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SI* (MODERN METRIC) CONVERSION FACTORS 
APPROXIMATE CONVERSIONS TO SI UNITS 

Symbol When You Know Multiply By To Find Symbol 

LENGTH 
in. inches 25.4 millimeters  mm 

ft feet 0.305 meters  m 

yd yards  0.914 meters  m 
mi miles  1.61 kilometers km 

AREA 
in2 square inches 645.2 square millimeters mm2 

ft2 square feet  0.093 square meters  m2 

yd2 square yard  0.836 square meters  m2 
ac acres  0.405 hectares  ha 

mi2 square miles  2.59 square kilometers  km2 

VOLUME 
fl oz fluid ounces 29.57 milliliters  mL 

gal gallons  3.785 liters  L 

ft3 cubic feet 0.028 cubic meters m3 

yd3 cubic yards 0.765 cubic meters m3 
NOTE: volumes greater than 1,000 L shall be shown in m3 

MASS 
oz ounces 28.35 grams  g 
lb pounds 0.454 kilograms kg 

T short ton (2,000 lb) 0.907 megagrams (or “metric ton”) Mg (or "t")  

TEMPERATURE (exact degrees) 

°F  Fahrenheit  
5(F-32)/9 

or (F-32)/1.8 
Celsius  °C  

ILLUMINATION 
fc foot-candles  10.76 lux lx 
fl foot-Lamberts 3.426 candela per square meter cd/m2 

FORCE & PRESSURE or STRESS 
lbf poundforce  4.45 newtons  N 
lbf/in2 poundforce per square inch 6.89 kilopascals  kPa 

APPROXIMATE CONVERSIONS FROM SI UNITS 

Symbol When You Know Multiply By To Find Symbol 

LENGTH 

mm millimeters  0.039 inches in. 
m meters  3.28 feet ft 

m meters  1.09 yards  yd 

km kilometers 0.621 miles  mi 

AREA 

mm2 square millimeters 0.0016 square inches in2 
m2 square meters  10.764 square feet  ft2 

m2 square meters  1.195 square yard  yd2 

ha hectares  2.47 acres  ac 
km2 square kilometers  0.386 square miles  mi2 

VOLUME 

mL milliliter  0.034 fluid ounces fl oz 
L liters  0.264 gallons  gal 

m3 cubic meters 35.314 cubic feet ft3 

m3 cubic meters 1.307 cubic yards yd3 

MASS 

g grams  0.035 ounces oz 

kg kilograms 2.202 pounds lb 

Mg (or "t")  megagrams (or “metric ton”) 1.103 short ton (2,000 lb) T 

TEMPERATURE (exact degrees) 

°C  Celsius  1.8C+32 Fahrenheit  °F  

ILLUMINATION 

lx lux 0.0929 foot-candles  fc 
cd/m2 candela per square meter  0.2919 foot-Lamberts fl 

FORCE & PRESSURE or STRESS 

N newtons  0.225 poundforce  lbf 
kPa kilopascals  0.145 poundforce per square inch lbf/in2 

*SI is the symbol for the International System of Units. Appropriate rounding should be made to comply with Section 4 of ASTM E380. 
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1 INTRODUCTION 

1.1 Background and Problem Statement 

Over the past few decades, the Ohio and Illinois Departments of Transportation (Ohio DOT 

and Illinois DOT) have regularly installed steel-tube bridge railings to safely treat the edges of 

their bridges. These bridge railings consist of multiple steel-tube rails mounted to the face of I-

section steel posts, as shown in Figures 1 and 2 for the states of Ohio and Illinois, respectively. 

The systems were designed without a curb to allow water to drain off the sides of a bridge, and the 

posts were mounted to the side of the bridge deck to maximize the traversable width of the bridge. 

 
Figure 1. Existing Ohio Side-Mounted Steel-Tube Bridge Railing [1] 
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Figure 2. Existing Illinois Side-Mounted Steel-Tube Bridge Railing [2] 

The bridge railings shown in Figures 1 and 2 were originally developed to satisfy the Test 

Level 4 (TL-4) safety criteria found in National Cooperative Highway Research Program 

(NCHRP) Report No. 350 [3]. However, in 2009, the American Association of State Highway and 

Transportation Officials (AASHTO) implemented a new standard for the evaluation of roadside 

hardware, the Manual for Assessing Safety Hardware (MASH) [4]. The MASH criteria superseded 

the criteria found in NCHRP Report 350 and significantly increased the impact severity for the 

three crash tests prescribed under TL-4 conditions. Specifically, the impact angle for the small car 

test was increased, the impact speed for the single unit truck test was increased, and the weight of 

all three vehicles (small car, pickup truck, and the single unit truck) were increased. Note, the 2nd 

Edition of MASH was published in 2016 [5] with minimal changes to the criteria for evaluating 

bridge rails. As such, the existing steel-tube bridge rails needed to be modified and evaluated to 

the new MASH 2016 TL-4 safety performance criteria.  
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The ends of bridge rails require approach guardrail transitions (AGTs) to safely connect 

the bridge rail to guardrail systems on the adjacent roadway. Specifically configured to prevent 

pocketing and vehicle snag on the bridge rail end, AGTs are typically designed to meet TL-3 

impact safety standards. With the geometric and strength modifications required of the steel-tube 

bridge rail to satisfy MASH 2016 TL-4 criteria, development of a new AGT and associated 

modifications to the ends of the bridge rail were also required to complete the design of the desired 

MASH 2016 TL-4 bridge rail. 

1.2 Research Objectives 

The objective of this research study was to develop a MASH 2016 TL-4 steel-tube bridge 

rail with a TL-3 approach guardrail transition. The design and evaluation of the bridge rail was 

completed in previous phases of this research. Documentation of the development of the bridge 

rail can be found in reports by Pena and Mauricio [6-9]. The research efforts documented herein 

cover the development and evaluation of the AGT attached to the ends of the new bridge rail. 

The AGT was required to safely connect the new MASH TL-4 steel-tube bridge rail to the 

Midwest Guardrail System (MGS) located on the adjacent roadway while preventing snagging on 

the bridge rail during both conventional and reverse-direction (traveling from bridge to roadway) 

impacts. Additionally, it was desired to maximize the distance between the final AGT post and the 

first bridge rail post to avoid post installation obstacles, such as bridge abutments and wing walls. 

Since the bridge rail was developed to remain crashworthy after roadway overlays up to 3 in. thick, 

the same criteria were desired for the adjacent AGT. Although the bridge rail was MASH TL-4 

compliant, the AGT was only required to satisfy MASH TL-3 criteria, which matched the test level 

of the adjacent MGS. 

The research presented in this report pertains only to the development and MASH 2016 

evaluation of the new TL-3 AGT to the TL-4 steel-tube bridge rail. Recommendations and 

implementation guidance for both the bridge rail and the AGT were documented in a separate 

summary report [10], the fourth and final report in the series related to this research project. 

1.3 Research Scope 

Development of a MASH TL-3 AGT for use with the new TL-4 steel-tube bridge rail began 

with the review of previous NCHRP Report 350 and MASH AGTs connected to steel-tube bridge 

rails. A previously developed W-to-thrie beam guardrail stiffness transition was selected for use 

at the upstream end of the AGT, so design efforts focused on the downstream region of the AGT 

and the end of the bridge rail. Modifications were made to the steel tube rails to prevent vehicle 

snag, and new rail components were designed to connect with the thrie-beam AGT. LS-DYNA 

computer simulations were utilized to conduct preliminary evaluations of the new AGT concepts 

and to identify critical impact points (CIPs). Two full-scale crash tests were conducted on the new 

AGT in accordance with MASH test designation nos. 3-20 and 3-21. Finally, the test results were 

evaluated in accordance with MASH safety performance criteria. 
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2 LITERATURE REVIEW 

A literature review was performed on connections between previously crash-tested AGTs 

and bridge rails that were considered relevant to the development of a TL-3 AGT for use with the 

new TL-4 steel-tube bridge rail. The review focused on MASH TL-3 AGTs and NCHRP Report 

350 TL-3 and TL-4 AGTs. Relevant systems are discussed in the following sections.   

Various thrie-beam AGTs that connect to steel bridge rails and incorporate tube-section 

rail elements exist in current roadside applications. However, not all AGTs have been crash tested. 

The bridge rails tended to consist of strong, steel posts that were either side-mounted or top-

mounted to the bridge deck. The AGTs typically incorporated nested thrie beam guardrail and 

guardrail posts with a reduced post spacing as compared to typical guardrail installations.  

2.1 Ohio MGS Bridge Terminal Assembly, Type 1 

Ohio DOT’s MGS Bridge Terminal Assembly, Type 1 was a 31-in. tall thrie-beam 

transition connecting to the 31-in. tall Twin Steel Tube Bridge Railing or a concrete parapet [11], 

as shown in Figure 3. The AGT consisted of nested thrie-beam rail on 12-in. deep wood blockouts 

mounted on six W6x9 steel posts spaced at 18¾-in. on-center, commonly referred to as quarter-

post spacing. No actual crash test data and/or Federal Highway Administration (FHWA) reports 

were found, but detailed plans of the system were obtained from Ohio DOT. Complete drawing 

details for the transition and bridge rail are shown in Figures A-1 through A-6 of Appendix A. 

The Twin Steel Tube Bridge Railing was a curb- or side-mounted system consisting of 

wide-flange posts and tubular steel rail elements designed and tested to the former AASHTO crash 

standards as satisfying Performance Level 2 (PL-2) safety criteria [12], approximately equivalent 

to NCHRP Report 350 TL-4 safety standards. The bridge rail consisted of W6x25 posts spaced at 

6 ft – 3 in. with two HSS8x4x5/16 rail elements, as shown in Figure 4.  

 
Figure 3. Ohio DOT MGS Bridge Terminal Assembly, Type 1 [11] 
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Figure 4. Ohio DOT Twin Steel Bridge Railing with AGT Terminal Connector [1, 11] 

The connection of the thrie-beam rail to the steel-tube bridge rail consisted of a ½-in. thick 

guardrail connection plate mounted to the front face of the tube railings at 1 ft upstream from the 

first bridge rail post, as shown in Figure 5. The guardrail connection plate was a 12-in. x 22-in. 

rectangular plate with a ½-in. stiffener on the back side of the plate. A separate ½-in. thick deflector 

plate was welded to the rectangular plate and stiffener and was situated between the tube railings. 

This deflector plate tapered 4 in. to the backside of the railings over a 12-in. length at a 3:1 taper 

ratio to prevent snag at the connection during reverse-direction impacts. However, the transition 

system was never tested in the reverse direction or in the normal traffic direction. 

 
 

Figure 5. Ohio Guardrail Connection Plate [11] 

A thrie-beam terminal connector was connected to nested thrie-beam rails and mounted to 

the connection plate and the tube railings with eight ⅞-in. diameter by 6-in. long A325 bolts. The 

nested thrie-beam rails and terminal connector were also connected to the front face of the tube 

railings using two ⅝-in. diameter by 7-in. long bolts, with plate washers and hex nuts. Bearing 

plates were placed between the guardrail and the tube railings. 
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2.2 Illinois Traffic Barrier Terminal, Type 6A 

The Illinois Traffic Barrier Terminal, Type 6A was a 31-in. tall thrie-beam transition 

connecting to a 32-in. tall top- or side-mounted, two-tube bridge rail [13], as shown in Figure 6. 

Similar to the Ohio AGT, the Illinois AGT utilized nested thrie-beam rail, six W6x9 steel posts at 

quarter-post spacing, and 8-in. deep wood blockouts. No crash test data was found on the Illinois 

AGT. Complete drawing details for the transition and bridge rail are shown in Figures A-7 through 

A-10 of Appendix A. 

 
Figure 6. Illinois Traffic Barrier Terminal, Type 6A [13] 

The Illinois Type SM Side-Mounted Bridge Rail was a side-mounted railing consisting of 

wide-flange posts and tubular steel rail elements designed and tested to the former AASHTO PL-

2 crash safety standards [14], approximately equivalent to NCHRP Report 350 TL-4 standards. 

The bridge rail design consisted of W6x25 posts spaced at 6 ft – 3 in. with an HSS8x4x5/16 top rail 

element and an HSS6x4x¼ bottom rail element, as shown in Figure 7.  
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Figure 7. Illinois Type Side-Mounted Bridge Rail [14] 

The connection of the thrie-beam rail to the steel-tube bridge rail consisted of a ½-in. 

guardrail connection plate mounted to the front face of the tube railings at 1 ft upstream from the 

first bridge rail post, as shown in Figure 8. The guardrail connection plate consisted of a 13⅜-in. 

x 21-in. rectangular plate, a ⅜-in. stiffener on the back side of the plate, and a 4-in. x 4-in. x ⅜-in. 

angle. The stiffener and angle were placed below the top railing and above the lower railing, 

respectively. A separate ½-in. deflector plate was welded to the rectangular plate and stiffener and 

was situated between the tube railings. This deflector plate tapered 4 in. to the backside of the 

railings over a 12 in. length at a 3:1 taper to prevent snag at the connection in reverse-direction 

impacts. However, the transition system was never tested in the reverse direction. 

 
Figure 8. Illinois Guardrail Connection Plate [13] 
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The thrie-beam terminal connector mounted the guardrail connection plate to the bridge 

rail with seven ⅞-in. diameter, high-strength bolts. The spliced connection between the nested 

thrie-beam rails and terminal connector was also connected to the ends of the bridge rail with a 5-

in. x 3-in. x ¼-in. steel angle. The angle bolted to rail cap plates welded to the ends at the bridge 

railings. These 3/16-in. rail cap plates utilized ⅝-in. reduced base welded studs with ⅝-in. washers 

and self-locking nuts or nuts and jam nuts for the guardrail connection.  

2.3 Texas T131RC Bridge Rail Transition 

The Texas DOT T131RC Bridge Rail Transition was a 31-in. tall thrie-beam transition 

connecting to a 36-in. tall top-Texas T131RC bridge rail [15], as shown in Figure 9. The T131RC 

transition consisted of two nested 12-gauge thrie beam rails supported by six W6x8.5 posts spaced 

at 37½ in. on-center and was developed to satisfy MASH TL-3 impact safety criteria [15]. 

Complete drawing details for the transition and bridge rail are shown in Figures A-11 through A-

26 of Appendix A. 

 
Figure 9. Texas T131RC Bridge Rail and Transition [15] 

The Texas T131RC Bridge Rail consisted of two HSS6x6x¼ structural tubes supported by 

W6x20 steel posts spaced at 5 ft. The bridge rail was successfully crash tested in accordance with 

MASH TL-3 test criteria [16]. The system was anchored into an 8-in. wide x 11-in. high, cast-in-

place concrete curb that was anchored to a cast-in-place, 8-in. thick, cantilevered concrete deck. 

The width of the cantilever was 20¾ in.  

The nested thrie-beam transition connected to a 10-gauge terminal connector and was 

anchored to the end of the bridge rail. The terminal connector was attached to the traffic face of 

the HSS6x6x¼ railings used for the T131RC Bridge Rail using three ⅞-in. diameter, A325 bolts. 

The terminal connector was anchored to the end of the rail near the W6x15 bridge rail post in the 

concrete curb. Two HSS sections called fill blocks were located between the tube railings and curb 

and attached to the bridge rail using two ¾-in. diameter by 20-in. long bolts. These fill blocks were 

mounted flush to the tube railings to prevent vehicle snag in reverse-direction impacts. The fill 

blocks were fabricated using HSS6x6x¼ tubes and were tapered to the back side of the bridge rail 

on the exposed end in the installation. The top rail tapered down 5 in. over a 22-in. length at a 4:1 

taper rate, terminating behind the thrie-beam rail of the AGT. 
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The transition system successfully passed the small car and pickup truck full-scale crash 

tests required by MASH TL-3. The 1100C small passenger vehicle impacted the transition 5 ft 

upstream from the first bridge rail post, at an impact speed and angle of 61.5 mph and 25.6 degrees, 

respectively. The 2270P pickup truck impacted the transition 7.2 ft upstream from the first bridge 

rail post, at an impact speed and angle of 62.7 mph and 25.1 degrees, respectively. Minimal 

dynamic and permanent deformations were observed, which would not require repair after most 

impacts. The transition system was not tested in the reverse direction.   

2.4 Oregon Two-Tube Side Mount Rail Transition 

The Oregon Two-Tube Side Mount Rail Transition was a 31-in. tall thrie-beam transition 

connecting to a 32½-in. tall Two-Tube Side Mount Rail [17-18], as shown in Figure 10. The 

Oregon transition system consisted of nested 12-gauge thrie-beam rails supported by six W6x9 

steel posts at quarter-post spacing. The bridge rail consisted of an HSS8x4x5/16 top rail and an 

HSS6x4x¼ lower rail supported by W6x25 steel posts spaced at 6 ft – 3 in. on-center. Drawing 

details for the transition and bridge rail are shown in Figures A-27 and A-28 of Appendix A. 

 
Figure 10. The Oregon Two-Tube Side Mount Rail and Transition [17] 

The connection of the thrie-beam rail to the bridge rail consisted of a ½-in. guardrail 

connection plate mounted to the front face of the tube railings located at the first bridge rail post, 

as shown in Figure 11. The guardrail connection plate consisted of a 12-in. x 22-in. rectangular 

plate, a ⅜-in. stiffener on the back side of the plate, and a 4-in. x 3½-in. x ⅜-in. steel angle. The 

stiffener and angle were placed below the top railing and above the lower railing, respectively. No 

deflector plate was utilized between the middle tube railings. No crash test data was found on the 

transition to the Oregon Two-Tube Bridge Rail. 

The thrie-beam terminal connector attached the guardrail connection plate to the bridge 

railings with six ⅞-in. diameter A325 bolts. The spliced connection between the nested thrie-beam 

rails and terminal connector was also connected to the ends of the bridge railings with a 3-in. x 4-

in. x ¼-in. steel angle. The angle bolted to rail cap plates welded to the ends at the bridge railings. 

These 3/16-in. rail cap plates utilized ⅝-in. welded studs for the guardrail connection.  
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Figure 11. Oregon Transition Connection and Guardrail Connection Plate [17] 

2.5 Alaska Multi State Thrie-Beam Transition 

The Alaska Multi State Thrie-Beam Transition was a 31-in. tall thrie-beam transition 

connecting to the 34-in. tall Alaska Multi-State Bridge Rail [19-20], as shown in Figure 12. The 

Alaska transition system consisted of nested 12-gauge thrie-beam rails on six W6x9 steel posts at 

quarter-post spacing. The bridge rail consisted of an HSS8x4x5/16 top rail element and an 

HSS6x4x¼ lower rail element supported by W8x24 steel posts spaced at 10 ft – 4½ in. on-center. 

Both the transition and the bridge rail were successfully evaluated to NCHRP Report 350 TL-4 

safety performance criteria [19-20]. Drawing details for the transition and bridge rail are shown in 

Figures A-29 through A-33 of Appendix A. 
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Figure 12. The Alaska Multi State Thrie-Beam Transition and Bridge Rail [19] 

The Alaska transition connection was similar in design to the Illinois and Oregon AGT 

connections. The Alaska connection of the thrie-beam rail to the bridge rail consisted of a ½-in. 

guardrail connection plate mounted to the front face of the tube railings located at the first bridge 

rail post, as shown in Figure 13. The guardrail connection plate consisted of a 13½-in. x 22-in. 

rectangular plate, a ⅜-in. stiffener on the back side of the plate, and a 4-in. x 4-in. x ⅜-in. steel 

angle. The stiffener and angle were placed below the top railing and above the lower railing, 

respectively. No deflector plate was utilized between the middle tube railings. 

 

 
Figure 13. Alaska Guardrail Connection Plate [19] 

The thrie-beam terminal connector mounted the guardrail connection plate to the bridge 

rail with seven ⅞-in. diameter A325 bolts. The spliced connection between the nested thrie-beam 
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rails and terminal connector was also connected to the ends of the bridge railings with a 5-in. x 3-

in. x ¼-in. steel angle, as shown in Figure 13. The angle bolted to rail cap plates welded to the 

ends at the bridge railings. These 3/16-in. rail cap plates utilized ⅝-in. welded studs for the guardrail 

connection. A separate ½-in. deflector plate was welded to the rectangular plate and stiffener and 

was situated between the tube railings. This deflector plate tapered 4 in. to the backside of the 

railings over a 12-in. length at a 3:1 taper rate, which was designed to prevent snag at the 

connection in reverse-direction impacts. However, the transition system was never tested in the 

reverse direction. 

The Alaska transition system was successfully crash tested with an 1,810-lb passenger car 

impacting the system at 62 mph at a 20-degree angle, a 4,410-lb pickup truck impacting the system 

at 62 mph at a 25-degree angle, and a 18,000-lb single-unit truck impacting the system at 50 mph 

at a 15-degree angle. The transition sustained minimal damage. However, structural damage was 

imparted to the bridge deck at the first bridge rail post in the single-unit truck test. The end of the 

curb at the edge of the bridge deck was cracked and pushed back ⅞ in. This transition system was 

never tested in the reverse direction. The Alaska Multi State Thrie-Beam Transition satisfied all 

NCHRP Report 350 TL-4 criteria. 

2.6 California Type 115 Transition 

The California Type 115 Transition was a 31-in. tall thrie-beam transition connecting to 

the 30-in. tall California Type 115 bridge rail [21], as shown in Figure 14. The Type 115 transition 

consisted of 10-gauge thrie-beam rails supported by three 6-ft long timber posts with wood 

blockouts spaced at 37½-in. on-center. The California Type 115 bridge rail featured two 

HSS4x4x¼ tube rails with W8x31 posts spaced at a minimum and maximum of 6 ft and 8 ft, 

respectively. The bridge rail met the AASHTO Guide Specifications for Bridge Rails PL-1 criteria 

[21]. The transition system failed to meet the intended PL-2 criteria but performed adequately for 

a PL-1 rating. Details for the transition and bridge rail are shown in Figures A-34 through A-36 of 

Appendix A. 

 
Figure 14. The California Type 115 Bridge Rail and Transition [21] 
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The thrie-beam transition barrier was attached to the Type 115 bridge rail with a 12-in. x 

20-in. x ¼-in. steel plate. A 12-in. long HSS4x4x¼ structural steel tube was welded onto the plate. 

The flat side of the plate was bolted to the thrie beam. The side of the plate with the steel tube was 

fitted between the two tube railings on the Type 115 bridge rail and was bolted to the post, as 

shown in Figure 15. 

 
Figure 15. Transition to Type 115 Bridge Rail Connector [21] 

There was one impact test on the Type 115 bridge rail transition. A 5,400-lb 1985 Chevy 

Custom Deluxe pickup truck impacted the transition and bridge rail connection at an AASHTO 

PL-1 impact speed and angle of 46.5 mph and 19.2 degrees, respectively. The pickup truck was 

redirected when some pocketing occurred upstream from the first transition post. The pocketing 

issue, in conjunction with wheel snag during two crash tests on the bridge rail, led to the 

recommendation that the Type 115 transition and bridge rail only be used as a PL-1 rated system 

[21]. The transition system was never tested in the reverse direction. Furthermore, after 

considerations of the transition design, it was concluded that there may be issues with reverse-

direction impacts. Therefore, the transition was recommended to not be used where impacts could 

occur in the reverse direction.  

2.7 New Hampshire T2 Steel Bridge Rail Transition 

The New Hampshire T2 Steel Bridge Rail Transition was a 32-in. tall thrie-beam transition 

connecting to the 34-in. tall T2 Steel Bridge Rail by a two-tube transition rail [22], as shown in 

Figure 16. The T2 transition consisted of nested 12-gauge thrie beam rails supported by seven 6-

in. x 8-in. x 7-ft long wood posts spaced at 18¾ in. on-center and satisfied NCHRP Report 350 

TL-3 testing criteria. Transition and bridge rail drawing details are shown in Figures A-37 and A-

38 of Appendix A. 

The bridge rail consisted of an HSS8x4x5/16 top rail element and an HSS4x4x¼ lower rail 

element supported by W6x25 steel posts spaced at 8 ft and was successfully crash tested by the 

New Hampshire Transportation Consortium to meet AASHTO PL-2 testing criteria [22], 

approximately equivalent to NCHRP Report 350 TL-4 requirements. A 7-in. tall simulated curb 
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was installed throughout the transition and extended in front of the rail tubes by 6 in. and in front 

of the thrie-beam rail by 1¼ in.  

 
Figure 16. The New Hampshire T2 Steel Bridge Rail and Transition [22] 

The connection of the thrie-beam rail to the steel-tube bridge rail consisted of two tube 

transition rails of the same tubular elements used in the bridge rail by means of a ½-in. guardrail 

connection plate mounted to the front face of the tube railings, as shown in Figure 17. The guardrail 

connection plate consisted of a 20-in. x 27-in. x ½-in. rectangular plate with clipped corners on the 

downstream end of the plate. A separate ½-in. thick deflector plate was bolted to the middle of the 

connection plate and tapered 3-in. to the backside of the railings over a 6-in. length at a 2:1 taper 

rate, designed to prevent snag at the connection in reverse-direction impacts. However, the 

transition system was never tested in the reverse direction.  

The guardrail connection plate was bolted to the ends of the two tube transition rails and 

to the first adjacent AGT post. The thrie-beam terminal connector mounted the guardrail 

connection plate to the bridge railings with eight ⅞-in. diameter, high-strength bolts. The spliced 

connection between the nested thrie-beam rails and terminal connector was connected to the first 

adjacent AGT post using two ⅝-in. diameter standard guardrail bolts. 

The transition system was successfully crash tested with a 4,410-lb pickup truck impacting 

the transition connection 67 in. upstream from the first bridge rail post at an impact speed and 

angle of 63.6 mph and 24.9 degrees, respectively. Moderate damage was imparted to the rail in the 

form of deformations to the lower two corrugations. 
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Figure 17. NH T2 Transition Guardrail Connection Plate [22] 

2.8 Wisconsin Thrie-Beam Transition 

The Wisconsin Thrie-Beam Transition was a 31½-in. tall transition connecting to the 42-

in. tall Type “M” Tubular Steel Bridge Rail [23], as shown in Figure 18. The transition system 

consisted of nested 12-gauge thrie-beam rails supported by six 6-in. x 8-in. x 7-ft long wood posts 

at quarter-post spacing and satisfied NCHRP Report 350 TL-3 testing criteria. The bridge rail 

consisted of an HSS5x4x¼ top rail element and HSS5x5x¼ middle and lower rail elements 

supported by W6x25 steel posts spaced at 6 ft – 6 in. and was successfully crash tested to meet 

NCHRP Report 350 TL-4 testing criteria [23]. Drawing details for the transition and bridge rail 

are shown in Figures A-39 and A-40 of Appendix A. 
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Figure 18. Wisconsin Thrie-Beam Transition and Type "M" Steel Tube Bridge Rail [23] 

The connection of the thrie-beam rail to the bridge rail consisted of a back-up plate and an 

anchor plate, as shown in Figure 19. The ½-in. back-up plate consisted of a 22-in. x 20-in. section 

mounted to the front face of the middle tube railings of the bridge rail with clipped corners on the 

downstream side of the plate. The back-up plate tapered back 5 in. between the lower railings over 

a 20-in. length at a 4:1 taper rate and was bolted to the back side of the tube railings. This tapered 

back section of the back-up plate was designed to prevent vehicle snag in reverse-direction 

impacts. However, the transition system was never tested in the reverse direction.  

 
Figure 19. Wisconsin Back-Up Plate [23] 
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The thrie-beam terminal connector was connected to the back-up plate and the lower tube 

railings with five ⅞-in. diameter x 7-in. long high-strength bolts and two ⅞-in. diameter x 1½-in. 

long threaded shop welded studs. At the last bridge rail post, the HSS5x4x¼ top rail element 

tapered down 12 in. over a 24-in. length at a 2:1 slope and was welded to the top of the middle 

tube railing. Termination of both the tapered top rail element and the ends of the middle and lower 

rail elements was situated behind the thrie-beam rail 18 in. downstream from the first guardrail 

post. 

The transition system was successfully crash tested with a 4,410-lb pickup truck impacting 

the system at a speed and angle of 62.6 mph and 25.2 degrees, respectively. The transition was 

impacted 82 in. downstream from the first bridge rail post. No snagging or vehicle instability 

occurred during the impact event. As previously noted, the transition system was never tested in 

the reverse direction. 

2.9 TL-4 Bridge Rail and Transition for Transverse Glulam Decks 

The TL-4 AGT was a 31-in. thrie-beam system connected to a 36-in. tall TL-4 thrie-beam 

and steel tube bridge railing [24], as shown in Figure 20. The transition system consisted of 10-

gauge thrie-beam supported by five W6x15 posts spaced at 37½ in. on-center and was developed 

to satisfy NCHRP Report 350 TL-4 criteria. The thrie-beam bridge rail consisted of 10-gauge thrie-

beam rail and an HSS8x3x3/16 upper tube rail supported by W6x15 posts spaced at 8 ft on-center 

and was successfully crash tested to meet NCHRP Report 350 TL-4 criteria [24]. The bridge rail 

was anchored to a 5⅛-in. thick transverse glulam timber deck with a 2-in. wearing surface. 

 

 
Figure 20. TL-4 Thrie-Beam Bridge Rail and AGT for Timber Decks [24] 

Within the bridge rail section, the upper tube rail was attached to the top of the steel spacer 

blocks. At the connection of the AGT to the bridge rail, the upper tube rail was flared back 8 in. 

over a 32-in. length at a 1:4 ratio to connect on top of the first transition post. The upper tube was 

attached to the top of the first transition post and then sloped down 8 in. over a 24-in. length at a 
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1:3 ratio to attach to the tube rail terminator connection to the second transition post. These lateral 

and vertical tapers are shown in Figure 21.  

 
Figure 21. Top Bridge Rail Transition Details [24] 

The transition system was successfully crash tested with a pickup truck and a single-unit 

truck. The 4,396-lb pickup truck impacted the transition 5.7 ft upstream from the first bridge rail 

post at an impact speed and angle of 58.2 mph and 25.5 degrees, respectively. The 17,650-lb 

single-unit truck impacted the transition 7.8 ft upstream from the first bridge rail post at an impact 

speed and angle of 50.8 mph and 15.2 degrees, respectively. In the analysis of the test results from 

both crash tests, Midwest Roadside Safety Facility (MwRSF) determined that the transition system 

adequately contained and redirected the vehicles with controlled lateral displacements of the 

guardrail transition.  
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3 APPROACH GUARDRAIL TRANSITION CONNECTION DESIGN 

3.1 Design Criteria 

The intent of the research project was to develop a transition between MGS and the newly 

developed Ohio/Illinois steel-tube bridge rail. Although the bridge rail was developed to be MASH 

TL-4 compliant, the AGT was only required to satisfy MASH TL-3 criteria. Note that MGS 

installations adjacent to the bridge rail are also MASH TL-3 systems. Thus, the transition from 

TL-3 to TL-4 would occur downstream from the first bridge post. To satisfy MASH TL-3 criteria, 

the AGT must provide sufficient lateral strength to redirect passenger vehicles and be configured 

with a geometry to prevent vehicle snag. 

Additionally, the AGT must be crashworthy before and after roadway overlays. The TL-4 

steel-tube bridge railing was designed to remain MASH crashworthy after overlays up to 3 in. 

thick. Thus, it was desired for the AGT to remain crashworthy after roadway overlays without 

adjusting the bridge rail or the adjacent AGT. 

Finally, it was desired to maximize the longitudinal distance between the adjacent 

transition and bridge rail posts (i.e., between the last transition post and first bridge rail post, or 

between the first transition post and last bridge rail post).  Maximizing this longitudinal distance 

helps to avoid installation issues adjacent to the bridge end where abutments, bents, or wing walls 

could prevent post placement. Often, bridge rails in both Illinois and Ohio must incorporate a top-

mounted end post to aid in connecting bridge rails to the adjacent approach guardrails, as shown 

in Figure 22. Eliminating the need for this end post would reduce hardware and simplify 

installation. 

 
Figure 22. Top-Mounted Bridge Rail End Post 
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3.2 Base AGT Configuration 

MASH AGTs typically follow one of two different post-spacing configurations near the 

bridge end for connecting the thrie-beam rail: (1) a ¼-post spacing configuration, which 

incorporates W6x9 steel posts at 18¾ in. on-center or (2) a ½-post spacing configuration, which 

incorporates W6x15 posts at 37½ in. on-center, as shown in Figure 23. The ½-post spacing 

configuration was viewed as the more desirable AGT layout as it would allow greater distance 

between the adjacent transition and bridge rail posts.  

 
Figure 23. AGT Post Spacing Configuration 

Historically, thrie beam AGTs have been designed, evaluated, and installed with 31-in. top 

mounting heights. Unfortunately, roadway overlays reduce the effective height of the guardrail 

relative to the new roadway surface unless milling or grinding of the roadway occurs in 

conjunction with the resurfacing. Although limited research exists on AGTs with lower heights, 

full-scale crash testing on the upstream end of an AGT, which had stiffened W-beam rail mounted 

at a 27.75-in. height, resulted in the rollover of a 2000P pickup truck [25]. The reduced guardrail 

height coupled with the increase in barrier stiffness caused the high center-of-mass vehicle to roll 

toward the system. Thus, an AGT with an effective height below 31 in. is not recommended 

without further evaluation.  

Since the new AGT was desired to be crashworthy even after placement of a 3-in. thick 

roadway overlay, the height of the AGT needed to be raised above the standard 31 in. A 34-in. top 

mounting height was recommended so that the thrie beam rail would be reduced to the standard 

31 in. height after a 3-in. overlay, as shown in Figure 24. Note that the same 3-in. increase in top 

mounting height was incorporated into the design of the new bridge rail, which brought its height 

to 39 in. from a nominal height of 36 in.  
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Figure 24. Transition Top Mounting Height 

One AGT system was developed with a ½-post spacing configuration, a 34-in. top 

mounting height, and has satisfied MASH TL-3 evaluation criteria. The Nebraska DOT 

specifically developed a 34-in. tall AGT, shown in Figure 25, to be crashworthy before and after 

placement of a 3-in. thick roadway overlay, thus matching the desired criteria for the new AGT 

[26]. Although the 34-in. AGT was developed for use with a standardized concrete buttress, the 

connection hardware could be modified to attach to the TL-4 steel-tube bridge railing. Therefore, 

the Nebraska DOT’s 34-in. tall AGT was selected as the base configuration for the new AGT to 

steel-tube bridge railing.  

 
Figure 25. Nebraska DOT’s 34-in. Tall AGT [26] 

3.3 Termination of Top Tube Rail 

Due to the height of the new bridge railing, efforts were made to reduce the propensity for 

snag during impact events by safely terminating the top bridge railing. From the literature review, 

it was observed that steel bridge rail systems with similar geometric sections and rail heights as 
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the new MASH TL-4 steel-tube bridge rail terminated the top bridge railing behind the AGT thrie-

beam rail. For example, the Wisconsin Thrie-Beam Transition, shown previously in Figure 18, had 

the top railing angled downward at a 2:1 slope and was welded onto the top of the middle railing. 

A similar approach was taken for terminating the top HSS12x4x¼ railing of the MASH 

TL-4 steel-tube bridge rail. A top railing assembly was designed featuring a downward sloped end 

that was welded to a bent plate. The top railing was to be angled downward at a 2H:1V slope and 

terminated ½ in. from the end of the middle railing to allow for weld space. The bent plate fit over 

the top and back surfaces of the middle rail, and two ¾-in. diameter bolts were used to attach the 

plate to the middle rail. Note that the same bolts were used to attach the middle and lower rails to 

the bridge posts. This concept for safely terminating the top rail is shown in Figure 26.  

 
Figure 26. Termination of Top Bridge Railing 

3.4 Vehicle Snag  

Vehicle snag was a concern for impacts at the connection in both the conventional and 

reverse directions. For conventional impacts with the vehicle traveling toward the bridge rail, the 

potential for snag arises from height differences between the thrie-beam guardrail and the steel 

tube rails. Vehicle components snagging on the exposed ends of the tube rails could lead to 

excessive decelerations, occupant compartment crush, or vehicle instabilities. Therefore, a smooth 

height transition was needed to prevent snag. A 3H:1V taper was recommended for height 

transitions between the lower two tube rails and the thrie-beam guardrail. The 1V:3H rate was 

based on the performance of guardrail connection plates observed in the literature review. 

Additionally, tires from an impacting vehicle could extend under the lower tube rail and 

snag on a bridge post. Minor tire snag was observed during full-scale testing of the new TL-4 steel-

tube bride rail, but not enough to negatively affect the performance of the bridge rail. However, 

the nested thrie-beam rails of the AGT provided much less bending strength as compared to the 

tube rails, which could lead to increased system deflections, pocketing and/or snag. To limit system 

deflections and the potential for snag or pocketing, it was recommended that the bridge tube rails 

be extended as far upstream as possible and be terminated near the first transition post. 
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For reverse-direction impacts, vehicle snag could occur on the thrie-beam terminal 

connector between the middle and lower tube rails or on the top tube rail as it sloped downward to 

meet the middle tube rail. Designs found during the literature review often included a sloped face 

component between tube rails and adjacent to the terminal connector. This sloped face would push 

vehicle components out from between the tube rails to prevent snagging on the downstream edge 

of the terminal connector. Although none of the previous designs were crash tested with reverse-

direction impacts, the concept showed promise for snag mitigation. 

3.5 Design Concepts 

The 34-in. tall thrie-beam terminal connector could not be easily bolted to the bridge rail 

using the standard five-bolt pattern. Several bolts were located at the top or bottom of the tube 

rails, as shown in Figure 27, which prevented a simple bolted connection. Thus, a unique solution 

was required to complete the connection for the new AGT. Two concepts were explored as possible 

solutions. The first included a connection assembly plate that sloped downward from the terminal 

connector to match the heights of the transition tube rails, while the second included modified tube 

rails that tapered upward to match the height of the thrie beam. These concepts are briefly 

discussed in the following sections. 

 
Figure 27. Thrie-Beam Rail Misaligning with Bridge Rail 

3.5.1 Concept #1: Connection Assembly 

The connection assembly featured a built-up assembly of plates and stiffeners that allowed 

the AGT thrie-beam terminal connector to connect to the end of the bridge rail, as shown in Figure 

28. The terminal connector bolted to the front face of the connection assembly. Horizontal 

stiffeners were welded to the back side of the connection assembly to increase the bending capacity 

of the assembly and reduce the propensity for hinging at the connection during impact. All 

horizontal stiffeners were one piece with the same 5/16-in. thickness. The vertical stiffeners served 

as bracing of the built-up assembly and offered additional bending capacity. All vertical stiffeners 

were independent stiffeners with a thickness of 3/16 in. 
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Figure 28. Concept #1: Connection Assembly 

The use of horizontal and vertical stiffeners to increase the bending capacity of the 

connection assembly was derived from terminal connector plates utilized in New Jersey shaped 

concrete barriers that featured a sloped face, as shown in Figure 29. The connector plate allowed 

the terminal connector of an adjacent AGT thrie-beam rail to connect to the sloped face of the 

concrete barrier. 
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Figure 29. Terminal Connector Plate for New Jersey Shaped Barriers 

The connection assembly attached to the ends of the bridge rail through built-up plates that 

acted as tube splices and were inserted into the middle and lower tube railings, as shown in Figure 

30. The tube splice inserts were flush with the inner front face of the tube railings. 

  
Figure 30. Connection Assembly Attached to the Bridge Rail 

3.5.2 Concept #2: Continuous Transition Tubes 

A second concept was developed which connected the terminal connector directly to the 

HSS tubes with the same sections as the bridge rail. The lower two HSS8x6x¼ tube rails within 

the bridge rail had top heights of 32 in. and 20 in. Specialized HSS8x6x¼ transition tubes were 

fabricated with an angled middle section that sloped up at a 6H:1V rate to achieve top heights of 

34 in. and 22 in. and aligned with the top and bottom of the terminal connector, as shown in Figure 

31.  

A 9-ft span from the final AGT post to the first bridge rail post was selected. The transition 

tubes extended to 12 in. from the centerline of the last AGT post to provide a stiff section 

throughout the transition. The thrie-beam terminal connector bolted directly to the transition tubes, 
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and one additional HSS6x4x¼ tube was sandwiched between the middle and lower transition tubes 

to provide a connection for all five terminal connector bolts. The downstream face of this 

additional tube was tapered back laterally to prevent reverse-direction snag on the terminal 

connector.  

 

 

 

Figure 31. Concept #2: Continuous Transition Tubes 
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4 LS-DYNA MODEL DEVELOPMENT 

The two transition concepts were evaluated using LS-DYNA finite element software [27] 

to evaluate the feasibility of each concept, assist in the design, and to select CIPs for the full-scale 

crash testing effort.  

4.1 Development of the AGT model 

An LS-DYNA model of an AGT consisting of a trailing end anchor, MGS, thrie-beam 

approach guardrail transition, and the standardized concrete buttress had been previously 

developed [28]. The LS-DYNA model was validated against test no. AGTB-2 on the approach 

guardrail transition [28-29]. This model was modified to utilize the post sections and spacing and 

a top rail height of 34 in. as was used in test nos. 34AGT-1 and 34AGT-2 [26], shown in Figure 

32. The total system length of the LS-DYNA model was 6.25 ft shorter than length of the actual 

test installations, which was due to a shorter length of MGS being placed upstream of the MGS. 

Thus, the LS-DYNA model had 18 posts, while the test installations for test nos. 34AGT-1 and 

34AGT-2 utilized 19 posts. 

Two vehicle models were used in the simulations. A Dodge Ram pickup truck vehicle 

model was originally developed by the Center for Collision Safety and Analysis Team at George 

Mason University [30] and was modified by MwRSF personnel for use in roadside safety 

applications. A model of a 2010 Toyota Yaris was originally developed by the National Crash 

Analysis Center at the George Washington University and was modified by MwRSF personnel for 

use in roadside safety applications [31]. 

 

 
Figure 32. 34-in. Tall Approach Guardrail Transition Model 

Although a complete model validation was not conducted, several key parameters were 

compared between test nos. 34AGT-1 and 34AGT-2, including occupant impact velocities (OIVs), 

occupant ridedown accelerations (ORAs), angular displacements, and dynamic deflections. A 
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comparison of results between the simulations and test nos. 34AGT-1 and 34AGT-2 are shown in 

Tables 1 and 2, respectively. The metrics compared very well for the pickup truck (test no. 34AGT-

1), with the simulation overpredicting longitudinal OIV and lateral ORA. However, the metrics 

did not compare well with the small car (test no. 34AGT-2) as the simulation overpredicted 

longitudinal OIV, longitudinal ORA, pitch, and dynamic deflection but underpredicted lateral 

ORA and roll. However, the general behavior of the small car was reasonable. Since the pickup 

truck simulation compared well with test no. 34AGT-1, the transition model was utilized for this 

study. However, the areas where the model did not compare well for both the pickup truck and 

small car simulations were taken into account when utilizing the model to evaluate AGT 

configurations as part of this study.  

Table 1. Comparison of Test No. 34AGT-1 and Simulation 

Evaluation Criteria Test No. 34AGT-1 
Simulation (34agt1-

v11) 

MASH 2016 

Limits 

OIV ft/s 
Longitudinal -20.2 -27.2 ±40 

Lateral 25.9 25.4 ±40 

ORA g's 
Longitudinal -10.8 -10.2 ±20.49 

Lateral 8.9 11.9 ±20.49 

Maximum Angular 

Displacement deg. 

Roll 12.0 8.3 ±75 

Pitch 4.4 5.1 ±75 

Yaw 38.9 39.7 N/A 

Maximum Dynamic Deflection in. 7.8 7.7 N/A 

Maximum Dynamic Deflection Location 2nd to last AGT post 2nd to last AGT post N/A 

N/A = not applicable 

Table 2. Comparison of Test No. 34AGT-2 and Simulation 

Evaluation Criteria Test No. 34AGT-2 
Simulation (34agt2-

v3) 

MASH 2016 

Limits 

OIV ft/s 
Longitudinal -6.9 -10.1 ±40 

Lateral 10.0 9.7 ±40 

ORA g's 
Longitudinal -10.8 -19.9 ±20.49 

Lateral 14.7 11.3 ±20.49 

Maximum Angular 

Displacement deg. 

Roll -10.0 6.9 ±75 

Pitch -5.5 17.6 ±75 

Yaw 94.9 61.0 N/A 

Maximum Dynamic Deflection in. 2.7 5.2 N/A 

Maximum Dynamic Deflection Location Last AGT post Last AGT post N/A 

 

4.2 Development of IL-OH Bridge Rail Model 

A bridge model with 7 posts and 6 rail spans was also created, as shown in Figure 33. For 

evaluation of the two transition concepts, minimal vehicle interaction with the bridge rail was 

anticipated. Thus, the full bridge rail model was not validated against test nos. STBR-2 through 
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STBR-4 [6-7]. It was most important for the bridge rail posts to have accurate deflection behavior, 

as the impacting vehicle may contact and snag on the bridge rail posts. Therefore, the bridge rail 

posts and post connection, as shown in Figure 34, were previously modeled and validated by 

Mauricio, et al. [8-9]. The rails were created from shell elements with material properties 

consistent with the ASTM A500 steel material. The rail-to-splice and rail-to-post bolts were 

simulated with constrained nodal rigid bodies. The concrete bridge deck was not modeled, and the 

embedded plate on the bridge rail posts was rigid and constrained, similar to how the actual 

connection behaves.   

 

 

 
Figure 33. Bridge Rail Model 
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Figure 34. Bridge Post Model [8-9] 

4.3 Connection Model 

4.3.1 Concept #1 

The concept #1 connection assembly model is shown in Figure 35. The model utilized shell 

elements for the connection assembly, wedge middle tube, and top tube transition with material 

properties consistent with those steel sections. Bolts were modeled as constrained nodal rigid 

bodies or tied rigid bodies.  
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The connection assembly was initially designed and evaluated utilizing 3/16-in. vertical and 

horizontal gusset plates. Another model evaluated 3/16-in. vertical gusset plates and 5/16-in. 

horizontal gusset plates. Three post configurations were evaluated, as shown in Figure 36. The 

first configuration utilized the three standard W6x15 AGT posts with a 9-ft span length between 

the last AGT post and the first bridge rail post. The second configuration utilized four W6x15 AGT 

posts with a 6-ft span length between the last AGT post and the first bridge post. The third 

configuration utilized four W6x15 AGT posts with a 9-ft span length between the last AGT post 

and the first bridge rail post.  

 

 

Figure 35. Concept #1 Connection Assembly Model 
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Figure 36. Concept #1 Models 

4.3.2 Concept #2 

The concept #2 continuous tubes transition model is shown in Figure 37. The model 

utilized shell elements for the lower and middle transition tubes, wedge middle tube, and top tube 

transition with material properties consistent with those steel sections. Bolts were modeled as 

constrained nodal rigid bodies or tied rigid bodies. Only one configuration was evaluated with 

three standard W6x15 AGT posts and a 9-ft span between the last AGT post and the first bridge 

rail post.  



December 23, 2020 

MwRSF Report No. TRP-03-411-20 

33 

 

 

 
Figure 37. Concept #2 Model 
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5 LS-DYNA TRANSITION MODEL RESULTS 

5.1 Simulation of Concept #1 

Concept #1 was first evaluated with the MASH test designation no. 3-21 (pickup truck) 

impacts. Several parameters were utilized to evaluate the feasibility of the concept: 

1) General vehicle behavior and snag on any system components 

2) Occupant risk – longitudinal and lateral OIV and ORA 

3) Angle of connection assembly – as the connection assembly deformed and bent 

backward, the angle that was formed relative to the bridge rail tubes 

4) Stresses in various components compared to yield and ultimate stresses 

5) Other MASH metrics 

As mentioned previously, three post configurations and two connection assembly 

thicknesses were evaluated. Table 3 shows the simulation matrix of these configurations at several 

different impact points listed by simulation name (V#) and impact location in inches upstream 

from the last transition post. 

Table 3. Summary of Simulations on Concept #1, Test Designation No. 3-21 

Span Connector – 3/16-in. plates 
Connector – 3/16-in. 

vertical, 5/16-in. horizontal 

9
-f

t 
sp

an
 

(3
 A

G
T

 p
o
st

s)
 

V10 – 54.6” V18 – 54.6” 

V11 – 73.4” V19 – 73.4” 

V12 – 35.9” V20 – 35.9” 

V13 – 17.1” V21 – 17.1” 

6
-f

t 
sp

an
 

(4
 A

G
T

 p
o
st

s)
 

V14 – 54.6” V22 – 54.6” 

V15 – 73.4” V23 – 73.4” 

V16 – 35.9” V24 – 35.9” 

V17 – 17.1” V25 – 17.1” 

9
-f

t 
sp

an
 

(4
 A

G
T

 p
o
st

s V26 – 54.6” N/A 

V27 – 73.4” N/A 

V28 – 35.9” N/A 

V29 – 17.1” N/A 

N/A – Not applicable 
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Occupant risk values and the angle of connection assembly for each simulation are shown 

in Table 4. General vehicle and system behavior for each simulation is shown in Figures 38 through 

57. All occupant risk values were below MASH thresholds. However, several simulations did not 

run to completion, as denoted with an asterisk in Table 4, so ORAs may have been higher in those 

simulations had they not terminated early. The errors that caused the simulations to terminate early 

were not resolvable. However, early termination is likely linked to areas where large deformations 

were occurring within the simulation, which may indicate vehicle snag on system components.  

Table 4. Summary of Concept #1 Simulation Results 

Concept 

Description 

Simulation 

Name 

Impact Distance 

US from last 

transition post 

(in.) 

Occupant Impact 

Velocity (m/s) 

Occupant Ridedown 

Acceleration (g’s) 

Angle of 

Connection 

Assembly 

(deg.) 
Lateral Long. Lateral Long. 

3 AGT Posts 

9-ft span 
3/16-in. connector 

plates 

V10* 54.6 6.0 -5.7 9.0 -11.6 19.8 

V11 73.4 6.0 -5.6 12.4 -8.6 21.1 

V12* 35.9 6.3 -6.4 10.8 -13.1 20.1 

V13* 17.1 6.5 -6.9 0.0 0.0 19.7 

4 AGT Posts 

6-ft span 
3/16-in. connector 

plates 

V14 54.6 6.7 -6.3 11.0 -11.4 15.7 

V15 73.4 6.7 -6.3 10.4 -7.8 12.9 

V16* 35.9 6.8 -7.2 8.5 -9.8 15.8 

V17 17.1 7.3 -7.1 8.3 -12.0 16.2 

3 AGT Posts 

9-ft span 
3/16-in. vertical 

and 5/16-in. 

horizontal 

connector plates 

V18* 54.6 6.1 -5.7 11.2 -12.5 14.4 

V19 73.4 6.1 -5.7 10.8 -8.8 15.3 

V20* 35.9 6.4 -6.4 9.8 -7.0 16.6 

V21 17.1 6.5 -7.0 9.5 -14.7 12.4 

4 AGT Posts 

6-ft span 
3/16-in. vertical 

and 5/16-in. 

horizontal 

connector plates 

V22 54.6 6.6 -6.5 12.0 -12.9 11.6 

V23 73.4 6.5 -6.4 10.3 -10.0 9.5 

V24 35.9 6.8 -7.2 9.8 -12.0 13.2 

V25 17.1 7.1 -7.1 7.5 -9.2 12.3 

4 AGT Posts 

9-ft span 
3/16-in. connector 

plates 

V26 54.6 6.4 -6.6 12.1 -13.8 14.1 

V27 73.4 6.5 -6.4 10.6 -11.0 12.1 

V28 35.9 6.9 -6.5 8.6 -12.4 13.8 

V29* 17.1 6.6 -6.3 12.5 -15.6 9.3 

*Simulation terminated early – ORAs may be greater than recorded 

 

The connection assembly had stresses that exceeded yield in every simulation as the 

connection assembly bent. When the connection assembly bent, especially with a higher bend 

angle, there was increased potential for the vehicle to snag on the ends of the bridge rail tube. 

However, the connection assembly performed as intended and remained intact to connect the AGT 
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and bridge rail systems. Since the bolts were not modeled explicitly, their capacity was not 

evaluated. Additionally, the potential for rupture and tearing of the guardrail and connection 

assembly was not fully evaluated as it would have been difficult to accurately model.  

The simulations with four W6x15 AGT posts performed better than the simulations with 

three W6x15 AGT posts, as the general behavior and potential for snag appeared less with four 

AGT posts. Additionally, simulations with the 5/16-in. thick horizontal gusset plates performed 

better than those with the 3/16-in. thick horizontal gusset plates. In the simulations with three AGT 

posts and 3/16-in. thick connection assembly gusset plates, larger angles formed with the connection 

assembly, which indicated rail pocketing and the potential for vehicle snag. Still frames from 

simulations V10 and V13 are shown in Figures 58 and 59, respectively, which show the right-front 

wheel riding underneath the rail and snagging on the connection assembly, which could produce 

an undesirable test outcome. Three AGT posts with a 9-ft span to the first bridge rail post with 5/16-

in. thick horizontal gusset plates on the connection assembly also indicated the potential for vehicle 

snag. Still frames from simulations V18 and V20 are shown in Figures 60 and 61, respectively, 

also show the right-front wheel snagging on the connection assembly. Thus, the configurations 

with three AGT posts were not recommended for further evaluation. 

Still frames from the configuration with four AGT posts, a 9-ft span to the first bridge rail 

post, and 5/16-in. thick horizontal gusset plates in the connection assembly (simulations V28 and 

V29) also showed the right-front wheel interacting with and snagging on the lower side of the 

connection assembly. Thus, the 3/16-in. thick horizontal gusset plates were not recommended for 

further evaluation.  

The configuration with four AGT posts, a 9-ft span to the first bridge rail post, and 5/16-in. 

thick horizontal gusset plates in the connection assembly performed the best and appeared to have 

a potential to pass MASH test designation no. 3-21, with the occupant risk values well below 

MASH thresholds. However, it was desired to utilize the standard AGT configuration with three 

W6x15 AGT posts, and concept #2 was further pursued to be evaluated for feasibility.   
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Figure 38. Sequential Photographs, Concept #1, Simulation v10 
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Figure 39. Sequential Images, Concept #1, Simulation v11 
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Figure 40. Sequential Images, Concept #1, Simulation v1 
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Figure 41. Sequential Images, Concept #1, Simulation v13 
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Figure 42. Sequential Images, Concept #1, Simulation v14 
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Figure 43. Sequential Images, Concept #1, Simulation v15 
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Figure 44. Sequential Images, Concept #1, Simulation v16 
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Figure 45. Sequential Images, Concept #1, Simulation v17 
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Figure 46. Sequential Images, Concept #1, Simulation v18 
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Figure 47. Sequential Images, Concept #1, Simulation v19 
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Figure 48. Sequential Images, Concept #1, Simulation v20 
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Figure 49. Sequential Images, Concept #1, Simulation v21 
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Figure 50. Sequential Images, Concept #1, Simulation v22 
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Figure 51. Sequential Images, Concept #1, Simulation v23 
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Figure 52. Sequential Images, Concept #1, Simulation v24 
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Figure 53. Sequential Images, Concept #1, Simulation v25 
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Figure 54. Sequential Images, Concept #1, Simulation v26 
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Figure 55. Sequential Images, Concept #1, Simulation v27 
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Figure 56. Sequential Images, Concept #1, Simulation v28 
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Figure 57. Sequential Images, Concept #1, Simulation v29 
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Figure 58. Vehicle Interaction with System, Simulation V10 

 
Figure 59. Vehicle Interaction with System, Simulation V13 
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Figure 60. Vehicle Interaction with System, Simulation V18 

 
Figure 61. Vehicle Interaction with System, Simulation V20 
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Figure 62. Vehicle Interaction with System, Simulation V28 

 
Figure 63. Vehicle Interaction with System, Simulation V29 
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5.2 Simulation of Concept #2 

Concept #2 was evaluated with MASH test designation nos. 3-21 (pickup truck) and 3-20 

(small car) impacts. MASH test designation no. 3-21 was simulated with conventional impacts 

originating from the thrie beam to the bridge rail (TB to BR) as well as with reverse-direction 

impacts from the bridge rail to the thrie beam (BR to TB).  

Several parameters were utilized to evaluate the feasibility of the concept: 

1) General vehicle behavior and snag on any system components 

2) Occupant risk – longitudinal and lateral OIV and ORA 

3) Stresses in various components compared to yield and ultimate stresses 

4) Other MASH metrics 

5.2.1 Test Designation No. 3-21 (Conventional Impact Direction) 

Table 5 shows the matrix of the concept #2, test designation no. 3-21, thrie beam to bridge 

rail simulations at several different impact points listed by simulation name and impact location in 

inches upstream (US) from the last AGT post (post no. 18). 

Table 5. Summary of Simulations on Concept #2, Test Designation No. 3-21 (TB to BR) 

Simulation Name Impact Point 

New-v1 54.6” US post no. 18 

New-v2 73.4” US post no. 18 

New-v3 35.9” US post no. 18 

New-v4 17.1” US post no. 18 

New-v5 63.5” US post no. 18 

 

Occupant risk values for each simulation are shown in Table 6. General vehicle and system 

behavior for each simulation is shown in Figures 64 through 68. The vehicle was redirected in all 

simulations except New-V4, which terminated early. All the occupant risk values were below 

MASH thresholds. However, simulation New-V4 did not run to completion, as denoted with an 

asterisk in Table 6, so ORAs may have been higher had the simulation not terminated early. The 

errors that caused the simulation to terminate early were not resolvable. However, the early 

termination is likely linked to areas where large deformations were occurring within the 

simulation, which may indicate vehicle snag on system components. A still frame of the vehicle 

interaction with the system in simulation New-V4 is shown in Figure 69. The right-front wheel 

rode underneath the rail and interacted with and snagged on the sloped portion of the transition 

tube, which resulted in the model’s termination shortly thereafter. A larger lateral ORA also 
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occurred at this time. Based on the results of the simulation effort, the impact point associated with 

simulation New-v4, or 17.1 in. upstream from the last AGT post, would be selected as the CIP to 

maximize the potential for wheel snag on the transition tubes. 

Table 6. Summary of Concept #2 Simulation Results, Test Designation No. 3-21 (TB to BR) 

Simulation 

No. 

Occupant Impact 

Velocity m/s 

Occupant Ridedown 

Acceleration g’s 

Lateral Longitudinal Lateral Longitudinal 

New-v1 6.7 -5.9 9.6 -6.5 

New-v2 6.9 -6.2 8.4 -5.1 

New-v3 6.9 -5.6 8.9 -10.2 

New-v4* 6.6 -5.6 15.2 -9.7 

New-v5 6.9 -6.1 8.5 -7.6 

*Simulation terminated early – ORAs may be greater than recorded 
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Figure 64. Sequential Images, Concept #2, Simulation New-v1 
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Figure 65. Sequential Images, Concept #2, Simulation New-v2 
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Figure 66. Sequential Images, Concept #2, Simulation New-v3 
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Figure 67. Sequential Images, Concept #2, Simulation New-v4
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Figure 68. Sequential Images, Concept #2, Simulation New-v5 
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Figure 69. Vehicle Interaction with System, Simulation new-V4 

5.2.2 Test Designation No. 3-20 (Conventional Impact Direction) 

Table 7 shows the matrix of the concept #2, test designation no. 3-20, thrie beam to bridge 

rail simulation at several different impact points listed by simulation name and impact location in 

inches upstream (US) from the last AGT post (post no. 18). 

Table 7. Summary of Simulations on Concept #2, Test Designation No. 3-20 (TB to BR) 

Simulation Name Impact Point 

New-sc-v1 37.5” US post no. 18 

New-sc-v2 56.3” US post no. 18 

New-sc-v3 50.5” US post no. 18 

New-sc-v4 29.6” US post no. 18 

New-sc-v5 21.7” US post no. 18 

 

Occupant risk values for each simulation are shown in Table 8. General vehicle and system 

behavior for each simulation is shown in Figures 70 through 74. The vehicle was redirected in all 

simulations except New-sc-V3 and New-sc-V4, which terminated early. All the occupant risk 

values were below MASH thresholds. However, simulations New-sc-V3 and New-sc-V4 did not 

run to completion, as denoted with an asterisk in Table 8, so ORAs may have been higher had the 

simulations not terminated early. The errors that caused the simulation to terminate early were not 
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resolvable. However, the termination is likely linked to areas where large deformations were 

happening within the simulation which may indicate vehicle snag on system components.  

A still frame of the vehicle interaction with the system in simulation New-sc-V3 is shown 

in Figure 75. The right-front wheel rode underneath the rail and interacted with the front face of 

the last AGT post, which resulted in model termination. A larger lateral ORA also occurred at this 

time.  

A still frame of the vehicle interaction with the system in simulation New-sc-V4 is shown 

in Figure 76. The right-front wheel extended and rode underneath the transition tubes with the 

potential to interact with and snag on the sloped portion of the transition tube, which resulted in 

model termination. Due to the early model termination, it is believed that the lateral and 

longitudinal ORA values would be much greater if the right-front wheel snagged on the sloped 

portion of the transition tubes. 

A still frame of the vehicle interaction with the system in simulation New-sc-V5 is shown 

in Figure 77. The right-front wheel extended underneath the transition tubes and slightly contacted 

the first bridge rail post before traversing past it. Since the small car tire in test no. STBR-3 

overlapped with the bridge rail post several inches, this tire snag on the bridge rail post was 

believed to be less severe and not of concern.  

Simulations New-sc-v1 and New-sc-v2 were similar to simulations New-sc-v4 and New-

sc-v3, respectively, but resulted in decreased snag potential. Thus, the impact points in simulations 

New-sc-v1 and New-sc-v2 were not believed to be critical. Based on the results of the simulation 

effort, the impact point associated with simulation New-sc-v4, or 29.6 in. upstream from the final 

AGT post, would be selected as the CIP to maximize the potential for wedging the wheel 

underneath the transition tubes and snagging on the sloped portion of the transition tubes. 

Table 8. Summary of Concept #2 Simulation Results, Test Designation No. 3-20 (TB to BR) 

Simulation No. 

Occupant Impact 

Velocity m/s 

Occupant Ridedown 

Acceleration g’s 

Lateral Longitudinal Lateral Longitudinal 

New-sc-v1 9.1 -6.9 10.7 -11.8 

New-sc-v2 8.6 -7.9 15.7 -12.0 

New-sc-v3* 8.1 -7.6 18.3 -11.0 

New-sc-v4* 8.8 -7.1 5.8 -8.5 

New-sc-v5 8.4 -7.1 11.7 -12.6 

*Simulation terminated early - ORAs may be greater than recorded 
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Figure 70. Sequential Images, Concept #2, Simulation New-sc-v1 
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Figure 71. Sequential Images, Concept #2, Simulation New-sc-v2 
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Figure 72. Sequential Images, Concept #2, Simulation New-sc-v3 
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Figure 73. Sequential Images, Concept #2, Simulation New-sc-v4 
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Figure 74. Sequential Images, Concept #2, Simulation New-sc-v5 
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Figure 75. Vehicle Interaction with System, Simulation New-sc-v3 

 

 
Figure 76. Vehicle Interaction with System, Simulation New-sc-v4 
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Figure 77. Vehicle Interaction with System, Simulation New-sc-v5 

5.2.3 Test Designation No. 3-21 (Reverse Direction) 

Table 9 shows the matrix of the concept #2, test designation no. 3-21, bridge rail to thrie 

beam simulation at several different impact points listed by simulation name and impact location 

in inches upstream (US) from the thrie-beam terminal connector. 

Table 9. Summary of Simulations on Concept #2, Test Designation No. 3-21 (BR to TB) 

Simulation Name Impact Point 

New-rev-v1 72” US from end shoe 

New-rev-v2 125” US from end shoe 

New-rev-v3 84” US from end shoe 

 

Occupant risk values for each simulation are shown in Table 10. General vehicle and 

system behavior for each simulation are shown in Figures 78 through 80. The vehicle was 

redirected in all the simulations. All the occupant risk values were below MASH thresholds.  

Since there were no system components that showed the potential for snag in impacts from 

the bridge rail to the thrie beam (from a stiff system to a less stiff system), testing was not deemed 

critical. 
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Table 10. Summary of Concept #2 Simulation Results, Test Designation No. 3-21 (BR to TB) 

Simulation Name 

Occupant Impact Velocity 

m/s 

Occupant Ridedown 

Acceleration g’s 

Lateral Longitudinal Lateral Longitudinal 

New-rev-v1 -7.3 -8.5 -12.9 -10.2 

New-rev-v2 -8.5 -5.8 -11.6 -3.4 

New-rev-v3 -7.7 -5.1 -14.3 -9.8 
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Figure 78. Sequential Images, Concept #2, Simulation New-rev-v1 
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Figure 79. Sequential Images, Concept #2, Simulation New-rev-v2 
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Figure 80. Sequential Images, Concept #2, Simulation New-rev-v3 
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5.3 Discussion and CIP Selection 

The CIP for test designation no. 3-21 in the conventional direction was determined from 

computer simulation to be 17 in. upstream from the last W6x15 AGT post to maximize occupant 

risk values and the potential for snagging on sloped end of the upper transition tube and the first 

bridge rail post. 

The CIP for test designation no. 3-20 in the conventional direction was determined from 

computer simulation to be 30 in. upstream from the last AGT post to maximize wedging of the 

small car tire underneath the sloped transition tubes and the potential for snagging on the posts. 

Although the occupant risk values were lower in this simulation compared to other simulations, 

the accelerations with the small car were less reliable, and thus were not used to evaluate the small 

car simulations.  

Reverse-direction impacts with test designation no. 3-21 showed no indication of 

significant pocketing or snag. Additionally, the system behaved similar to the bridge rail length-

of-need impacts. Since test no. STBR-2 on the length-of-need bridge rail was successful, the test 

on the transition from the bridge rail to the thrie beam should also be successful [6-7]. The 

simulated occupant risk values were all below MASH limits, and the reverse-direction simulation 

results were less severe than those of the conventional-direction impacts. Thus, this test was 

deemed not critical for testing.  

Reverse-direction impacts with test designation no. 3-20 were not simulated. However, it 

was believed that a reverse-direction impact to the transition tube rails would behave similarly as 

the bridge rail length-of-need impacts. Since test no. STBR-3 on the length-of-need bridge rail was 

successful, the test on the transition from the bridge rail to the thrie beam should also be successful 

[6-7]. Thus, this test was deemed not critical for testing.  
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6 TEST REQUIREMENTS AND EVALUATION CRITERIA 

6.1 Test Requirements  

AGTs must satisfy impact safety standards in order to be declared eligible for federal 

reimbursement by the FHWA for use on the National Highway System (NHS). For new hardware, 

these safety standards consist of the guidelines and procedures published in MASH 2016 [5]. Note 

that there is no difference between MASH 2009 and MASH 2016 for AGTs like the system 

developed and tested herein except that additional occupant compartment deformation 

measurements, photographs, and documentation are required by MASH 2016. According to TL-3 

of MASH 2016, AGT systems must be subjected to two full-scale vehicle crash tests, as 

summarized in Table 11. Both crash tests are recommended for evaluation of the AGT with the 

CIPs as recommended by the computer simulation effort. 

Table 11. MASH 2016 TL-3 Crash Test Conditions for Approach Guardrail Transitions [5] 

Test 

Article 

Test 

Designation 

No. 

Test 

Vehicle 

Vehicle 

Weight 

(lb) 

Impact Conditions 
Evaluation 

Criteria 1 Speed 

(mph) 

Angle 

(deg.) 

Longitudinal 

Barrier 

3-20 1100C 2,420 62 25 A,D,F,H,I 

3-21 2270P 5,000 62 25 A,D,F,H,I 

1 Evaluation criteria explained in Table 12 

 

Recent testing of AGTs has illustrated the importance of evaluating two different transition 

regions along the length of the AGT: (1) the downstream transition where the thrie beam connects 

to the bridge rail and (2) the upstream stiffness transition where the W-beam guardrail transitions 

to a stiffer thrie beam barrier. Additionally, the 34-in. tall AGT described herein was designed for 

use both before and after roadway overlays, which effectively changes the barrier height relative 

to the roadway surface. The combination of these MASH tests, different transition regions, and 

pre- and post-overlay barrier configurations resulted in a total of eight recommended tests, but not 

all of them were considered critical or necessary to evaluate the performance of the new AGT. 

The upstream stiffness transition of the 34-in. tall AGT was specifically designed to 

replicate the MASH-crashworthy MGS stiffness transition [32-33]. Upon initial installation, the 

only difference between the two systems was that the 34-in. tall AGT utilized a symmetric W-to-

thrie transition rail instead of an asymmetric transition rail. Since the W-beam upstream from the 

transition rail was mounted at its nominal 31-in. height, vehicles impacting this region of the 

barrier should not extend over the rail and roll excessively. Additionally, the bottom of the 

symmetric transition rail has a shallower slope, which would produce less snag if a small vehicle 

tried to wedge underneath the rail. Thus, there were no concerns about vehicle stability and/or snag 

on the upstream stiffness transition of the 34-in. tall AGT prior to a roadway overlay. 

After the roadway overlay, the symmetric rail segment is replaced by an asymmetric rail 

and the W-beam is raised 3 in. on the post to maintain its nominal 31-in. mounting height. Thus, 

after an overlay, the upstream stiffness transition is essentially identical to the MGS stiffness 
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transition. Since the MGS stiffness transition was previously subjected to and successfully passed 

MASH TL-3 criteria, the upstream stiffness transition within the 34-in. tall AGT would be MASH 

TL-3 crashworthy as well. Therefore, all crash testing of the upstream stiffness transition, both 

before and after an overlay, was deemed non-critical. 

At the downstream end of the AGT, there were concerns about the strength of the 

connection hardware, the stiffness of the system within the 9-ft span between adjacent transition 

and bridge rail posts, and the potential for vehicle snag on the system components. Although these 

concerns applied to the AGT both before and after a roadway overlay, the increased height of the 

34-in. tall thrie beam prior to an overlay increased the propensity for vehicle snag. The front ends 

and wheels of both small cars and pickup trucks were susceptible to excessive snag by extending 

below the rail and impacting the sloped portions of the transition tubes rails and the bridge rail 

posts. As such, both MASH crash tests were determined to be critical in evaluating the 

crashworthiness of the downstream end of the 34-in. tall AGT. 

After a 3-in. overlay, the thrie beam would be at its nominal 31-in. height relative to the 

roadway surface and the opening below the rails would be smaller. As such, the potential for 

vehicle snag on the system components would be decreased. Subsequently, testing of the 

downstream end of the AGT after the application of a roadway overlay was deemed non-critical, 

as testing with the taller rails (before overlay) would be more critical for vehicle snag. Thus, only 

two full-scale tests were recommended for evaluating the crashworthiness of the AGT, and MASH 

test designation nos. 3-20 and 3-21 were conducted on the downstream end of the transition with 

the rail mounted 34 in. above the roadway surface (pre-overlay configuration). 

It should be noted that the test matrix detailed herein represents the researchers’ best 

engineering judgement with respect to the MASH 2016 safety requirements and their internal 

evaluation of critical tests necessary to evaluate the crashworthiness of the guardrail transition. 

However, these opinions may change in the future due to the development of new knowledge 

(crash testing, real-world performance, etc.) or changes to the evaluation criteria. Thus, any tests 

within the evaluation matrix deemed non-critical may eventually need to be evaluated based on 

additional knowledge gained over time or revisions to the MASH 2016 criteria. 

6.2 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 transition 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. 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 12 and 

defined in greater detail in MASH 2016. The full-scale vehicle crash test 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. 
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Table 12. MASH 2016 Evaluation Criteria for Approach Guardrail Transitions [5] 

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 an 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 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 40 ft/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 

 

6.3 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 posts are installed near the impact region utilizing the same installation 

procedures as 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 at post deflections between 5 and 20 in. 

measured at a height of 25 in. 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, 10, and 15 in. Further details can be found in Appendix B 

of MASH 2016.  
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7 DESIGN DETAILS 

The AGT test installation was approximately 137 ft – 9 in. long and consisted of five major 

components: (1) a guardrail anchorage system; (2) standard Midwest Guardrail System (MGS); 

(3) a 34-in. tall approach guardrail transition; (4) a 39-in. tall steel-tube bridge rail; and (5) the 

AGT connection hardware developed herein to attach thrie beam guardrail to the bridge rail. 

Design details for test nos. STBRT-1 and STBRT-2 are shown in Figures 81 through 115. 

Photographs of the test installation are shown in Figures 116 and 118. Material specifications, mill 

certifications, and certificates of conformity for the system are shown in Appendix B. 

The breakaway cable terminal (BCT) guardrail anchorage system utilized to anchor the 

upstream region of the test installation consisted of timber posts, connection hardware, foundation 

tubes, anchor cable, bearing plate, rail bracket, and channel strut. BCT posts consisted of wooden 

posts embedded in 72-in. long foundation tubes. Longitudinal stiffness and strength were provided 

to the guardrail by the BCT ground strut and anchorage assembly. The guardrail anchorage system 

has been MASH TL-3 crash tested as a downstream trailing end terminal [34-37].  

The MGS section was 43.75 ft long and consisted of 12-gauge W-beam mounted to 

W6x8.5 guardrail posts spaced at 75 in. on-center. The W-beam had a top mounting height of 31 

in. The MGS section utilized 12-in. deep timber blockouts. 

The 34-in. tall AGT consisted of a 10-gauge, symmetric, W-to-thrie beam rail transition 

rail segment; 6.25 ft of 12-gauge thrie beam; and 12.5 ft of nested 12-gauge thrie beam. A 10-

gauge thrie beam terminal connector was sandwiched between the nested thrie beam rails at the 

downstream end of the guardrail and connected to the upstream end of the steel bridge rail 

transition tubes. The AGT posts used a combination of standard W6x8.5 guardrail posts at various 

spacings and W6x15 posts spaced at 37.5 in. on-center. Post details, including lengths, embedment 

depths, and spacings for the 34-in. tall AGT are shown in Figure 99.  

The transition to the steel bridge rail consisted of four specialized transition tubes. Two 

119⅝-in. long HSS8x6x¼ steel rails were used to connect the thrie beam terminal connector to the 

bridge rails. These transition rails included a 2-in. height transition near their middle to match up 

with the heights of the AGT rail and the bridge rail tubes. A 6H:1V vertical taper was used on the 

height transition to reduce snag severity. A 36-in. long HSS6x4x¼ tube was sandwiched between 

the lower and middle transition rails and incorporated a 3:1 lateral taper to mitigate vehicle snag 

on the terminal connector during reverse-direction impacts. The top transition rail assembly was 

44¼ in. long and consisted of HSS12x4x¼ segments and a ¼-in. thick bent plate. The top transition 

rail was sloped downward at a 2H:1V slope and welded to the bent plate. The bent plate fit against 

the top and back sides of the middle transition rail and was secured with two ¾-in. diameter bolts. 

The three transition rails were connected to the bridge rail tubes using the same hardware as the 

bridge rail splices.  

Two fabricators were consulted about the best practice to assemble the welded tube 

assemblies, and two sets of the transition tube rails were obtained, one from each manufacturer. 

Both fabricators used full penetration welds with backing plates on the inside of the lower and 

middle transition tubes in lieu of bevel welds. The final fabricator details of the transition 

components utilized in test no. STBRT-1 are shown in Appendix C. For test no. STBRT-2, the 

fabricator specified these welds with weld detail B-U2a-GF. It is recommended that full 
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penetration welds are utilized on the lower and middle transition tube assemblies to ensure 

adequate system capacity. 

The 39-in. tall steel bridge rail was approximately 50 ft long and consisted of seven W6x15 

bridge rail posts, an HSS12x4x¼ top tube rail, and two HSS6x8x¼ (lower and middle) tube rails.  

The bridge rail posts were spaced at 8 ft on-center and mounted to the side of a simulated bridge 

deck used previously in the full-scale crash testing of the new steel-tube bridge rail.  
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Figure 81. Test Installation Layout, Test Nos. STBRT-1 and STBRT-2 
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Figure 82. Bridge Rail Post Sections, Test Nos. STBRT-1 and STBRT-2 
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Figure 83. Box Beam Rail Components, Test Nos. STBRT-1 and STBRT-2 
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Figure 84. Bridge Rail Post Components, Test Nos. STBRT-1 and STBRT-2 
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Figure 85. Welded Post Assembly, Test Nos. STBRT-1 and STBRT-2 
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Figure 86. Bridge Rail Post Components, Test Nos. STBRT-1 and STBRT-2 
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Figure 87. Detail D, Test Nos. STBRT-1 and STBRT-2 
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Figure 88. Upper Splice Tube Assembly, Test Nos. STBRT-1 and STBRT-2 
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Figure 89. Middle/Lower Splice Tube Assembly, Test Nos. STBRT-1 and STBRT-2 
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Figure 90. Transition Layout, Test Nos. STBRT-1 and STBRT-2 
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Figure 91. Transition Details, Test Nos. STBRT-1 and STBRT-2 
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Figure 92. Angled Cut Tube Assembly, Test Nos. STBRT-1 and STBRT-2 
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Figure 93. Middle/Bottom Transition Rail Assemblies, Test Nos. STBRT-1 and STBRT-2 
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Figure 94. Transition Rail Component Details, Test Nos. STBRT-1 and STBRT-2 
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Figure 95. Transition Rail Component Details, Test Nos. STBRT-1 and STBRT-2 
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Figure 96. Top Bridge Rail Termination Assembly, Test Nos. STBRT-1 and STBRT-2 
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Figure 97. Top Bridge Rail Termination Pieces, Test Nos. STBRT-1 and STBRT-2 
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Figure 98. W-Beam to Thrie Beam Transition, Test Nos. STBRT-1 and STBRT-2 



 

 

1
0
3
 

D
ecem

b
er 2

3
, 2

0
2
0
 

M
w

R
S

F
 R

ep
o

rt N
o
. T

R
P

-0
3

-4
1
1
-2

0
 

 
Figure 99. Post Sections, Test Nos. STBRT-1 and STBRT-2 
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Figure 100. AGT Post Details, Test Nos. STBRT-1 and STBRT-2 
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Figure 101. W-Beam and Thrie Beam Blockouts, Test Nos. STBRT-1 and STBRT-2 
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Figure 102. Anchor Components, Test Nos. STBRT-1 and STBRT-2 
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Figure 103. Upstream Anchorage, Test Nos. STBRT-1 and STBRT-2 
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Figure 104. Upstream Anchorage Details, Test Nos. STBRT-1 and STBRT-2 
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Figure 105. BCT Anchor Cable, Test Nos. STBRT-1 and STBRT-2 
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Figure 106. BCT Post Components and Anchor Bracket, Test Nos. STBRT-1 and STBRT-2 
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Figure 107. Ground Strut Assembly, Test Nos. STBRT-1 and STBRT-2 
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Figure 108. W-Beam Rails, Test Nos. STBRT-1 and STBRT-2 
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Figure 109. Thrie Beam Rails, Test Nos. STBRT-1 and STBRT-2 
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Figure 110. Rail Transition and Component Details, Test Nos. STBRT-1 and STBRT-2 
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Figure 111. Hardware Details, Test Nos. STBRT-1 and STBRT-2 
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Figure 112. Hardware Details, Test Nos. STBRT-1 and STBRT-2 
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Figure 113. Bill of Materials, Test Nos. STBRT-1 and STBRT-2 
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Figure 114. Bill of Materials, Test Nos. STBRT-1 and STBRT-2 
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Figure 115. Bill of Materials, Test Nos. STBRT-1 and STBRT-2 



 

 

1
2
0
 

D
ecem

b
er 2

3
, 2

0
2
0
 

M
w

R
S

F
 R

ep
o

rt N
o
. T

R
P

-0
3

-4
1
1
-2

0
 

 
 

 

 
 

 
 

Figure 116. Test Installation Photographs, Test No. STBRT-1 



 

 

1
2
1
 

D
ecem

b
er 2

3
, 2

0
2
0
 

M
w

R
S

F
 R

ep
o

rt N
o
. T

R
P

-0
3

-4
1
1
-2

0
 

 
 

 

 
 

 
 

Figure 117. Test Installation Photographs – AGT Connection Hardware, Test No. STBRT-1 
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Figure 118. Test Installation Photographs, Test No. STBRT-2 
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8 TEST CONDITIONS 

8.1 Test Facility 

The Outdoor Test Site is located at the Lincoln Air Park on the northwest side of the 

Lincoln Municipal Airport and is approximately 5 miles northwest of the University of Nebraska-

Lincoln. 

8.2 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 [38] 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. diameter guide cable was tensioned to approximately 3,500 lb 

and supported both laterally and vertically every 100 ft 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. 

8.3 Test Vehicles 

For test no. STBRT-1, a 2009 Hyundai Accent four door sedan was used as the test vehicle. 

The curb, test inertial, and gross static vehicle weights were 2,447 lb, 2,404 lb, and 2,568 lb, 

respectively. The test vehicle is shown in Figures 119 and 120, and vehicle dimensions are shown 

in Figure 121.  

For test no. STBRT-2, a 2014 Dodge Ram 1500 quad cab pickup truck was used as the test 

vehicle. The curb, test inertial, and gross static vehicle weights were 5,133 lb, 5,007 lb, and 5,160 

lb, respectively. The test vehicle is shown in Figures 122 and 123, and vehicle dimensions are 

shown in Figure 124. 

MASH 2016 requires test vehicles used in crash testing to be no more than six model years 

old. However, a 2009 model was used for the small car test because the vehicle geometry of newer 

models did not comply with recommended vehicle dimension ranges specified in Table 4.1 of 

MASH 2016. The use of older test vehicles due to recent small car vehicle properties falling 

outside of MASH 2016 recommendations was allowed by FHWA and AASHTO in MASH 

implementation guidance dated May 2018 [39]. 

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

measured axle weights. The Suspension Method [40] 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 vertical component of the c.g. for the 1100C vehicle was determined utilizing a 
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procedure published by SAE [41]. The location of the final c.g. for the test vehicle used in test no. 

STBRT-1 is shown in Figures 121 and 125, and the location of the final c.g. for the test vehicle 

used in test no. STBRT-2 is shown in Figures 124 and 126. Data used to calculate the location of 

the c.g. and ballast information are shown in Appendix D. 

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

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

Figures 125 and 126. Round, checkered targets were placed at the c.g. on the left-side door, the 

right-side door, and the roof of the vehicles. 

The front wheels of the test vehicles 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 vehicle’s left-side 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 remote-controlled brake system was installed in the test vehicles so the 

vehicle could be brought safely to a stop after the test. 
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Figure 119. Test Vehicle, Test No. STBRT-1 
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Figure 120. Test Vehicle’s Interior Floorboards and Undercarriage, Test No. STBRT-1 
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Figure 121. Vehicle Dimensions, Test No. STBRT-1 
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Figure 122. Test Vehicle, Test No. STBRT-2 
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Figure 123. Test Vehicle’s Interior Floorboards and Undercarriage, Test No. STBRT-2 
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Figure 124. Vehicle Dimensions, Test No. STBRT-2 
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Figure 125. Target Geometry, Test No. STBRT-1 
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Figure 126. Target Geometry, Test No. STBRT-2 
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8.4 Simulated Occupant 

For test nos. STBRT-1 and STBRT-2, a Hybrid II 50th-Percentile, Adult Male Dummy 

equipped with footwear was placed in the left-front seat of the test vehicles with the seat belt 

fastened. The simulated occupant had a final weight of 164 lb in test no. STBRT-1 and 161 lb in 

test no. STBRT-2. As recommended by MASH 2016, the simulated occupant weight was not 

included in calculating the c.g. location. 

8.5 Data Acquisition Systems 

8.5.1 Accelerometers 

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

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

mounted near the c.g. of the test vehicles. 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 [42]. 

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-1 unit was 

designated as the primary system for test no. STBRT-1, and the SLICE-2 unit was the primary 

system for test no. STBRT-2. 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. Both SLICE 6DX were 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 program and a customized Microsoft Excel worksheet were 

used to analyze and plot the accelerometer data.  

8.5.2 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.  

8.5.3 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. intervals, 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. 
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8.5.4 Digital Photography 

Five AOS high-speed digital video cameras, eight GoPro digital video cameras, and five 

Panasonic digital video cameras were utilized to film test no. STBRT-1. Camera details, camera 

operating speeds, lens information, and a schematic of the camera locations relative to the system 

are shown in Figure 127. 

Five AOS high-speed digital video cameras, seven GoPro digital video cameras, and five 

Panasonic digital video cameras were utilized to film test no. STBRT-2. Camera details, camera 

operating speeds, lens information, and a schematic of the camera locations relative to the system 

are shown in Figure 128. 

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 all tests. 
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No. Type 
Operating Speed 

(frames/sec) 
Lens Lens Setting 

AOS-1 AOS Vitcam  500 KOWA 16 mm  

AOS-5 AOS X-PRI  500 100 mm  

AOS-8 AOS S-VIT 1531 500 Fujinon 35 mm  

AOS-9 AOS TRI-VIT 2236 1000 KOWA 12 mm  

AOS-10 AOS TRI-VIT 500 Fujinon 50 mm  

GP-8 GoPro Hero 4 120   

GP-9 GoPro Hero 4 120   

GP-18 GoPro Hero 6 240   

GP-19 GoPro Hero 6 240   

GP-20 GoPro Hero 6 240   

GP-22 GoPro Hero 7 240   

GP-23 GoPro Hero 7 240   

GP-24 GoPro Hero 7 240   

PAN-2 Panisonic HC-V770 120   

PAN-3 Panisonic HC-V770 120   

PAN-4 Panisonic HC-V770 120   

PAN-5 Panisonic HC-VX981 120   

PAN-6 Panisonic HC-VX981 120   

Figure 127. Camera Locations, Speeds, and Lens Settings, Test No. STBRT-1
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No. Type 
Operating Speed 

(frames/sec) 
Lens Lens Setting 

AOS-1 AOS Vitcam  500 KOWA 16 mm  

AOS-5 AOS X-PRI  500 100 mm  

AOS-8 AOS S-VIT 1531 500 Fujinon 75 mm  

AOS-9 AOS TRI-VIT 2236 1000 KOWA 12 mm  

AOS-10 AOS TRI-VIT 500 Fujinon 50 mm  

GP-8 GoPro Hero 4 120   

GP-9 GoPro Hero 4 120   

GP-14 GoPro Hero 4 120   

GP-16 GoPro Hero 4 120   

GP-18 GoPro Hero 6 240   

GP-22 GoPro Hero 7 240   

GP-23 GoPro Hero 7 240   

GP-24 GoPro Hero 7 240   

PAN-2 Panisonic HC-V770 120   

PAN-3 Panisonic HC-V770 120   

PAN-4 Panisonic HC-V770 120   

PAN-5 Panisonic HC-VX981 120   

PAN-6 Panisonic HC-VX981 120   

Figure 128. Camera Locations, Speeds, and Lens Settings, Test No. STBRT-2 
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9 FULL-SCALE CRASH TEST NO. STBRT-1  

9.1 Static Soil Test  

Before full-scale crash test no. STBRT-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 E, 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. 

9.2 Weather Conditions 

Test no. STBRT-1 was conducted on August 24, 2020 at approximately 2:45 p.m. The 

weather conditions as per the National Oceanic and Atmospheric Administration (station 

14939/LNK) were reported and are shown in Table 13. 

Table 13. Weather Conditions, Test No. STBRT-1 

Temperature 94° F 

Humidity 33 % 

Wind Speed 14 mph 

Wind Direction 190° from True North 

Sky Conditions Sunny 

Visibility 9 Statute Miles 

Pavement Surface Dry 

Previous 3-Day Precipitation 0 in. 

Previous 7-Day Precipitation 0 in. 

 

9.3 Test Description 

Initial vehicle impact was to occur 30 in. upstream from post no. 19, as shown in Figure 

129, which was selected using an LS-DYNA analysis to maximize vehicle wedging and snag 

underneath the sloped lower bridge rail tube termination. The 2,404-lb small car impacted the 

bridge rail transition at a speed of 64.6 mph and at an angle of 25.2 degrees. The actual point of 

impact was 8.7 in. downstream from the target location. During the test, the 1100C small car was 

contained and smoothly redirected with only minor roll and pitch displacements. The AGT 

experienced minimal deflections with maximum dynamic and permanent set deflections of 8.6 in. 

and 2.7 in., respectively. Both deflections were measured at the upstream end of the middle 

transition tube rail. Vehicle components contacted the height transition of the lower transition tube 

rail and the first bridge post, but snag was minimal. The vehicle came to rest 193 ft – 11 in. 

downstream from the target point and 63 ft – 1 in. laterally in front of the traffic side of the system 

after the vehicle’s brakes were applied.  

A detailed description of the sequential impact events is contained in Table 14. Sequential 

photographs are shown in Figures 130 and 131. Documentary photographs of the crash test are 

shown in Figure 132. The vehicle trajectory and final position are shown in Figure 133.  
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Figure 129. Impact Location, Test No. STBRT-1 
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Table 14. Sequential Description of Impact Events, Test No. STBRT-1 

TIME 

(sec) 
EVENT 

0.000 
Vehicle’s front bumper contacted system 21.3 in. upstream from post no. 19 (the 

farthest downstream transition post). 

0.008 Vehicle’s left fender contacted rail. 

0.010 Vehicle’s hood contacted the rail. 

0.016 Post no. 19 deflected backward. 

0.020 Post no. 19 rotated to face downstream. 

0.023 Vehicle yawed away from system. 

0.024 Post no. 18 deflected backward. 

0.028 Post no. B1 (first bridge rail post) deflected backward. 

0.032 Vehicle’s left front door contacted rail, and vehicle rolled toward system. 

0.042 Vehicle’s roof deformed. 

0.054 Vehicle pitched downward. 

0.060 Post no. B2 deflected backward, and vehicle’s left headlight shattered. 

0.074 Post no. B1 bent backward. 

0.082 Vehicle’s left rear door contacted rail. 

0.096 Top of left-front door deformed, resulting in top being opened. 

0.130 Vehicle rolled toward system, and vehicle’s right-rear tire became airborne. 

0.160 Vehicle’s left quarter panel contacted rail. 

0.165 Vehicle was parallel to system traveling at 47.5 mph. 

0.174 Vehicle’s rear bumper contacted rail. 

0.188 Vehicle pitched upward. 

0.234 Vehicle yawed toward system. 

0.237 Vehicle exited system at 46.2 mph and a -7.4-degree angle. 

0.328 Vehicle rolled away from system. 

0.382 System came to a rest. 

0.446 Vehicle’s right-rear tire regained contact with ground. 
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Figure 130. Sequential Photographs, Test No. STBRT-1  
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Figure 131. Sequential Photographs, Test No. STBRT-1 
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Figure 132. Documentary Photographs, Test No. STBRT-1  
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Figure 133. Vehicle Final Position and Trajectory Marks, Test No. STBRT-1  
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9.4 Barrier Damage 

Damage to the barrier was minimal, as shown in Figures 134 through 136. Barrier damage 

consisted of contact marks and kinks on the thrie beam guardrail, contact marks on the HSS 

transition rails, and spalling of the concrete deck. The length of vehicle contact along the barrier 

was approximately 15 ft, which spanned from 6½ in. downstream from the centerline of post no. 

18 to 4 ft downstream from the first bridge rail post.  

Kinks on the thrie beam began 8½ in. upstream from the centerline of post no. 15 and 

continued downstream to the end of the thrie beam section. Multiple kinks were found on the top 

and bottom of the thrie beam between post nos. 15 and 19. The bottom corrugation was flattened 

beginning 1 ft – 8¼ in. upstream from the centerline of post no. 19 and continued 5 ft – 3 in. 

downstream to the thrie beam terminal connector. Post nos. 18 and 19 rotated backward.  

Contact marks were found on the upstream end of the HSS transition rail sections and 

extended downstream past the first bridge rail post. The contact marks were mainly concentrated 

on the bottom transition tube rail. However, marks were found on the middle transition tube rail 

and on the face of the sloped portion of the upper transition tube rail. Tire marks were found on 

the face of the first bridge rail post below the lower rail. 

Minor spalling occurred on the upstream corner of the concrete deck. The spalling began 

1 ft – 4½ in. upstream from the centerline of the first bridge rail post and extended 2 ft downstream. 

Tire marks were observed on the concrete deck between the first and second bridge rail.  

The maximum lateral permanent set of the barrier system was 2.7 in. at the upstream end 

of the middle transition tube rail, as measured in the field. The maximum lateral dynamic barrier 

deflection was 8.6 in. at the upstream end of the middle transition tube, as determined from high-

speed digital video analysis. The working width of the system was found to be 21.4 in., also 

determined from high-speed digital video analysis. A schematic of the permanent set deflection, 

dynamic deflection, and working width is shown in Figure 137. 
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Figure 134. System Damage, Test No. STBRT-1 
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Figure 135. Thrie Beam and Transition Rail Damage, Test No. STBRT-1
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Figure 136. Deck Damage, Test No. STBRT-1 
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Figure 137. Permanent Set, Dynamic Deflection, and Working Width, Test No. STBRT-1 

9.5 Vehicle Damage 

The damage to the vehicle was moderate, as shown in Figures 138 through 141. The 

maximum occupant compartment intrusions are listed in Table 15, along with the intrusion limits 

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

compartment and vehicle deformations and the corresponding locations are provided in Appendix 

F. MASH 2016 defines intrusion or deformation as the occupant compartment being deformed and 

reduced in size with no observed penetration. There were no penetrations into the occupant 

compartment, and none of the established MASH 2016 deformation limits were violated. Outward 

deformations, which are denoted as negative numbers in Appendix F, are not considered crush 

toward the occupant, and are not evaluated by MASH 2016 criteria.  

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

where impact had occurred. The front bumper had scrapes along its left side, and the left headlight 

was disengaged from the vehicle. The hood was crushed downward and inward at the headlight 

opening. The left-front fender remained intact but was crushed inward along its entire length. The 

left-front door was dented inward, and the left-rear door was crushed and dented. The windshield 

was cracked along the left side of the vehicle, but the system had no direct contact with the 

windshield. 

Undercarriage damage was minimal. The left-side strut assembly remained intact but was 

bent, causing the tire and wheel to lean inward. The engine cradle was bent upward and inward at 

the left-front corner. The right-side frame horn kinked 16 in. behind the leading edge and was bent 

to the right. The left-side frame horn was bent to the right and inward.  
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Figure 138. Vehicle Damage, Test No. STBRT-1 
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Figure 139. Vehicle Damage, Test No. STBRT-1 
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Figure 140. Occupant Compartment Damage, Test No. STBRT-1 
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Figure 141. Undercarriage Damage, Test No. STBRT-1 
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Table 15. Maximum Occupant Compartment Intrusion by Location, Test No. STBRT-1  

LOCATION 

MAXIMUM 

INTRUSION 

(in.) 

MASH  2016 ALLOWABLE 

INTRUSION 

(in.) 

Wheel Well & Toe Pan 0.4 ≤ 9 

Floor Pan & Transmission Tunnel 0.5 ≤ 12 

A-Pillar 0.7 ≤ 5 

A-Pillar (Lateral) 0.6 ≤ 3 

B-Pillar 0.2 ≤ 5 

B-Pillar (Lateral) 0.2 ≤ 3 

Side Front Panel (in Front of A-

Pillar) 
0.8 ≤ 12 

Side Door (Above Seat) 0.0 ≤ 9 

Side Door (Below Seat) 0.0 ≤ 12 

Roof 0.1 ≤ 4 

Windshield 2.1 ≤ 3 

Side Window Intact 
No shattering resulting from contact 

with structural member of test article 

Dash 0.6 N/A 

N/A – No MASH 2016 criteria exist for this location 

9.6 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, as 

determined from the accelerometer data, are shown in Table 16. 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 16. The recorded data from the accelerometers and the rate 

transducers are shown graphically in Appendix G.  
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Table 16. Summary of OIV, ORA, THIV, PHD, and ASI Values, Test No. STBRT-1 

Evaluation Criteria 

Transducer 
MASH 2016 

Limits 
SLICE-1 

(primary) 
SLICE-2 

OIV 

(ft/s) 

Longitudinal -18.83 -17.79 ±40 

Lateral 28.98 27.52 ±40 

ORA 

(g’s) 

Longitudinal -9.44 -9.22 ±20.49 

Lateral 11.40 11.30 ±20.49 

Maximum 

Angular 

Displacement 

(deg.) 

Roll -6.1 -3.3 ±75 

Pitch -3.9 -4.5 ±75 

Yaw 36.3 36.0 not required 

THIV 

(ft/s) 
29.06 28.22 not required 

PHD 

(g’s) 
11.53 11.35 not required 

ASI 1.91 1.80 not required 

 

9.7 Discussion 

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

contained and redirected the 1100C vehicle with controlled lateral displacements of the barrier. A 

summary of the test results and sequential photographs are shown in Figure 142. Detached 

elements, fragments, or other debris from the test article did not penetrate or show potential for 

penetrating the occupant compartment, or present an undue hazard to other traffic, pedestrians, or 

work-zone personnel. Deformations of, or intrusions into, the occupant compartment that could 

have caused serious injury did not occur. 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 G, were deemed acceptable, because they did not adversely 

influence occupant risk nor cause rollover. After impact, the vehicle exited the barrier at an angle 

of -7.4 degrees, and its trajectory did not violate the bounds of the exit box. Therefore, test no. 

STBRT-1 was determined to be acceptable according to the MASH 2016 safety performance 

criteria for test designation no. 3-20.  
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• Test Agency .........................................................................................................MwRSF 

• Test Number ...................................................................................................... STBRT-1 

• Date ......................................................................................................... August 24, 2020 

• MASH 2016 Test Designation No. ............................................................................. 3-20 

• Test Article....................................................... OH-IL Steel-Tube Bridge Rail Transition 

• Total Length  ................................................................................................. 137 ft – 9 in. 

• Key Component –Rails 

Middle and Lower Tube Rails .................................................................. HSS8x6x¼ 

Top Rail  ................................................................................................. HSS12x4x¼ 

AGT Rail  ..................................................................... Nested 12-gauge Thrie Beam 
Thrie Beam Connector  ................................................ 10-gauge Terminal Connector 

• Key Component –Posts 

Bridge Rail ........................................................................... W6x15 at 8 ft on-center 

AGT................................................................................ W6x15 at 37.5 in. on-center 

Spacing between Adjacent AGT and Bridge Post  ................................................ 9 ft 

• Vehicle Make /Model ..................................................................... 2009 Hyundai Accent 

Curb ............................................................................................................... 2,447 lb 
Test Inertial.................................................................................................... 2,404 lb 

Gross Static.................................................................................................... 2,568 lb 

• Impact Conditions 

Speed ........................................................................................................... 64.6 mph 

Angle ........................................................................................................... 25.2 deg. 
Impact Location ........................................................... 21.3 in. U.S. from post no. 19 

• Impact Severity ..................................... 60.9 kip-ft > 51.1 kip-ft limit from MASH 2016 

• Exit Conditions 

Speed ........................................................................................................... 46.2 mph 

Angle  ........................................................................................................... -7.4 deg. 

• Exit Box Criterion ...................................................................................................... Pass 

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

• Vehicle Stopping Distance ...................................................... 193 ft – 11 in. downstream 

• Vehicle Damage ................................................................................................. Moderate 

VDS [43]  ................................................................................................... 11-LFQ-5 

CDC [44] ................................................................................................. 11-LFEW-2 

Maximum Interior Deformation ....................................................................... 2.1 in. 

• Test Article Damage ............................................................................................ Minimal 

• Maximum Test Article Deflections 

Permanent Set .................................................................................................. 2.7 in. 

Dynamic ........................................................................................................... 8.6 in. 

Working Width............................................................................................... 21.4 in. 

• Transducer Data 

Evaluation Criteria 

Transducer 
MASH 2016 

Limits SLICE-1 

(primary) 
SLICE-2 

OIV 

(ft/s ) 

Longitudinal -18.83 -17.79 ±40 

Lateral 28.98 27.52 ±40 

ORA 

(g’s) 

Longitudinal -9.44 -9.22 ±20.49 

Lateral 11.40 11.30 ±20.49 

Maximum 
Angular 

Displacement 

(deg.) 

Roll -6.1 -3.3 ±75 

Pitch -3.9 -4.5 ±75 

Yaw 36.3 36.0 not required 

THIV   (ft/s) 29.06 28.22 not required 

PHD   (g’s) 11.53 11.35 not required 

ASI 1.91 1.8 not required 

 

Figure 142. Summary of Test Results and Sequential Photographs, Test No. STBRT-1 

0.000 sec 0.100 sec 0.150 sec 0.250 sec 0.350 sec 
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10 FULL-SCALE CRASH TEST NO. STBRT-2 

10.1 Static Soil Test 

Before full-scale crash test no. STBRT-2 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 E, 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. 

10.2 Weather Conditions 

Test no. STBRT-2 was conducted on September 22, 2020 at approximately 2:00 p.m. The 

weather conditions as per the National Oceanic and Atmospheric Administration (station 

14939/LNK) were reported and are shown in Table 17. 

Table 17. Weather Conditions, Test No. STBRT-2 

Temperature 83° F 

Humidity 37 % 

Wind Speed 14 mph 

Wind Direction 180° from True North 

Sky Conditions Sunny 

Visibility 8 Statute Miles 

Pavement Surface Dry 

Previous 3-Day Precipitation  0 in. 

Previous 7-Day Precipitation  0 in. 

 

10.3 Test Description 

Initial vehicle impact was to occur 17 in. upstream from post no. 19, as shown in Figure 

143, which was selected from LS-DYNA analysis to maximize vehicle snag on the AGT 

connection hardware. The 5,007-lb quad cab pickup truck impacted the bridge rail transition at a 

speed of 62.7 mph and at an angle of 24.9 degrees. The actual point of impact was 1.1 in. 

downstream from the target location. During the test, the 2270P pickup was contained and 

smoothly redirected with only minor roll and pitch displacements. The AGT experienced 

maximum dynamic and permanent set deflections of 18.6 in. and 8.4 in., respectively. Both 

deflections were measured at the upstream end of the middle transition tube rail. Vehicle 

components contacted the height transition of the lower transition tube rail and the first bridge 

post, but snag was minimal. The vehicle came to rest 183 ft – 10 in. downstream from the target 

point and 2 ft – 4 in. laterally behind the traffic side of the system after the vehicle’s brakes were 

applied.  

A detailed description of the sequential impact events is contained in Table 18. Sequential 

photographs are shown in Figures 144 and 145. Documentary photographs of the crash test are 

shown in Figure 146. The vehicle trajectory and final position are shown in Figure 147.  
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Figure 143. Impact Location, Test No. STBRT-2 
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Table 18. Sequential Description of Impact Events, Test No. STBRT-2 

TIME 

(sec) 
EVENT 

0.0 
Vehicle's front bumper contacted system 28.9 in. upstream from post no. 19 (the 

farthest downstream transition post). 

0.002 Vehicle's front bumper deformed, and vehicle's left-front tire contacted rail. 

0.008 Vehicle's hood deformed, and vehicle's left fender contacted rail. 

0.016 Post no. 19 deflected backward, and vehicle's grille deformed. 

0.022 Post no. 18 deflected backward. 

0.026 
Post no. B1 (first bridge rail post) deflected backward, and vehicle's left-front 

door deformed. 

0.032 Post no. 17 deflected backward, and vehicle yawed away from system. 

0.038 Vehicle rolled toward system. 

0.054 Vehicle's left-rear door deformed, and vehicle's left-front door contacted rail. 

0.058 Post no. 16 deflected backward. 

0.062 Vehicle pitched downward. 

0.070 Post no. B2 deflected backward. 

0.084 Post no. B1 bent backward. 

0.126 Vehicle's left-rear door contacted rail. 

0.136 Vehicle's right-front tire became airborne. 

0.146 Vehicle's right-rear tire became airborne. 

0.160 Occupant’s head contacted left-front window. 

0.174 Vehicle's rear bumper contacted rail. 

0.178 Post no. B3 deflected backward. 

0.179 Vehicle was parallel to system travelling at 51.2 mph. 

0.184 Vehicle's tailgate contacted the rail. 

0.250 Vehicle's left-front tire became airborne. 

0.318 Vehicle's left-front tire regained contact with ground. 

0.360 Vehicle exited system at 49.6 mph and a -11.4-degree angle. 

0.442 System came to rest. 

0.508 Vehicle rolled away from system. 

0.554 Vehicle's right-front tire regained contact with ground. 

0.578 Vehicle pitched upward. 

0.760 Vehicle's right-rear tire regained contact with ground. 
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Figure 144. Sequential Photographs, Test No. STBRT-2  
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Figure 145. Sequential Photographs, Test No. STBRT-2 
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Figure 146. Documentary Photographs, Test No. STBRT-2 
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Figure 147. Vehicle Final Position and Trajectory Marks, Test No. STBRT-2  
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10.4 Barrier Damage 

Damage to the barrier was minimal, as shown in Figures 148 and 149. Barrier damage 

consisted of contact marks and kinks on the thrie beam section and contact marks on the HSS 

transition tube rails. The length of vehicle contact along the barrier was approximately 14 ft and 

spanned from post no. 18 to downstream from the first bridge rail post.  

Contact marks on the thrie beam began at post no. 18 and continued downstream to the end 

of the thrie beam terminal connector. The top corrugation sustained various kinks and bends 

beginning 8½ in. upstream from the centerline of post no. 15 and continued to 5 in. downstream 

from the centerline of post no. 19. The bottom corrugation was kinked and folded upward 

beginning 2 in. downstream from the centerline of post no. 19 and continuing to the terminal 

connector.  

Contact marks were found on the front faces of all three HSS transition rails and extended 

approximately 2 ft past the first bridge rail post. Contact marks were also found covering most of 

the top surface of the top rail’s sloped upstream end. The upstream ends of the middle and lower 

transition tube rails were displaced backward, but no sharp bends in the rails were visible. The first 

bridge rail post was bent backward as a plastic hinge formed in the post just above the welded 

attachment plate. Flange buckling was also observed on the first bridge rail post adjacent to the 

transition tube rails. 

The maximum lateral permanent set of the barrier system was 8.4 in. at the upstream end 

of the middle transition tube, as measured in the field. The maximum lateral dynamic barrier 

deflection was 18.6 in. at the upstream end of the middle transition tube, as determined from high-

speed digital video analysis. The working width of the system was found to be 27.8 in., also 

determined from high-speed digital video analysis. A schematic of the permanent set deflection, 

dynamic deflection, and working width is shown in Figure 150. 
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Figure 148. System Damage, Test No. STBRT-2 
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Figure 149. Thrie Beam and Transition Rail Damage, Test No. STBRT-2 
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Figure 150. Permanent Set, Dynamic Deflection, and Working Width, Test No. STBRT-2 

10.5 Vehicle Damage 

The damage to the vehicle was moderate, as shown in Figures 151 through 154. The 

maximum occupant compartment intrusions are listed in Table 19, along with the intrusion limits 

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

compartment and vehicle deformations and the corresponding locations are provided in Appendix 

F. MASH 2016 defines intrusion or deformation as the occupant compartment being deformed and 

reduced in size with no observed penetration. There were no penetrations into the occupant 

compartment, and none of the established MASH 2016 deformation limits were violated. Outward 

deformations, which are denoted as negative numbers in Appendix F, are not considered crush 

toward the occupant, and are not evaluated by MASH 2016 criteria. 

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

where the impact had occurred. The front bumper was crushed inward on the left side, and the 

grille disengaged from the vehicle. The left fender was crushed and scraped, and the left-front tire 

was deflated. The left-front door remained intact was scraped and dented. The left-rear door had 

some minor scrapes and dents. The left-rear taillight was disengaged from the vehicle, and the 

back bumper was pushed inward toward the center of the vehicle. 

Undercarriage damage was minimal. The front sway bar moved slightly to the right, and 

the left end link was bent backward. The left upper control arm was bent and torn at the rear mount, 

and the left lower control arm was fractured at both mounting locations. The left outer tie rod was 

also slightly bent. The left frame horn was bent inward approximately 2 in. at the leading edge.  
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Figure 151. Vehicle Damage, Test No. STBRT-2 



 

 

1
6
8
 

D
ecem

b
er 2

3
, 2

0
2
0
 

M
w

R
S

F
 R

ep
o

rt N
o
. T

R
P

-0
3

-4
1
1
-2

0
 

 
 

 

 
 

 

Figure 152. Vehicle Damage, Test No. STBRT-2 
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Figure 153. Occupant Compartment Damage, Test No. STBRT-2 
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Figure 154. Undercarriage Damage, Test No. STBRT-2 
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Table 19. Maximum Occupant Compartment Intrusion by Location, Test No. STBRT-2  

LOCATION 

MAXIMUM 

INTRUSION 

(in.) 

MASH  2016 ALLOWABLE 

INTRUSION 

(in.) 

Wheel Well & Toe Pan 0.7 ≤ 9 

Floor Pan & Transmission 

Tunnel 
0.0 ≤ 12 

A-Pillar 0.2 ≤ 5 

A-Pillar (Lateral) 0.2 ≤ 3 

B-Pillar 0.1 ≤ 5 

B-Pillar (Lateral) 0.2 ≤ 3 

Side Front Panel (in Front 

of A-Pillar) 
1.8 ≤ 12 

Side Door (Above Seat) 0.6 ≤ 9 

Side Door (Below Seat) 0.2 ≤ 12 

Roof 0.0 ≤ 4 

Windshield 0.0 ≤ 3 

Side Window Intact 
No shattering resulting from contact 

with structural member of test article 

Dash 0.6 N/A 

N/A – No MASH 2016 criteria exist for this location 

10.6 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, as 

determined from the accelerometer data, are shown in Table 20. 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 20. The recorded data from the accelerometers and the rate 

transducers are shown graphically in Appendix H.  
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Table 20. Summary of OIV, ORA, THIV, PHD, and ASI Values, Test No. STBRT-2 

Evaluation Criteria 

Transducer 
MASH 2016 

Limits SLICE-1 
SLICE-2 

(primary) 

OIV 

(ft/s) 

Longitudinal -18.04 -16.27 ±40 

Lateral 20.41 21.60 ±40 

ORA 

(g’s) 

Longitudinal -11.28 -11.86 ±20.49 

Lateral 13.62 15.81 ±20.49 

Maximum 

Angular 

Displacement 

(deg.) 

Roll -21.5 -17.7 ±75 

Pitch 3.6 -5.5 ±75 

Yaw 46.9 46.2 not required 

THIV 

(ft/s) 
25.56 25.80 not required 

PHD 

(g’s) 
17.26 19.24 not required 

ASI 1.14 1.25 not required 

 

10.7 Discussion 

The analysis of the test results for test no. STBRT-2 showed that the system adequately 

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

summary of the test results and sequential photographs are shown in Figure 155. Detached 

elements, fragments, or other debris from the test article did not penetrate or show potential for 

penetrating the occupant compartment, or present an undue hazard to other traffic, pedestrians, or 

work-zone personnel. Deformations of, or intrusions into, the occupant compartment that could 

have caused serious injury did not occur. 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 H, were deemed acceptable, because they did not adversely 

influence occupant risk nor cause rollover. After impact, the vehicle exited the barrier at an angle 

of -11.4 degrees, and its trajectory did not violate the bounds of the exit box. Therefore, test no. 

STBRT-2 was determined to be acceptable according to the MASH 2016 safety performance 

criteria for test designation no. 3-21. 
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• Test Agency .........................................................................................................MwRSF 

• Test Number ...................................................................................................... STBRT-2 

• Date ................................................................................................................... 9/22/2020 

• MASH 2016 Test Designation No. ............................................................................. 3-21 

• Test Article....................................................... OH-IL Steel Tube Bridge Rail Transition 

• Total Length  ................................................................................................. 137 ft – 9 in. 

• Key Component –Rails 

Middle and Lower Tube Rails .................................................................. HSS8x6x¼ 

Top Rail  ................................................................................................. HSS12x4x¼ 

AGT Rail  .................................................................... Nested 12-Gauge Thrie Beam 
Thrie Beam Terminal Connector ................................ 10-Gauge Terminal Connector 

• Key Component –Posts 

Bridge Rail ........................................................................... W6x15 at 8 ft on-center 

AGT................................................................................ W6x15 at 37.5 in. on-center 

Spacing between Adjacent AGT and Bridge Post  ................................................ 9 ft 

• Vehicle Make /Model ................................................................... 2014 Dodge Ram 1500 

Curb ............................................................................................................... 5,133 lb 
Test Inertial.................................................................................................... 5,007 lb 

Gross Static.................................................................................................... 5,160 lb 

• Impact Conditions 

Speed ........................................................................................................... 62.7 mph 

Angle ........................................................................................................... 24.9 deg. 
Impact Location .................................................... 15.9 in. upstream from post no. 19 

• Impact Severity ....................................... 116 kip-ft > 106 kip-ft limit from MASH 2016 

• Exit Conditions 

Speed ........................................................................................................... 49.6 mph 

Angle  ......................................................................................................... -11.4 deg. 

• Exit Box Criterion ...................................................................................................... Pass 

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

• Vehicle Stopping Distance ...................................................... 183 ft – 10 in. downstream 

 

• Vehicle Damage ................................................................................................. Moderate 

• VDS [43]  ................................................................................................... 11-LFQ-5 

• CDC [44] ................................................................................................. 11-LFEW-3 

Maximum Interior Deformation ....................................................................... 1.8 in. 

• Test Article Damage ............................................................................................ Minimal 

• Maximum Test Article Deflections 

Permanent Set .................................................................................................. 8.4 in. 
Dynamic ......................................................................................................... 18.6 in. 

Working Width............................................................................................... 27.8 in. 

• Transducer Data 

Evaluation Criteria 

Transducer 
MASH 2016 

Limits SLICE-1 
SLICE-2 

(primary) 

OIV 

(ft/s) 

Longitudinal -18.04 -16.27 ±40 

Lateral 20.41 21.60 ±40 

ORA 

(g’s) 

Longitudinal -11.28 -11.86 ±20.49 

Lateral 13.62 15.81 ±20.49 

Maximum 

Angular 

Displacement 
(deg.) 

Roll -21.5 -17.7 ±75 

Pitch 3.6 -5.5 ±75 

Yaw 46.9 46.2 not required 

THIV (ft/s) 25.56 25.80 not required 

PHD (g’s) 17.26 19.24 not required 

ASI 1.14 1.25 not required 

 

Figure 155. Summary of Test Results and Sequential Photographs, Test No. STBRT-2 

0.000 sec 0.100 sec 0.150 sec 0.250 sec 0.350 sec 
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11 SUMMARY AND CONCLUSIONS 

The objective of this project was to develop a MASH TL-3 approach guardrail transition 

to the TL-4 steel-tube bridge rail, which was recently developed for the Ohio and Illinois DOTs. 

The AGT was required to safely connect the new steel-tube bridge rail to the Midwest Guardrail 

System (MGS) located on the adjacent roadway. Although the bridge rail was MASH TL-4 

compliant, the AGT was only required to satisfy MASH TL-3 criteria, similar to the test level of 

the adjacent MGS. The AGT needed to prevent snag on the bridge rail during both conventional- 

and reverse-direction (traveling from bridge to roadway) impacts. Additionally, it was desired to 

maximize the distance between the last AGT post and the first bridge rail post to avoid post 

installation obstacles, such as bridge abutments and wing walls. Finally, the AGT was to remain 

crashworthy both before and after roadway overlays up to 3 in. thick. Note that the new bridge rail 

was designed with the same overlay criteria. 

After a review of previously developed, MASH crashworthy AGTs, the Nebraska DOT 

34-in. tall AGT was selected as the basis for the new AGT to steel-tube bridge rail. This nested 

thrie beam AGT was installed with a top mounting height of 34 in. to account for future overlays 

up to 3 in. thick. After an overlay, the symmetric W-to-thrie transition segment would be swapped 

out with an asymmetric W-to-thrie transition segment, and the W-beam in the upstream MGS 

region would be raised 3 in. on the guardrail posts. Thus, the effective nominal height for the entire 

system would become the standard 31 in. after a 3-in. thick overlay and these minor adjustments. 

Note that the posts would not have to be replaced or reset as part of these minor adjustments.  

Additionally, the Nebraska DOT 34-in. tall AGT utilized W6x15 posts spaced at 37.5 in. on-center. 

This post configuration was thought to be more conducive to maximizing the span length between 

the last transition post and the first bridge rail post as compared to the other AGTs with smaller 

W6x9 posts spaced at 18.75 in. on-center.  

To attach the thrie-beam AGT to the steel-tube bridge rail, two connection design concepts 

were explored. The first concept involved a reinforced plate assembly that bridged the gap between 

the two systems. The thrie-beam terminal connector was bolted to the front face of the plate 

connector assembly, while the downstream end of the assembly would slide into the open ends of 

the HSS tube rails. The back side of the plate connector assembly contained both horizontal and 

vertical gussets to reinforce the assembly and provide adequate bending strength.  

The second concept involved specialized transition tube rails that angled upward at a 6:1 

slope and raised the height of the lower and middle HSS tube rails to match the height of the thrie 

beam. Thus, the thrie-beam terminal connector could be directly bolted to the transition tube rails. 

To prevent vehicle snag on the top tube rail, it was angled downward at a 2:1 slope and attached 

to the middle tube rail. Finally, an HSS6x4x¼ section was sandwiched between the lower two tube 

rails, and the downstream end was tapered back laterally at a 3:1 slope to prevent vehicle snag on 

the thrie-beam terminal connector during reverse-direction impacts. 

LS-DYNA computer simulations of MASH TL-3 impacts were conducted on both 

concepts to finalize component design and evaluate design feasibility. Although design concept 

#1 showed promise as a crashworthy connection between the AGT and the bridge rail, high stresses 

and plastic deformations were observed in the plate connector assembly during the simulations. 

Additionally, both the Illinois and Ohio DOTs expressed concern with the complexity and 

potential cost required to construct the plate connector assembly. Simulations on Concept #2 
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showed only minor vehicle snag on the system components during both conventional- and reverse-

direction impacts. Additionally, the simulations also showed a potential for safely using a 9-ft span 

length between the last transition post and first bridge post, which was more than double the post 

distances of other MASH AGTs. Thus, concept #2 with the specialized transition tube rails was 

ultimately selected as the desired configuration  

LS-DYNA computer simulations were also used to identify critical impact points (CIPs) 

for both full-scale crash tests required by MASH TL-3 evaluation criteria. Multiple impacts were 

simulated on the AGT with both vehicles to identify the impact point that would maximize vehicle 

snag and thereby maximize the potential for excessive decelerations, occupant compartment crush, 

and/or vehicle instabilities. The CIP for test designation no. 3-21 was determined to be 17 in. 

upstream from the last W6x15 AGT post to maximize occupant risk values and the potential for 

snagging on the sloped end of the upper transition tube and the first bridge rail post. The CIP for 

test designation no. 3-20 was determined to be 30 in. upstream from the last AGT post to maximize 

wedging of the small car tire underneath the sloped transition tube rails and the potential for 

snagging on the posts.  

LS-DYNA computer simulations of reverse-direction impacts showed no indication of 

significant pocketing or snag. Additionally, these simulated reverse-direction impacts on the AGT 

showed similar vehicle behavior, accelerations, and system deflections as observed during the 

actual full-scale crash tests conducted on the interior sections of the bridge railing, test nos. STBR-

2 and STBR-3. Since MASH testing on the bridge rail was successful, any reverse direction crash 

tests on the transition from the bridge rail to the thrie-beam AGT should also be successful. Thus, 

reverse-direction testing was deemed non-critical and only conventional direction impacts were 

conducted in the full-scale testing and evaluation of the new AGT connection.  

A full-scale test installation of the AGT to steel-tube bridge rail was constructed, and test 

nos. STBRT-1 and STBRT-2 were conducted on the test article in accordance with MASH 2016 

test designation nos. 3-20 and 3-21, respectively. A summary of the test evaluation is shown in 

Table 21. In test no. STBRT-1, the 2,404-lb small car impacted the steel-tube bridge rail system 

21.3 in. upstream from post no. 19 at a speed of 64.6 mph and an angle of 25.2 degrees, resulting 

in an impact severity of 60.9 kip-ft. The vehicle was successfully contained and smoothly 

redirected with moderate damage to both the bridge rail system and the vehicle. After impacting 

the barrier system, the vehicle exited the system at a speed of 46.2 mph and an angle of -7.4 

degrees. All vehicle decelerations, ORAs, and OIVs fell within the recommended safety limits 

established in MASH 2016. Therefore, test no. STBRT-1 satisfied the safety criteria of MASH 

2016 test designation no. 3-20. 

In test no. STBRT-2, the 5,007-lb pickup truck impacted the steel-tube bridge rail system 

15.9 in. upstream from post no. 19 at a speed of 62.7 mph and an angle of 24.9 degrees, resulting 

in an impact severity of 116 kip-ft. The vehicle was successfully contained and smoothly redirected 

with moderate damage to both the bridge rail system and the vehicle. After impacting the barrier, 

the vehicle exited the system at a speed of 49.6 mph and an angle of -11.4 degrees. All vehicle 

decelerations, ORAs, and OIVs fell within the recommended safety limits established in MASH 

2016. Therefore, test no. STBRT-2 was successful according to the safety criteria of MASH 2016 

test designation no. 3-21. 
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Recall, the upstream end of the AGT incorporated the MGS stiffness transition, which had 

previously been successfully crash tested to MASH TL-3 criteria [32-33]. Further, LS-DYNA 

simulations of reverse-direction impacts on the AGT showed negligible vehicle snag and resulted 

in behavior similar to the full-scale tests on the steel-tube bridge railing, which also previously 

passed MASH safety criteria [6-7].  Therefore, with the successful crash tests documented herein, 

the new AGT to the Ohio/Illinois steel-tube bridge railing was determined to be crashworthy to 

MASH 2016 TL-3 safety performance criteria. 

The research presented within this research report pertains only to the development and 

MASH 2016 evaluation of the new AGT to steel-tube bridge rail. Recommendations and 

implementation guidance for both the bridge rail and the AGT were documented in a separate 

summary report [10].
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Table 21. Summary of Safety Performance Evaluation  

Evaluation 

Factors 
Evaluation Criteria 

Test No. 

STBRT-1 

Test No. 

STBRT-2 

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. 

S 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. 

S 

 

 

S 

S 

 

 

S 

F. The vehicle should remain upright during and after 

collision. The maximum roll and pitch angles are not to 

exceed 75 degrees. 
S 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 S 

 Occupant Impact Velocity Limits 

S S Component Preferred Maximum 

Longitudinal and 

Lateral 
30 ft/s 40 ft/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 S 

 Occupant Ridedown Acceleration Limits  

S S 
Component Preferred Maximum 

Longitudinal and 

Lateral 
15.0 g’s 20.49 g’s 

MASH 2016 Test Designation No. 3-20 3-21 

Final Evaluation (Pass or Fail) Pass Pass 

 S – Satisfactory  U – Unsatisfactory  NA - Not Applicable 



December 23, 2020 

MwRSF Report No. TRP-03-411-20 

 

178 

12 MASH EVALUATION 

The MASH TL-3 approach guardrail transition developed and evaluated herein was 

specifically designed for use with the MASH TL-4 steel-tube bridge railing that was developed for 

the Ohio and Illinois Departments of Transportation. Since the AGT was intended for use on 

roadways that may receive future overlays up to 3 in. thick, the AGT was based on Nebraska 

DOT’s 34-in. tall thrie-beam AGT. The nested thrie-beam rail at the downstream end of the AGT 

was supported by W6x15 posts spaced at 37.5 in., while the upstream end rail elements were 

supported by W6x8.5 posts at various spacings corresponding to the MGS stiffness transition. A 

symmetric W-to-thrie transition segment was utilized to attach the 34-in. tall thrie beam to 31-in. 

tall MGS upstream from the AGT. At the downstream end of the AGT, a 9-ft span length was used 

between the last transition post and the first bridge rail post to avoid post installation conflicts with 

bridge elements, such as wing walls, abutments, or bents. 

To attach the thrie-beam AGT to the steel-tube bridge rail, specialized transition tube rails 

were extended from the upstream end of the bridge rail. The transition tube rails angled upward at 

a 6:1 slope and raised the height of the lower and middle HSS tube rails to match the height of the 

thrie beam. Thus, the thrie-beam terminal connector could be directly bolted to the transition tube 

rails. To prevent vehicle snag on the top tube rail, it was angled downward at a 2:1 slope and 

attached to the middle tube rail. Finally, an HSS6x4x¼ was sandwiched between the lower two 

tube rails, and the downstream end was tapered back laterally at a 3:1 slope to prevent vehicle snag 

on the thrie beam terminal connector during reverse-direction impacts. 

The upstream region of the AGT was specifically designed to replicate the MASH-

crashworthy MGS stiffness transition. Upon initial installation, the only difference between the 

two systems was that the 34-in. tall AGT utilized a symmetric W-to-thrie transition rail instead of 

an asymmetric transition rail. Since the W-beam upstream from the transition rail was mounted at 

its nominal 31-in. height, vehicles impacting this region of the barrier should not extend over the 

rail and roll excessively. Additionally, the bottom of the symmetric transition rail had a shallower 

slope than the asymmetric segment and would likely produce less snag as a small vehicle tried to 

wedge underneath the rail. Thus, there were no concerns about vehicle stability and/or snag on the 

upstream region of the new AGT prior to a roadway overlay. 

After the roadway overlay, the symmetric rail segment would be replaced by an 

asymmetric segment, and the W-beam of the adjacent MGS would be raised 3 in. on the posts to 

maintain its nominal 31-in. mounting height. Previous studies have concluded that guardrail can 

be raised up to 4 in. on the support posts and the system will remain crashworthy. Thus, after an 

overlay, the upstream stiffness transition is essentially identical to the MASH-tested MGS stiffness 

transition. Since the MGS stiffness transition was previously subjected to and successfully passed 

MASH TL-3 criteria, the upstream stiffness transition within the new AGT to a steel-tube bridge 

rail would be MASH TL-3 crashworthy as well. Therefore, all crash testing of the upstream 

stiffness transition, both before and after an overlay, was deemed non-critical.  

At the downstream end of the AGT, there were concerns for rail pocketing within the 9-ft 

unsupported span length adjacent to the stiff bridge rail as well as vehicle snag on the transition 

tube rails and bridge posts. Rail pocketing issues would be the same regardless of the presence of 

an overlay as an overlay would not affect the strength of the system. However, an overlay would 

reduce the gap below the rail, thereby reducing the likelihood that vehicle bumpers and wheels 
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would extend under the rail and snag on system components. Accordingly, the system 

configuration without an overlay would present the worst-case scenario for vehicle snag. Thus, 

only two full-scale tests were recommended to evaluate the crashworthiness of the 34-in. tall AGT 

to MASH 2016 TL-3 criteria.  

Test nos. STBRT-1 and STBRT-2 were conducted in accordance with MASH test 

designation nos. 3-20 and 3-21, respectively, on the downstream end of the AGT without an 

overlay. Test no. STBRT-1 was performed with the 1100C small car impacting 21.3 in. upstream 

from the last transition post to maximize vehicle snag on the vertically sloped portion of the lower 

transition tube rail, while test no. STBRT-2 was performed with the 2270P pickup impacting 15.9 

in. upstream from the last transition post to maximize loading to the connection hardware and snag 

on the sloped end of the top transition tube rail. Both vehicles were contained and smoothly 

redirected with minor roll and pitch angular displacements. Vehicle contact did occur on the 

targeted snag points on the AGT, but the tapered designs limited the snag severity. None of the 

MASH 2016 occupant compartment deformation limits were violated, and all ORA and OIV 

values were within MASH 2016 safety limits. Therefore, test nos. STBRT-1 and STBRT-2 were 

determined to be acceptable according to test designation nos. 3-20 and 3-21, respectively, of 

MASH 2016. 

Due to the two successful full-scale crash tests, the incorporation of the upstream MGS 

stiffness transition, and modification to the AGT and adjacent MGS after an overlay as described 

herein, the new 34-in. AGT to steel-tube bridge rail was determined to be crashworthy to MASH 

2016 TL-3 standards both before and after a 3-in. roadway overlay. 
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Figure A-1. Ohio MGS Bridge Terminal Assembly, Type 1, Sheet 1 of 2 
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Figure A-2. Ohio MGS Bridge Terminal Assembly, Type 1, Sheet 2 of 2 
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Figure A-3. Ohio Twin Steel Tube Bridge Railing, Sheet 1 of 4 
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Figure A-4. Ohio Twin Steel Tube Bridge Railing, Sheet 2 of 4 
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Figure A-5. Ohio Twin Steel Tube Bridge Railing, Sheet 3 of 4 
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Figure A-6. Ohio Twin Steel Tube Bridge Railing, Sheet 4 of 4 
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Figure A-7. Illinois Traffic Barrier Terminal, Type 6A, Sheet 1 of 3 



 

 

D
ecem

b
er 2

3
, 2

0
2
0
 

M
w

R
S

F
 R

ep
o

rt N
o
. T

R
P

-0
3

-4
1
1
-2

0
 

1
9
3
 

 
Figure A-8. Illinois Traffic Barrier Terminal, Type 6A, Sheet 2 of 3 
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Figure A-9. Illinois Traffic Barrier Terminal, Type 6A, Sheet 3 of 3 
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Figure A-10. Illinois Type SM Side Mount Bridge Rail 
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Figure A-11. Texas T131RC Bridge Rail Transition, Sheet 1 of 7 
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Figure A-12. Texas T131RC Bridge Rail Transition, Sheet 2 of 7 
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Figure A-13. Texas T131RC Bridge Rail Transition, Sheet 3 of 7 
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Figure A-14. Texas T131RC Bridge Rail Transition, Sheet 4 of 7 
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Figure A-15. Texas T131RC Bridge Rail Transition, Sheet 5 of 7 
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Figure A-16. Texas T131RC Bridge Rail Transition, Sheet 6 of 7 
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Figure A-17. Texas T131RC Bridge Rail Transition, Sheet 7 of 7 
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Figure A-18. Texas T131RC Bridge Rail, Sheet 1 of 9 
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Figure A-19. Texas T131RC Bridge Rail, Sheet 2 of 9 
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Figure A-20. Texas T131RC Bridge Rail, Sheet 3 of 9 
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Figure A-21. Texas T131RC Bridge Rail, Sheet 4 of 9 
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Figure A-22. Texas T131RC Bridge Rail, Sheet 5 of 9 
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Figure A-23. Texas T131RC Bridge Rail, Sheet 6 of 9 
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Figure A-24. Texas T131RC Bridge Rail, Sheet 7 of 9 
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Figure A-25. Texas T131RC Bridge Rail, Sheet 8 of 9 
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Figure A-26. Texas T131RC Bridge Rail, Sheet 9 of 9 
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Figure A-27. Oregon Two-Tube Side Mount Rail Transition 
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Figure A-28. Oregon Two-Tube Side Mount Rail 
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Figure A-29. Alaska Multi-State Thrie-Beam Transition, Sheet 1 of 2 
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Figure A-30. Alaska Multi-State Thrie-Beam Transition, Sheet 2 of 2 
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Figure A-31. Alaska Multi-State Bridge Rail, Sheet 1 of 3 
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Figure A-32. Alaska Multi-State Bridge Rail, Sheet 2 of 3 
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Figure A-33. Alaska Multi-State Bridge Rail, Sheet 3 of 3 
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Figure A-34. California Type 115 Bridge Rail, Sheet 1 of 3 
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Figure A-35. California Type 115 Bridge Rail, Sheet 2 of 3 
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Figure A-36. California Type 115 Bridge Rail, Sheet 3 of 3 
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Figure A-37. New Hampshire T2 Steel Bridge Rail Transition 
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Figure A-38. New Hampshire T2 Steel Bridge Rail 
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Figure A-39. Wisconsin Thrie-Beam Transition Connection 
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Figure A-40. Wisconsin Tubular Steel Railing Type “M” 
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Table B-1. Bill of Materials, Test Nos. STBRT-1 and STBRT-2  

Item  

No. 
Description Material Specification Reference 

a1 12'-6" 12-gauge Thrie Beam  AASHTO M180 H#L31920 

a2 6'-3" 12-gauge Thrie Beam  AASHTO M180 H#L34919 

a3 

10-gauge Symmetrical W-

beam to Thrie Beam 

Transition 

AASHTO M180 H#C89858 

a4 12'-6" 12-gauge W-Beam AASHTO M180 H#C85187 

a5 12'-6" 12-gauge W-Beam End  AASHTO M180 H#C85187 

a6 
10-gauge Thrie Beam 

Terminal Connector 

AASHTO M180  

Min yield strength = 50 ksi   

Min. ultimate strength = 70 

ksi 

H#A81568 

a7 6'-3" 12-gauge W-Beam MGS  AASHTO M180 H#31631800 

b1 30"x10⅝"x5/16" Plate ASTM A572 Gr. 50 H#18170241 

b2 30"x2⅝"x⅜" Plate ASTM A572 Gr. 50 H#E8H296 

b3 8"x8"x⅜" Plate ASTM A572 Gr. 50 H#E8H296 

b4 17¾"x13"x1" Post Plate ASTM A572 Gr. 50 H#W8J820 

b5 6 1/8"x511/16"x¼" Gusset  ASTM A572 Gr. 50 H#E8I347 

b6 HSS5x4x½, 20" Long ASTM A500 Gr. C H#17111221 

b7 30"x6⅝"x⅜" Plate ASTM A572 Gr. 50 H#E8H296 

b8 30"x4⅝"x5/16" Plate ASTM A572 Gr. 50 H#18170241 

b9 HSS8x6x¼, 191¼" Long ASTM A500 Gr. C H#835188 

b10 HSS12x4x¼, 191¼" Long ASTM A500 Gr. C 
H#NH4681 "B" and 

H#TH4011 

b11 20"x15"x3/16" Steel Plate ASTM A572 Gr. 50 H#B8E871 

c1 
BCT Timber Post - MGS 

Height 

SYP Grade No. 1 or better 

(No knots +/- 9" from 

weakening hole) 

Ch#1488 and Ch#652 

c2 72" Long Foundation Tube ASTM A500 Gr. B H#821T08220  

c3 Ground Strut Assembly ASTM A36 C.A. 3/22/17 

c4 BCT Cable Anchor Assembly - C.o.C. 9/24/2018 

c5 8"x8"x⅝" Anchor Plate ASTM A36 H#4181496  

c6 Anchor Bracket Assembly ASTM A36 H#JK16101488 

c7 
2⅜" O.D. x 6" BCT Post 

Sleeve 

ASTM A53 Gr. B Schedule 

40 
H#712810 

c8 Bent 16D Double Head Nail - C.o.C.8/2/2018  
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Table B-1. Bill of Materials, Test Nos. STBRT-1 and STBRT-2, Cont. 

Item  

No. 
Description Material Specification Reference 

d1 
W6x9 or W6x8.5, 72" Long 

Post 
ASTM A992 

H#55066998/03 and 

H#59091883/02 

d2 
W6x9 or W6x8.5, 72" Long 

Post 
ASTM A992 

H#55066998/03 and 

H#59091883/02 

d3 
W6x9 or W6x8.5, 72" Long 

Post 
ASTM A992 H#55066998/03  

d4 W6x15, 84" Long Steel Post ASTM A992 H#59091494/02 

d5 W6x15, 53½" Long Post ASTM A992 H#59082360/02 

d6 6"x8"x19" Timber Blockout SYP Grade No.1 or better Ch#1695 

d7 6"x12"x19" Timber Blockout SYP Grade No.1 or better CH#1597 

d8 6"x12"x19" Timber Blockout SYP Grade No.1 or better Ch#25698 

d9 
6"x12"x14¼" Timber 

Blockout 
SYP Grade No.1 or better Ch#1672 

e1 ⅝" Dia. UNC, 14" Long Bolt ASTM A307 Gr. A H#DL17100590 

e2 ⅝" Dia. UNC, 10" Long Bolt ASTM A307 Gr. A H#1721198  

e3 ⅝" Dia. UNC, 2" Long Bolt ASTM A307 Gr. A H#10626360 

e4 ⅝" Dia. UNC, 1¼" Long Bolt ASTM A307 Gr. A H#10641050 

e5 ⅝" Dia. UNC, 10" Hex Bolt ASTM A307 Gr. A H#JK18104124 

e6 ⅝" Dia. UNC, 1½" Hex Bolt ASTM A307 Gr. A H#5-01570  

e7 ¾"-11 UNC, 21" Round Bolt ASTM A449 H#3090536 

e8 
¾"-10 UNC, 9½" Heavy Hex 

Bolt 

ASTM F3125 Gr. A325 

Type 1 
H#3078659  

e9 ¾"-10 UNC, 7½" Round Bolt ASTM A449 
H#3078659  

H#3090536  

e10 
¾"-10 UNC, 6" Round Head 

Bolt 
ASTM A449 H#3078659 

e11 ⅞" Dia. UNC, 8" Hex Bolt ASTM A307 Gr. A H#489517 

e12 
1"-8 UNC, 3½" Heavy Hex 

Bolt 

ASTM F3125 Gr. A325 

Type 1 
H#10552460 

e13 
1"-8 UNC, 2¼" Heavy Hex 

Bolt 

ASTM F3125 Gr. A325 

Type 1 
H#10415990 

f1 
⅝" Dia. SAE Plain Round 

Washer 
ASTM F844 L#M-SWE0412454-8 

f2 
⅞" Dia. USS Plain Round 

Washer 
ASTM F844 L#1844804  

f3 
1" Dia. USS Plain Round 

Washer 
ASTM F844 Certified 10/22/2018 
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Table B-1. Bill of Materials, Test Nos. STBRT-1 and STBRT-2, Cont. 

Item  

No. 
Description Material Specification Reference 

f4 
¾" Dia. SAE Hardened Flat 

Washer 
ASTM F436 H#1P791 

f5 2¼"x2¼"x¼" Square Washer ASTM A36 H#17126641 

g1 ¾”-10 UNC Heavy Hex Nut ASTM A563DH H#100798971  

g2 ⅝" Dia. Guardrail Nut ASTM A563A H#10624590 

g3 ⅝" Dia. Hex Nut ASTM A563A H#331608011  

g4 ⅞" Dia. Hex Nut ASTM A563A 
L#1N18BC001 

L#1N1880113  

g5 1"-8 UNC Heavy Hex Nut ASTM A563DH C.o.C. 11/29/2018 

g6 1" Dia. Hex Nut ASTM A563DH C.o.C. 4/17/2019 

h1 
HSS6x4x¼, 36" Long 

Tapered Tube 
ASTM A500 Gr. C H#90992C  

h2 13"x3 ¾"x¼" Plate ASTM A572 Gr. 50 H#B9L648 

h3 13"x10⅜"x¼" Bent Plate ASTM A572 Gr. 50 H#B9L648 

h4 
12"x4"x¼", 15" Long Sloped 

Transition Rail 
ASTM A500 Gr. C H#NJ8018 Inv#56648 

h5 
12"x4"x¼", 30 1/8" Long 

Transition Rail 
ASTM A500 Gr. C H#NJ8018 Inv#56648 

h6 
HSS8x6x¼, 6215/16" Long 

Middle Transition Rail 
ASTM A500 Gr. C 

H#19197161 

H#87705C 

h7 
HSS8x6x¼, 45⅜" Long 

Middle Transition Rail 
ASTM A500 Gr. C 

H#19197161  

H#87705C 

h8 
HSS8"x6x¼, 1213/16" Long 

Transition Rail 
ASTM A500 Gr. C 

H#19197161  

H#87705C 

h9 
HSS8x6x¼, 6215/16" Long 

Bottom Transition Rail 
ASTM A500 Gr. C 

H#19197161  

H#87705C 

h10 
HSS8x6x¼, 45⅜" Long 

Bottom Transition Rail 
ASTM A500 Gr. C 

H#19197161  

H#87705C 
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Figure B-1. 12-gauge Thrie Beam Sections, Test Nos. STBRT-1 and STBRT-2  
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Figure B-2. 10-ga. W-to-Thrie Transition Segment, Test Nos. STBRT-1 and STBRT-2 
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Figure B-3. 12-gauge W-Beam Sections, Test Nos. STBRT-1 and STBRT-2 
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Figure B-4. 10-gauge Thrie Beam Terminal Connector, Test Nos. STBRT-1 and STBRT-2 
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Figure B-5. 6 ft – 3 in., 12-gauge W-Beam, Test Nos. STBRT-1 and STBRT-2 

 
Figure B-6. 5/16-in. Plates, Test Nos. STBRT-1 and STBRT-2  
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Figure B-7. ⅜-in. Plates, Test Nos. STBRT-1 and STBRT-2  

 
Figure B-8. 17¾-in. x 13-in. x 1-in. Post Plate, Test Nos. STBRT-1 and STBRT-2 
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Figure B-9. ¼-in. Gusset Plate, Test Nos. STBRT-1 and STBRT-2  
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Figure B-10. 20-in. Long HSS5x4x½, Test Nos. STBRT-1 and STBRT-2 
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Figure B-11. HSS8x6x¼, Test Nos. STBRT-1 and STBRT-2  
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Figure B-12. HSS12x4x¼, Test Nos. STBRT-1 and STBRT-2 
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Figure B-13. 20-in. x 15-in. x 3/16-in. Steel Plate, Test Nos. STBRT-1 and STBRT-2  

 
Figure B-14. BCT Timber Post, Test Nos. STBRT-1 and STBRT-2  
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Figure B-15. BCT Timber Post, Test Nos. STBRT-1 and STBRT-2  
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Figure B-16. 72-in. Long Foundation Tube, Test Nos. STBRT-1 and STBRT-2 
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Figure B-17. Ground Strut Assembly, Test Nos. STBRT-1 and STBRT-2  
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Figure B-18. BCT Cable Anchor Assembly, Test Nos. STBRT-1 and STBRT-2 
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Figure B-19. 8-in. x 8-in. x ⅝-in. Plate, Test Nos. STBRT-1 and STBRT-2  

 
Figure B-20. Anchor Bracket Assembly, Test Nos. STBRT-1 and STBRT-2  



December 23, 2020 

MwRSF Report No. TRP-03-411-20 

 

246 

M
w

R
S

F
 R

ep
o

rt N
o
. T

R
P

-0
3

-4
1
1
-2

0
 

 
Figure B-21. 2⅜-in. O.D. x 6-in. Post Sleeve, Test Nos. STBRT-1 and STBRT-2 

 
Figure B-22. Bent 16D Double Head Nail, Test Nos. STBRT-1 and STBRT-2 
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Figure B-23. W6x9 or W6x8.5, 72-in. Long Steel Post, Test Nos. STBRT-1 and STBRT-2  

 
Figure B-24. W6x9 or W6x8.5, 72-in. Long Steel Post, Test Nos. STBRT-1 and STBRT-2  
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Figure B-25. W6x15, 84-in. Long Steel Post, Test Nos. STBRT-1 and STBRT-2  

 
Figure B-26. W6x15, 53½-in. Long Steel Post, Test Nos. STBRT-1 and STBRT-2  
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Figure B-27. 6-in. x 8-in. x 19-in. Timber Blockout, Test Nos. STBRT-1 and STBRT-2  

 
Figure B-28. 6-in. x 12-in. x 19-in. Timber Blockout, Test Nos. STBRT-1 and STBRT-2  
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Figure B-29. 6-in. x 12-in. x 19-in. Timber Blockout, Test Nos. STBRT-1 and STBRT-2 
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Figure B-30. 6-in. x 12-in. x 14¼-in. Timber Blockout, Test Nos. STBRT-1 and STBRT-2  
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Figure B-31. ⅝-in. Dia., 14-in. Long Guardrail Bolt, Test Nos. STBRT-1 and STBRT-2 
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Figure B-32. ⅝-in. Dia., 10-in. Long Guardrail Bolt, Test Nos. STBRT-1 and STBRT-2 
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Figure B-33. ⅝-in. Dia., 2-in. Long Guardrail Bolt, Test Nos. STBRT-1 and STBRT-2 
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Figure B-34. ⅝-in. Dia., 1¼-in. Long Guardrail Bolt, Test Nos. STBRT-1 and STBRT-2 
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Figure B-35. ⅝-in. Dia., 10 in. Long Hex Bolt, Test Nos. STBRT-1 and STBRT-2 
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Figure B-36. ⅝-in. Dia., 1½-in. Long Hex Bolt, Test Nos. STBRT-1 and STBRT-2 
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Figure B-37. Round Head Bolts, Test Nos. STBRT-1 and STBRT-2 
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Figure B-38. Heavy Hex and Round Head Bolts, Test Nos. STBRT-1 and STBRT-2 

 
Figure B-39. ⅞-in. Dia., 8-in. Long Hex Bolt, Test Nos. STBRT-1 and STBRT-2 
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Figure B-40. 1-in. Dia, 3½-in. Long Heavy Hex Bolt, Test Nos. STBRT-1 and STBRT-2 
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Figure B-41. 1-in. Dia., 2¼-in. Long Heavy Hex Bolt, Test Nos. STBRT-1 and STBRT-2 
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Figure B-42. ⅝-in. Dia. SAE Plain Round Washer, Test Nos. STBRT-1 and STBRT-2 
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Figure B-43. ⅞-in. Dia. USS Plain Round Washer, Test Nos. STBRT-1 and STBRT-2 

 
Figure B-44. 1-in. Dia. USS Plain Round Washer, Test Nos. STBRT-1 and STBRT-2 
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Figure B-45. ¾-in. Dia. SAE Hardened Flat Washer, Test Nos. STBRT-1 and STBRT-2 
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Figure B-46. ¼-in. Thick, 2¼-in. Square Washer, Test Nos. STBRT-1 and STBRT-2 
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Figure B-47. ¾-in. 10 UNC Heavy Hex Nut, Test Nos. STBRT-1 and STBRT-2 
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Figure B-48. ⅝-in. Dia. Guardrail Nut, Test Nos. STBRT-1 and STBRT-2 
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Figure B-49. ⅝-in. Dia. Hex Nut, Test Nos. STBRT-1 and STBRT-2 
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Figure B-50. ⅞-in. Dia. Hex Nut, Test Nos. STBRT-1 and STBRT-2 
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Figure B-51. ⅞-in. Dia. Hex Nut, Test Nos. STBRT-1 and STBRT-2 
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Figure B-52. 1-in. 8 UNC Heavy Hex Nut, Test Nos. STBRT-1 and STBRT-2 
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Figure B-53. 1-in. Dia. Hex Nut, Test Nos. STBRT-1 and STBRT-2 
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Figure B-54. HSS6x4x¼, Test Nos. STBRT-1 and STBRT-2 
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Figure B-55. ¼-in. Plates, Test Nos. STBRT-1 and STBRT-2 
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Figure B-56. HSS12x4x¼ Transition Rail, Test Nos. STBRT-1 and STBRT-2 
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Figure B-57. HSS8x6x¼ Transition Rails, Test No. STBRT-1 
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Figure B-58. HSS8x6x¼ Transition Rails, Test No. STBRT-2 
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Appendix C. Shop Drawings for Transition Tube Rails 
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Figure C-1. Shop Drawings for Middle and Lower Transition Tube Rails 
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Figure C-2. Shop Drawings for Upper Transition Tube Rail 
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Appendix D. Vehicle Center of Gravity Determination 
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Figure D-1. Vehicle Mass Distribution, Test No. STBRT-1 
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Figure D-2. Vehicle Mass Distribution, Test No. STBRT-2 
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Appendix E. Static Soil Tests 
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Figure E-1. Soil Strength, Initial Calibration Tests  
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Figure E-2. Static Soil Test, Test No. STBRT-1 
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Figure E-3. Static Soil Test, Test No. STBRT-2 
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Appendix F. Vehicle Deformation Records 

The following figures and tables describe all occupant compartment measurements taken 

on the test vehicles 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 F-1. Floor Pan Deformation Data – Set 1, Test No. STBRT-1 
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Figure F-2. Floor Pan Deformation Data – Set 2, Test No. STBRT-1 
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Figure F-3. Interior Crush Deformation Data – Set 1, Test No. STBRT-1 
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Figure F-4. Interior Crush Deformation Data – Set 2, Test No. STBRT-1 
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Figure F-5. Max. Occupant Compartment Deformations by Location, Test No. STBRT-1 
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Figure F-6. Exterior Vehicle Crush (NASS) - Front, Test No. STBRT-1 
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Figure F-7. Exterior Vehicle Crush (NASS) - Side, Test No. STBRT-1 
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Figure F-8. Floor Pan Deformation Data – Set 1, Test No. STBRT-2 



December 23, 2020 

MwRSF Report No. TRP-03-411-20 

 

297 

 
Figure F-9. Floor Pan Deformation Data – Set 2, Test No. STBRT-2 
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Figure F-10. Interior Crush Deformation Data – Set 1, Test No. STBRT-2 
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Figure F-11. Interior Crush Deformation Data – Set 2, Test No. STBRT-2 
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Figure F-12. Max. Occupant Compartment Deformations by Location, Test No. STBRT-2 
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Figure F-13. Exterior Vehicle Crush (NASS) - Front, Test No. STBRT-2 
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Figure F-14. Exterior Vehicle Crush (NASS) - Side, Test No. STBRT-2  
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Appendix G. Accelerometer and Rate Transducer Data Plots, Test No. STBRT-1 
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Figure G-1. 10-ms Average Longitudinal Deceleration (SLICE-1), Test No. STBRT-1 

 
Figure G-2. Longitudinal Occupant Impact Velocity (SLICE-1), Test No. STBRT-1 
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Figure G-3. Longitudinal Occupant Displacement (SLICE-1), Test No. STBRT-1 

 
Figure G-4. 10-ms Average Lateral Deceleration (SLICE-1), Test No. STBRT-1 
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Figure G-5. Lateral Occupant Impact Velocity (SLICE-1), Test No. STBRT-1 

 
Figure G-6. Lateral Occupant Displacement (SLICE-1), Test No. STBRT-1 
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Figure G-7. Vehicle Angular Displacements (SLICE-1), Test No. STBRT-1 

 
Figure G-8. Acceleration Severity Index (SLICE-1), Test No. STBRT-1 
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Figure G-9. 10-ms Average Longitudinal Deceleration (SLICE-2), Test No. STBRT-1 

 
Figure G-10. Longitudinal Occupant Impact Velocity (SLICE-2), Test No. STBRT-1 
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Figure G-11. Longitudinal Occupant Displacement (SLICE-2), Test No. STBRT-1 

 
Figure G-12. 10-ms Average Lateral Deceleration (SLICE-2), Test No. STBRT-1 
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Figure G-13. Lateral Occupant Impact Velocity (SLICE-2), Test No. STBRT-1 

 
Figure G-14. Lateral Occupant Displacement (SLICE-2), Test No. STBRT-1 
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Figure G-15. Vehicle Angular Displacements (SLICE-2), Test No. STBRT-1 

 
Figure G-16. Acceleration Severity Index (SLICE-2), Test No. STBRT-1 
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Appendix H. Accelerometer and Rate Transducer Data Plots, Test No. STBRT-2 
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Figure H-1. 10-ms Average Longitudinal Deceleration (SLICE-1), Test No. STBRT-2 

 
Figure H-2. Longitudinal Occupant Impact Velocity (SLICE-1), Test No. STBRT-2 
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Figure H-3. Longitudinal Occupant Displacement (SLICE-1), Test No. STBRT-2 

 
Figure H-4. 10-ms Average Lateral Deceleration (SLICE-1), Test No. STBRT-2 
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Figure H-5. Lateral Occupant Impact Velocity (SLICE-1), Test No. STBRT-2 

 
Figure H-6. Lateral Occupant Displacement (SLICE-1), Test No. STBRT-2 
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Figure H-7. Vehicle Angular Displacements (SLICE-1), Test No. STBRT-2 

 
Figure H-8. Acceleration Severity Index (SLICE-1), Test No. STBRT-2 
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Figure H-9. 10-ms Average Longitudinal Deceleration (SLICE-2), Test No. STBRT-2 

 
Figure H-10. Longitudinal Occupant Impact Velocity (SLICE-2), Test No. STBRT-2 
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Figure H-11. Longitudinal Occupant Displacement (SLICE-2), Test No. STBRT-2 

 
Figure H-12. 10-ms Average Lateral Deceleration (SLICE-2), Test No. STBRT-2 
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Figure H-13. Lateral Occupant Impact Velocity (SLICE-2), Test No. STBRT-2 

 
Figure H-14. Lateral Occupant Displacement (SLICE-2), Test No. STBRT-2 
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Figure H-15. Vehicle Angular Displacements (SLICE-2), Test No. STBRT-2 

 
Figure H-16. Acceleration Severity Index (SLICE-2), Test No. STBRT-2 
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