-changing loads, 

because they are derived based on eccentric deflections of the beams, and deflections occur over 

time. Fast events, such as impact, resist loads with both inertia (translational and rotational) and 

integration of velocity acting over time. Thus, it is possible to have higher axial loads than the 

Euler column collapse load over short durations. Nonetheless, the Euler collapse load between 

adjacent box beam segments indicates that the “zig zag” configuration will quickly experience 

dynamic collapse after an impact event.  

After column collapse, the box beams rotate about joints by plastically deforming the thin 

flanges or splice plates. The bending of the flanges or splice plates dissipates energy and resists 

longitudinal vehicle movement based on moment and plastic section. The plastic section modulus 

of a rectangular cross-section at the weakened joint is given by:  

 𝑍𝑝 = 𝐴𝑐𝑦𝑐 + 𝐴𝑡𝑦𝑡 (3) 

 

Where:  

Zp = plastic section modulus 

Ac = plastic compressive section area 

yc = location of centroid of plastic compression area from principal bending axis 

At = plastic tensile section area 

yt = location of centroid of plastic tensile area from principal bending axis 

The effective plastic section of the flange at a weakened joint was approximated using the 6-in. 

height of the box beam and a total thickness of 3/16 in. The resulting plastic section modulus was 

approximately 0.053 in.3. The splice plates were ⅜ in. thick and 5¼ in. tall, and had two ⅜-in. 
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diameter holes aligned vertically through the center of the plate, which was at the location of 

maximum bending. The plastic bending section through the vertical section centered at the vertical 

holes was also approximately 0.053 in.3. 

Using the plastic section modulus and a yield strength of approximately 50 ksi, the 

estimated bending moment during plastic hinging was 2,635 lb-in. Ignoring plastic hardening, the 

effective longitudinal load can be estimated as a function of rotation angle between consecutive 

joints. Using a 72-in. segment length and converting longitudinal impact force into parallel 

(compressive) and transverse (moment-bending) components in a briefly-steady-state moment 

rotation, the longitudinal resistance force as a function of lateral offset to the hinge (joint) is shown 

in Figure 68. The maximum longitudinal resistance at the start of the plastic hinge formation was 

approximately 420 lb., and the minimum longitudinal resistance at full plastic collapse was 

approximately 36.5 lb. Note that the hinge angle is approximately half the angle formed between 

consecutive box beam segments. Therefore, the energy absorbed by rotating the plastic hinge 

between 5 and 90 degrees was approximately 7.8 kip-in. As a result, to stop the impacting pickup 

truck during test no. NYT-1, ignoring rolling friction and inertial loads, approximately 84 joints 

would have to fully collapse before the impacting vehicle would be brought to a stop. 

 
Figure 68. Longitudinal Force During Plastic Hinge Collapse 

7.3 Recommendations  

Analysis of the collapse of the NYSDOT zig zag box beam end terminal during test no. 

NYT-1 indicated that the current terminal configuration did not absorb sufficient energy before 

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

0

50

100

150

200

250

300

350

400

450

0 10 20 30 40 50 60 70 80 90

E
ne

rg
y 

A
b
so

rb
ed

 (
k
ip

-i
n.

)

L
o
ng

it
ud

in
a
l 

F
o
rc

e 
d
ur

in
g 

P
la

st
ic

 
H

in
ge

 
(l

b
)

Hinge Angle (deg) 

X-force Energy

Minimum Force: 36.5 lb

Maximum Force: 420 lb



December 16, 2020 

MwRSF Report No. TRP-03-391-20 

89 

the vehicle reached the tangent portion of the run. Therefore, it is necessary that the terminal be 

modified to be consistent with (1) a non-energy-absorbing, gating terminal or (2) an energy-

absorbing, non-gating terminal. Recommendations for both types of terminal configurations are 

provided below. 

7.3.1 Non-Energy Absorbing (Gating Terminal) Design 

If the “zig zag” terminal is not intended to absorb the vehicle’s energy and bring it to a 

controlled stop, the terminal should gradually redirect the impacting vehicle such that the vehicle 

does not spear on the upstream end of the stiff, tangent section of the terminal. Otherwise, the 

number of cut longitudinal box beam segments required to prevent the stiff end of the box beam 

from penetrating the vehicle may be very large, spanning as much as 100 ft. 

Post-to-rail engagement may need to be modified to change the vehicle path during impact. 

During test no. NYT-1, the box beam rail segments extended laterally to the traffic-side of the 

system, and the posts prevented the rail from deflecting backwards. A center-mounted post 

connection, below the rail, may be necessary to allow the rail to deflect backward upon impact. 

Bend-locking was observed when cut faces of box beam interlocked. This behavior 

prevented the box beam segments from rotating through 180 degrees and stacking in front of the 

vehicle. Thus, instead of 45-degree V-shaped sections between segments, it may be necessary to 

redesign the joints between consecutive box beam segments such that the pivot locations permit 

180 degrees of box beam rotation. One example of this approach would be to use upper and lower 

plates with one vertical bolt through each box beam section. The vertical bolts may act as pins 

facilitating rotation through a virtual point of intersection between two adjacent box beams. 

Consequently, the initial angular offsets of each box beam segment may be retained to 

preferentially stack consecutive segments together without bend-locking.  

The first box beam segment had an equal length as all subsequent box beam segments. 

However, longitudinal stacking of segments in the “zig zag” terminal should align along the 

centerline of the system’s line of action. It may be necessary to shorten the first segment to half 

the length of subsequent segments, such that longitudinal stacking is aligned along the centerline 

of the line of action. 

7.3.2 Energy-Absorbing (Non-Gating Terminal) Design 

To safely stop an impacting vehicle engaging the upstream end of a terminal, an energy-

absorbing design may be produced which provides consistent longitudinal force sufficient to stop 

an impacting small car and pickup truck safely within the guidelines provided by MASH. While 

energy-absorbing designs may be considered, these designs may modify the geometry of the “zig 

zag” terminal and could result in an entirely different end terminal design. Typical methods of 

absorbing energy include material shaping (typically plastic deformation), tearing, bolt or stub 

fracture, friction, or hydraulic resistance. 



December 16, 2020 

MwRSF Report No. TRP-03-391-20 

90 

8 REFERENCES 

1. Ross, H.E., Sicking, D.L., Zimmer, R.A., and Michie, J.D., NCHRP Report 350: 

Recommended Procedures for the Safety Performance Evaluation of Highway Features, 

TRB, National Research Council, Washington, D.C., 1993. 

2. Manual for Assessing Safety Hardware (MASH), Second Edition, American Association of 

State Highway and Transportation Officials (AASHTO), Washington, D.C., 2016. 

3. Hinch, J., Yang, T.L., and Owings, R., Guidance Systems for Vehicle Testing, ENSCO, Inc., 

Springfield, Virginia, 1986. 

4. Center of Gravity Test Code - SAE J874 March 1981, SAE Handbook Vol. 4, Society of 

Automotive Engineers, Inc., Warrendale, Pennsylvania, 1986. 

5. Society of Automotive Engineers (SAE), Instrumentation for Impact Test – Part 1 – 

Electronic Instrumentation, SAE J211/1 MAR95, New York City, NY, July, 2007. 

6. Vehicle Damage Scale for Traffic Investigators, Second Edition, Technical Bulletin No. 1, 

Traffic Accident Data (TAD) Project, National Safety Council, Chicago, Illinois, 1971. 

7. Collision Deformation Classification – Recommended Practice J224 March 1980, 

Handbook Volume 4, Society of Automotive Engineers (SAE), Warrendale, Pennsylvania, 

1985. 

8. Brockenbrough, R.L. and Frederick S.M., Structural Steel Designer's Handbook: AISC, 

AASHTO, AISI, ASTM, AREMA, and ASCE-07 Design Standards, Fourth Edition, (McGraw-

Hill, New York, New York, 2006. 

 



December 16, 2020 

MwRSF Report No. TRP-03-391-20 

91 

9 APPENDICES 

 



December 16, 2020 

MwRSF Report No. TRP-03-391-20 

92 

Appendix A. Material Specifications 
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Table A-1. Bill of Materials, Test No. NYT-1 

Item  

No. 
Description Material Specification Reference 

a1 
W6x9 [W152x13.4], 84" [2,134] Long Post (Post 

nos. 1 through 9) 
ASTM A992 Min. 50ksi Steel H#59072442, H#59072444 

a2 S3x5.7 [S75x8.5], 63" [1,600] Long Post ASTM A36 H#21116 

a3 24"x8"x1/4" [610x203x6] Soil Plate ASTM A36 H#1700330 

a4 
8"x6"x1/4" [203x152x6], 6" [152] Long 

Blockout 
ASTM A500 Gr. B H#3793C4 

a5 
5"x3 1/2"x3/8" [127x89x10], 4 1/2" [114] Long 

L-Bracket 
ASTM A36 H#DL16100682 

b1 
TS6"x 6"x 3/16" [152x152x5], 216" [5,486] 

Long Box Beam 
ASTM A500 Gr. B H#U2133, H#U2139, H#U2141 

b2 
TS6"x 6"x 3/16" [152x152x5], 216" [5,486] 

Long Box Beam 
ASTM A500 Gr. B H#U2133, H#U2139, H#U2141 

b3 
TS6"x6"x1/4" [152x152x6], 142" [3,607] Long 

Box Beam, Bent 
ASTM A500 Gr. B H#C79938 

b4 27"x5 3/8"x 5/8" [686x137x16] Splice Plate ASTM A36 H#W19665 

b5 
TS5"x5"x1/4" [127x127x6], 25 1/2" [648] Long 

Box Beam, Cut 
ASTM A500 Gr. B  H#A612210 

b6 24"x5 1/4"x3/8" [610x133x10] Plate, Bent ASTM A36 H#B607172 

b7 8"x2 1/2"x5/8" [203x64x16] Keel Plate ASTM A36 H#E6I159 

c1 W6x15 [W152x22.3], 72" [1,829] Long Post ASTM A992 or ASTM A572-50 H#59072980 

c2 20"x14"x3/16" [508x356x5] Plate ASTM A36 H#B610331 

c3 6 3/16"x4"x1/2" [157x102x13] Plate ASTM A36 H#A615621 

c4 6 1/4"x4"x1/2" [159x102x13] Plate ASTM A36 H#A615621 

c5 6 3/16"x6"x1/2" [159x152x13] Plate ASTM A36 H#A615621 

d1 
3"x2"x3/8" [76x51x10], 4.8" [122] Long 

L-Bracket 
ASTM A36 H#63142915 

d2 3"x4"x5/16" [76x102x8] Plate ASTM A36 H#B607172 
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Table A-2. Bill of Materials, Test No. NYT-1, Cont. 

Item  

No. 
Description Material Specification Reference 

e1 
10"x9"x1/2" [254x229x13] Box Beam Cable 

Anchor Base Plate 
ASTM A36 H#17011041  

e2 
4"x4"x1/4" [102x102x6] Box Beam Cable 

Anchor Gusset 
ASTM A36 H#17014221  

e3 
4"x4"x1/2" [102x102x13] Box Beam Cable 

Anchor Mounting Plate 
ASTM A36 H#17011041  

f1 
TS7"x7"x3/8" [178x178x10], 48" [1,219] Long 

Box Beam 
ASTM A500 Gr. B H#85197PT  

f2 C12x30, 24" [610] Long C-Channel ASTM A36 H#55033620 

f3 
3"x3"x1/4" [76x76x6], 18" [457] Long 

L-Bracket 
ASTM A36 H#63144478 

f4 
3"x3"x1/4" [76x76x6], 56" [1,422] Long 

L-Bracket 
ASTM A36 H#63170444 

f5 
3"x3"x1/4" [76x76x6], 6 1/2" [165] Long 

L-Bracket 
ASTM A36 H#63144478 

g1 
3/4" [19] Dia. 3x7 Cable, 66 5/16" [1,676] Long 

IWRC IPS Wire Rope 

ASTM A741 Type 1 

(AASHTO M30 Type 1) 
H#53139015, H#53139021 

g2 
3/4" [19] Dia. 6x19, 56" [1,422] Long IWRC IPS 

Wire Rope 

ASTM A741 Type 2 

(AASHTO M30 Type 2) 
COC Inv# 5038896 

g3 
3/4" [19] Dia. 6x19, 145 3/4" [3,702] Long  

IWRC IPS Wire Rope 

ASTM A741 Type 2 

(AASHTO M30 Type 2) 
COC Inv# 5038896 

g4 Bennet Cable End Fitter 
ASTM A27(AASHTO M103) 

Gr. 70-40 Class 1 
H#DA7, H#DA9 

g5 Crosby Threaded Turnbuckle Stock No. 1032714 H#145050 

g6 3/4" [19] Dia. UNJ, Crosby HG 4037 Jaw Stock No. 1073135 
COC Certificate#CC1-

2017040700802 

g7 Cable Wedges ASTM A47 Gr. 32510 H#DA8 

g8 
3/4" [19] Dia. UNC, 11" [279] Long Threaded 

Rod 
ASTM A307 Gr. A or SAE Gr .2 H#AU0810817802 

g9 BCT Anchor Cable End Swaged Fitting Grade 5 

H#75063022 

H#75062074 

H#75063075 
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Table A-3. Bill of Materials, Test No. NYT-1, Cont. 

Item  

No. 
Description Material Specification Reference 

g10 3/4" [19] Dia. UNC Square Nut ASTM A563A H#15311340-3 

g11 3/4" [19] Dia. UNC Hex Nut ASTM A563A COC Only  

g13 1" [25] Dia. UNC Heavy Hex Nut ASTM A563DH H#166334 

g14 1" [25] Dia. Plain Round Washer ASTM F844 H#0266540 

h1 
1/4" [6] Dia. UNC, 8" [203] Long Fully 

Threaded Hex Head Shear Bolt and Nut 

Bolt - A307-Gr. A     

Nut - ASTM A563A 

Bolts: H#10201285-3 

Nuts: H#184259 

h2 
1/4" [6] Dia. UNC, 1" [25] Long Fully Threaded 

Hex Head Bolt and Nut 

Bolt - ASTM A307 Gr. A  

Nut - ASTM A563A 

Bolts: H#715030091 

Nuts: H#184259  

h3 1/4" [6] Flat Washer ASTM F844 16H-168236-9 

h4 
3/8" [10] Dia. UNC, 7 1/2" [191] Long Hex  

Head Bolt and Nut 

Bolt - ASTM A307 Gr. A     

Nut - ASTM A563A 

Bolts: H#715030688  

Nuts: H#169D0729  

h5 3/8" [10] Dia. Plain Round Washer ASTM F844 Part#1133182  

h6 
1/2" [13] Dia. UNC, 1 1/2" [38] Long Hex  

Head Bolt and Nut 

Bolt - ASTM A307 Gr. A   

Nut - ASTM A563A 

Bolts: Lot# FAS1638 

Nuts: H#180132  

h7 1/2" [13] Dia. Plain Round Washer SAE Low Carbon Gr. 2 L#16H-168236-10 

h8 
3/4" [19] Dia. UNC, 8" [203] Long Hex Head 

Bolt and Nut 

Bolt - ASTM A307 Gr. A        

Nut - ASTM A563A 

Bolts: H#G1607088001 

H#1608020500  

Nuts: H#331502913 

h9 
3/4" [19] Dia. UNC, 1 1/2" [38] Long Heavy  

Hex Head Bolt and Nut 

Bolt: ASTM F3125 Gr. A325 

Nut: ASTM A563DH 

Bolts: L#2010360300  

Nuts: H#75062833 

h10 
3/4" [19] Dia. UNC, 2" [51] Long Heavy Hex 

Head Bolt 

Bolt: ASTM F3125 Gr. A325 

Nut: ASTM A563DH 

Bolts: H#NF15103298  

Nuts: H#75062833  

h11 
3/4" [19] Dia. UNC, 2 1/2" [64] Long Heavy  

Hex Head Bolt 

Bolt: ASTM F3125 Gr. A325 

Nut: ASTM A563DH 
NOT REQUIRED 

h12 3/4" [19] Dia. UNC Heavy Hex Nut ASTM A563DH H#75062833 

h13 3/4" [19] Dia. Plain Round Washer ASTM F844 n/a 

h14 3/4" [19] Dia. Hardened Flat Washer ASTM F436 H#C79696 

h15 3/4" [19] Dia. Lock Washer Steel H#J510104136 

h16 
7/8" [22] Dia. UNC, 8 1/2" [216] Long Heavy 

Hex Head Bolt and Nut 

Bolt: ASTM F3125 Gr. A325 

Nut: ASTM A563DH 

Bolts: H#NF16102579  

Nuts: L#23468-75062745 

h17 7/8" [22] Hardened Flat Washer ASTM F436 H#1DR73 
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Figure A-1. 84-in. (2,058-mm) Long Post for Post Nos. 1 through 8, Test No. NYT-1
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Figure A-2. 84-in. (2,058-mm) Long Post for Post Nos. 1 through 8, Test No. NYT-1
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Figure A-3. 63-in. (1,600-mm) Long Post for Post Nos. 9 through 26, Test No. NYT-1
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Figure A-4. Soil Plate, Test No. NYT-1
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Figure A-5. 6-in. (152-mm) Long Blockout, Test No. NYT-1
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Figure A-6. 4½-in. (114-mm) Long L-Bracket, Test No. NYT-1
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Figure A-7. 216-in. (5,486-mm) Long Box Beam, Test No. NYT-1
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Figure A-8. 142-in. (3,607-mm) Long Bent Box Beam, Test No. NYT-1
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Figure A-9. Splice Plate, Test No. NYT-1
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Figure A-10. 25½-in. (648-mm) Long Cut Box Beam, Test No. NYT-
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Figure A-11. ⅜-in. (9-mm) Bent Plate, Test No. NYT-1 
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Figure A-12. Keel Plate, Test No. NYT-1
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Figure A-13. 72½-in. (1,842-mm) Long Post for HFT Anchors, Test No. NYT-1
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Figure A-14. 3/16-in. (5-mm) Plate, Test No. NYT-1
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Figure A-15. ½-in. (12-mm) Plate, Test No. NYT-1
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Figure A-16. 4.8-in. (122-mm) Long L-Bracket, Test No. NYT-1
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Figure A-17. ½-in. (12-mm) Box Beam Cable Anchor Base Plate and Mounting Plate, Test No. NYT-1



    

 

1
1
3
 

D
ecem

b
er 1

6
, 2

0
2
0
 

M
w

R
S

F
 R

ep
o

rt N
o
. T

R
P

-0
3

-3
9
1
-2

0
 

   
Figure A-18. ¼-in. (6-mm) Box Beam Cable Anchor Gusset, Test No. NYT-1
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Figure A-19. 48-in. (1219-mm) Long Box Beam, Test No. NYT-1
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Figure A-20. 24-in. (610-mm) Long C-Channel, Test No. NYT-1
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Figure A-21. 18-in. (457-mm) Long and 6½-in. (165-mm) Long L-Bracket, Test No. NYT-1
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Figure A-22. 56-in. (1,422-mm) Long L-Bracket, Test No. NYT-1
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Figure A-23. ¾-in. (19-mm) Guardrail Cable, Test No. NYT-1



 

 

D
ecem

b
er 1

6
, 2

0
2
0
 

M
w

R
S

F
 R

ep
o

rt N
o
. T

R
P

-0
3

-3
9
1
-2

0
 

1
1
9
 

 
Figure A-24. ¾-in. (19-mm) Guardrail Cable, Test No. NYT-1
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Figure A-25. ¾-in. (19-mm) Wire Rope, Test No. NYT-1
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Figure A-26. ¾-in. (19-mm) Wire Rope, Test No. NYT-1, Cont.
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Figure A-27. Bennett Cable End Fitter, Test No. NYT-1
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Figure A-28. Bennett Cable End Fitter, Test No. NYT-1
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Figure A-29. Bennet Threaded Turnbuckle, Test No. NYT-1
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Figure A-30. Bennet Threaded Turnbuckle, Test No. NYT-1, Cont.
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Figure A-31. Crosby Jaw, Test No. NYT-1
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Figure A-32. Cable Wedges, Test No. NYT-1
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Figure A-33. 11-in. (279-mm) Long Threaded Rod, Test No. NYT-1
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Figure A-34. BCT Anchor Cable End Swaged Fitting, Test No. NYT-1
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Figure A-35. BCT Anchor Cable End Swaged Fitting, Test No. NYT-1, Cont.
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Figure A-36. BCT Anchor Cable End Swaged Fitting, Test No. NYT-1
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Figure A-37. BCT Anchor Cable End Swaged Fitting, Test No. NYT-1, Cont.
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Figure A-38. BCT Anchor Cable End Swaged Fitting, Test No. NYT-1
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Figure A-39. BCT Anchor Cable End Swaged Fitting, Test No. NYT-1, Cont.
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Figure A-40. ¾-in. (19-mm) Square Nut, Test No. NYT-1
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Figure A-41. ¾-in. (19-mm) Square and Hex Nut, Test No. NYT-1
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Figure A-42. 1-in. (25-mm) Diameter Heavy Hex Nut for Downstream Cable Assembly, Test No. NYT-1
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Figure A-43. 1-in. (25-mm) Diameter Plain Round Washer, Test No. NYT-1
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Figure A-44. ½-in. (6-mm) Diameter Hex Head Shear Bolt, Test No. NYT-1
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Figure A-45. ¼-in. (6-mm) Diameter Nuts, Test No. NYT-1
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Figure A-46. ¼-in. (6-mm) Diameter Hex Head Bolt, Test No. NYT-1
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Figure A-47. ¼-in. (6-mm) Flat Washer, Test No. NYT-1
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Figure A-48. ⅜-in. (10-mm) Diameter Hex Head Bolt, Test No. NYT-1
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Figure A-49. ⅜-in. (10-mm) Diameter Nuts, Test No. NYT-1
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Figure A-50. ⅜-in. (10-mm) Plain Round Washer, Test No. NYT-1
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Figure A-51. ½-in. (13-mm) Long Hex Head Bolt, Test No. NYT-1
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Figure A-52. ½-in. (12-mm) Nuts, Test No. NYT-1
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Figure A-53. ½-in. (12-mm) Diameter Plain Round Washer, Test No. NYT-1
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Figure A-54. ¾-in. (19-mm) Diameter, 8-in. (203-mm) Long Hex Bolt, Test No. NYT-1
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Figure A-55. ¾-in. (19-mm) Diameter, 8-in. (203-mm) Long Hex Bolt, Test No. NYT-1
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Figure A-56. ¾-in. (19-mm) Diameter Hex Nut, Test No. NYT-1 
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Figure A-57. ¾-in (19-mm) Diameter, 1½-in. (38-mm) Long Heavy Hex Head Bolt, Test No. NYT-1
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Figure A-58. ¾-in. (19-mm) Heavy Hex Nut, Test No. NYT-1
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Figure A-59. ¾-in. (19-mm) Diameter, 2-in. (51-mm) Long Heavy Hex Head Bolt, Test No. 

NYT-1
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Figure A-60. ¾-in. (19-mm) Heavy Hex Nut, Test No. NYT-1 
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Figure A-61. ¾-in. (19-mm) Diameter Hardened Flat Washer, Test No. NYT-1
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Figure A-62. ¾-in. (19-mm) Diameter Lock Washer, Test No. NYT-1
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Figure A-63. ⅞-in. (22-mm) Diameter, 8½-in. (216-mm) Long Heavy Hex Head Bolt, Test No. 

NYT-1
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Figure A-64. ⅞-in. (22-mm) Diameter Nuts, Test No. NYT-1
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Figure A-65. ⅞-in (22-mm) Hardened Flat Washer, Test No. NYT-1
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Appendix B. Vehicle Center of Gravity Determination  
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Figure B-1. Vehicle Mass Distribution, Test No. NYT-1 
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Appendix C. Static Soil Tests 
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Figure C-1. Soil Strength, Initial Calibration Tests  
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Figure C-2. Static Soil Test, Test No. NYT-1 
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Appendix D. Vehicle Deformation Records 

The following figures and tables describe all occupant compartment measurements taken 

on the test vehicle used in full-scale crash testing herein. MASH 2016 defines intrusion as the 

occupant compartment being deformed and reduced in size with no penetration. Outward 

deformations, which are denoted as negative numbers within this Appendix, are not considered as 

crush toward the occupant, and are not subject to evaluation by MASH 2016 criteria.
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Figure D-1. Floor Pan Deformation Data – Set 1, Test No. NYT-1 
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Figure D-2. Floor Pan Deformation Data – Set 2, Test No. NYT-1 
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Figure D-3. Occupant Compartment Deformation Data – Set 1, Driver, Test No. NYT-1 
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Figure D-4. Occupant Compartment Deformation Data – Set 1, Passenger, Test No. NYT-1 
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Figure D-5. Occupant Compartment Deformation Data – Set 2, Driver, Test No. NYT-1 
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Figure D-6. Occupant Compartment Deformation Data – Set 2, Passenger, Test No. NYT-1 
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Figure D-7. Exterior Vehicle Crush (NASS) - Front, Test No. NYT-1 
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Figure D-8. Exterior Vehicle Crush (NASS) - Side, Test No. NYT-1 
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Appendix E. Accelerometer and Rate Transducer Data Plots, Test No. NYT-1 
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Figure E-1. 10-ms Average Longitudinal Deceleration (SLICE-2), Test No. NYT-1
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Figure E-2. Longitudinal Occupant Velocity (SLICE-2), Test No. NYT-1
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Figure E-3. Longitudinal Occupant Displacement (SLICE-2), Test No. NYT-1
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Figure E-4. 10-ms Average Lateral Deceleration (SLICE-2), Test No. NYT-1
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Figure E-5. Lateral Occupant Velocity (SLICE-2), Test No. NYT-1
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Figure E-6. Lateral Occupant Displacement (SLICE-2), Test No. NYT-1
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Figure E-7. Vehicle Angular Displacements (SLICE-2), Test No. NYT-1
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Figure E-8. Acceleration Severity Index (SLICE-2), Test No. NYT-1
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Figure E-9. 10-ms Average Longitudinal Deceleration (SLICE-1), Test No. NYT-1
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Figure E-10. Longitudinal Occupant Impact Velocity (SLICE-1), Test No. NYT-1
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Figure E-11. Longitudinal Occupant Displacement (SLICE-1), Test No. NYT-1
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Figure E-12. 10-ms Average Lateral Deceleration (SLICE-1), Test No. NYT-1
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Figure E-13. Lateral Occupant Velocity (SLICE-1), Test No. NYT-1
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Figure E-14. Lateral Occupant Displacement (SLICE-1), Test No. NYT-1
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Figure E-15. Vehicle Angular Displacements (SLICE-1), Test No. NYT-1
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Figure E-16. Acceleration Severity Index (SLICE-1), Test No. NYT-1
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