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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 

The Minnesota Department of Transportation (MnDOT) currently uses a combination 

bridge railing system that is configured with a concrete parapet, a lower brush curb, and an upper 

steel beam and post railing structure, as shown in Figure 1. The crashworthiness of this bridge 

railing system was previously recognized as meeting the National Cooperative Highway Research 

Program (NCHRP) Report 350, Recommended Procedures for the Safety Performance Evaluation 

of Highway Features [1], Test-Level 4 (TL-4) safety performance standards. NCHRP Report 350 

has since been superseded by the American Association of State Highway and Transportation 

Officials’ (AASHTO) Manual for Assessing Safety Hardware (MASH 2009 [2] and MASH 2016 

[3]). Thus, it was desired to evaluate the bridge railing system to the MASH 2016 impact safety 

standards. In an effort to encourage state departments of transportation (DOTs) and hardware 

developers to advance their designs, the Federal Highway Administration (FHWA) and AASHTO 

developed an implementation policy that included sunset dates for various categories of roadside 

safety hardware. The new policy recommended that all bridge rails installed on federal-aid 

roadways were to be evaluated under MASH 2016 by December 31, 2019 [4]. MNDOT began to 

plan for this crash testing effort in 2018. 

 

Figure 1. Typical Concrete Parapet with Brush Curb and Upper Beam and Post Rail 
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MnDOT plans to use the combination bridge railing system with a new, tapered concrete 

end section between the top of the parapet and the bottom of the steel tube rail while incorporating 

a standardized concrete end post at each end. Two different end region scenarios would be 

considered: (1) the combination bridge railing system with a 2-in. long expansion joint on the 

roadway, as shown in Figures 2 and 3 and (2) the combination bridge railing system with a ¼-in. 

long saw cut joint on the roadway, as shown in Figures 4 and 5. The combination bridge railing 

system shown in Figures 2 through 5 (MnDOT’s Standard Plan FIG.5–397.157(A)) would be the 

focus of the research study reported herein. 

In 1995, MwRSF conducted a crash testing program for MnDOT on the original bridge 

railing system consisting of a concrete parapet, a lower brush curb, and an upper steel beam and 

post rail [5]. Through the effort, three design variations were tested and evaluated according to 

TL-4 safety performance standards under NCHRP Report 350 [1]. Results from these full-scale 

vehicle crash tests were described in MwRSF’s report entitled Test Level 4 Evaluation of 

Minnesota Combination Bridge Rail [5].
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Figure 2. 2020 MnDOT Standard Plans FIG.5–397.157(E) Sheets 1 of 2 [6] 
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Figure 3. 2020 MnDOT Standard Plans FIG.5–397.157(E) Sheets 2 of 2 [6] 
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Figure 4. 2020 MnDOT Standard Plans FIG.5–397.157(A) Sheets 1 of 2 [7]
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Figure 5. 2020 MnDOT Standard Plans FIG.5–397.157(A) Sheets 2 of 2 [7]
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For the testing conducted in 1995, design no. 1 consisted of a TS 6-in. x 3-in. x ¼-in. steel 

structural tube rail mounted on 10¼-in. tall, TS 6-in. x 6-in. x ¼-in. vertical steel posts that were 

anchored on a 20-in. tall by 12-in. wide concrete parapet with a 6-in. tall by 6-in. wide brush curb 

[5], as shown in Figure 6. The steel post was welded to an ASTM A709 Grade 50 post base plate 

with round oversized holes for the anchor bolts measuring 11 in. x 9½ in. x ¾ in. and with a ⅜-in. 

3-way pass weld around all edges [5], as shown in Figure 6. Test no. MN-1 consisted of a 1987 

Ford F600 single-unit truck impacting the combination bridge rail (design no. 1) at 50.8 mph and 

16.2 degrees, as shown in Figure 6. The impact point was located 5 ft upstream from the splice 

between post nos. 4 and 5. The performance of test no. MN-1 was determined to be satisfactory 

according to NCHRP Report 350 [5]. 

For test no. MN-2 on design no. 1, a 1986 Ford F250 pickup truck impacted the 

combination bridge railing system at 60.6 mph and 25.5 degrees. The critical impact point was 

located 4 ft – 11 in. upstream from the splice between post nos. 8 and 9. The post-test investigation 

on the combination bridge railing system revealed that the pickup truck’s wheel climbed the 6-in. 

tall brush curb, causing the vehicle’s front bumper to rise up and extend between the concrete 

parapet and the upper steel railing system. This extension allowed the front bumper to snag on the 

steel base plate, steel nuts, anchor bolt ends, and structural steel tube post. Further, the post-test 

investigation into the vehicle’s damage confirmed the snagging evidence observed on the bridge 

railing hardware. The pickup truck’s front bumper contacted the right-front tire, which then was 

pushed backward into the right-side floorboard, which caused the right-side door and lower body 

to buckle. Significant undercarriage damage and deformation to the frame was observed due to the 

vehicle’s front bumper contact on the upper railing system. As a result of this occupant 

compartment deformation, the performance of test no. MN-2 was determined to be unsatisfactory 

according to the occupant risk criteria set forth in NCHRP Report 350 [5, 1]. 

Following test no. MN-2, several retrofit options were considered to reduce the potential 

for vehicle snagging on the vertical steel posts. A retrofit option was chosen to continue the 

research effort, which consisted of extending the structural steel tube rail forward and expanding 

the concrete barrier by 4 in. toward the roadway. This option would also reduce the width of the 

brush curb in front of the concrete barrier, thereby reducing the potential for the brush curb to 

cause vehicle instabilities during wheel ride up on the curb [5]. 

Design no. 2 consisted of a 20-in. tall by 16-in. wide concrete parapet. The upper steel 

railing system was extended by welding a TS 4-in. x 3-in. x ¼-in. steel rail to the front face of the 

existing TS 6-in. x 3-in. x ¼-in. steel structural tube that was mounted on 10¼-in. tall, TS 6-in. x 

6-in. x ¼-in. steel posts, as shown in Figure 7. For test no. MN-3, a 1986 Ford F250 pickup truck 

impacted the modified combination bridge railing system (design no. 2) at 62.5 mph and 25.9 

degrees. The critical impact point was located 4 ft – 11 in. upstream from the splice between post 

nos. 8 and 9. Although the test vehicle’s front bumper snagged on the steel posts, the occupant 

compartment deformation criteria was judged to be marginally acceptable. All occupant risk 

evaluation criteria for test no. MN-3 were well below recommended limits. Hence, test no. MN-3 

was determined to be acceptable to the criteria set forth in NCHRP Report 350 [5, 1].  

For test no. MN-4 on design no. 2, a 1988 Ford Festiva small car impacted the modified 

combination bridge railing system at 61.0 mph and 20.6 degrees. The critical impact point was 

located 3 ft – 7¼ in. upstream from the centerline of post no. 8. There was virtually no damage to 

the upper steel railing system, and the vehicle damage was deemed to be relatively minor. The 
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performance of test no. MN-4 on the MnDOT combination bridge railing system was determined 

to be satisfactory according to the criteria set forth in NCHRP Report 350 [5, 1]. 

Following the completion of the crash testing program, MwRSF worked with MnDOT to 

develop design no. 3 as a recommendation. Design no. 3 consisted of a TS 10-in. x 4-in. x ¼-in. 

steel tube rail mounted across the TS 7-in. x 5-in. x ⁵∕₁₆-in. steel posts, which were anchored on a 

20-in. tall by 16-in. wide reinforced concrete parapet [5], as shown in Figure 8. 

Since the 1995 study and during the planning of the MASH crash testing program, 

MnDOT, in consultation with MwRSF, made further modifications to the bridge railing system. 

Some of these updates included: (1) the brush curb geometry changed from an inclined slope to a 

vertical front face, measuring 6 in. tall and 2 in. wide with a 1-in. radius at the top, as shown in 

Figure 4; (2) a new concrete end post was incorporated in combination with a tapered end section 

between the parapet and upper metal rail, as shown in Figure 4; (3) the post assembly and 

anchorage hardware was updated; and (4) the anchor holes were updated from oversized to slotted 

holes. The slotted holes for the anchor bolts were designed to facilitate the construction tolerances 

at the bridge site. For the last modification, the post was fabricated with a TS 7-in. x 5-in. x ⁵∕₁₆-in. 

steel post that was welded to the post base plate with a ⅜-in. three pass weld, as shown in Figure 

8. The new detail used an HSS 7x5x⁵∕₁₆ steel structural tube that was welded to the post base plate 

with a ⁵∕₁₆-in. fillet weld, as shown in Figures 3 and 5. The threaded anchor rod length was updated 

from 10 in. to 12 in. long. The 16-in. x 9½-in. x ¾-in. post base plate was fabricated with a 2-in. 

diameter vent hole, while the new detail specified a 6-in. by 4-in. rectangular vent hole. MnDOT’s 

prior design set the ¾-in. thick steel post base plate on top of a 1-in. thick epoxy grout pad, while 

the new revision did not use the epoxy grout pad for the anchorage assembly. 
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Figure 6. 1995 MnDOT Detail Design No. 1 [5], Test Nos. MN-1 and MN-2
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Figure 7. 1995 MnDOT Details Design No. 2 [5], Test No. MN-3 and MN-4
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Figure 8. 1995 MnDOT-MwRSF Design No. 3 [5] 
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1.2 Research Objective  

The objective of this research effort was to conduct an AASHTO MASH 2016 TL-4 safety 

performance evaluation on MnDOT's modified concrete parapet with a brush curb, an upper steel 

beam and post railing, and a new tapered concrete end section adjacent to a concrete end post. 

1.3 Scope 

The research objectives included the construction of a test installation consisting of a 

concrete parapet with a brush curb, an upper steel beam and post railing, and a new tapered 

concrete end section adjacent to a concrete end post. The test installation was full-scale crash tested 

and evaluated according to TL-4 safety performance criteria, as published in MASH 2016 [3]. The 

full-scale vehicle crash tests were conducted in accordance with MASH 2016 test designation nos. 

4-10, 4-11, 4-12 with an 1100C small car sedan, a 2270P pickup truck, and a 10000S single-unit 

truck, respectively [3]. The critical impact points were selected using MASH guidance [3]. A 

summary of test results was provided herein, along with summary and conclusions.
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2 TEST REQUIREMENTS AND EVALUATION CRITERIA 

2.1 Test Requirements 

Longitudinal barriers, such as rigid barriers, 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 AASHTO MASH 2016 [3]. According to TL-4 of MASH 2016, longitudinal barrier 

systems must be subjected to three full-scale vehicle crash tests, as summarized in Table 1. Note 

that there is no difference between MASH 2009 [2] and MASH 2016 [3] for longitudinal barriers, 

except that additional occupant compartment deformation measurements, photographs, and 

documentation are required by MASH 2016 [3]. 

Table 1. MASH 2016 TL-4 Crash Test Conditions for Longitudinal Barriers 

Hardware 

Type 

Test 

Designation 

No. 

Test 

Vehicle 

Vehicle 

Weight, 

lb 

Target  

Impact Conditions 
Evaluation 

Criteria 1 
Speed, 

mph 

Angle, 

deg. 

Longitudinal 

Barrier 

4-10 1100C 2,420 62 25 A,D,F,H,I 

4-11 2270P 5,000 62 25 A,D,F,H,I 

4-12 10000S 22,000 56 15 A,D,G 
1 Evaluation criteria are explained in Table 2. 
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Table 2. MASH 2016 Evaluation Criteria for Longitudinal Barriers 

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. 

G. It is preferable, although not essential, that the vehicle remain upright 

during and after collision. 

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 
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2.2 Critical Impact Point 

In MASH 2016 [3], the impact point refers to the location at which the test vehicle first 

contacts the test article. The impact point for a redirective, longitudinal barrier can affect its overall 

safety performance. The potential for vehicle instability, rollover, snag, pocketing, excessive 

interior occupant deformation, elevated occupant risk, test article penetration, and structural failure 

is often associated with the selection of the impact point, used to evaluate the barrier system. 

Within practical limits, the impact location should be selected to represent the point along the 

barrier system that will maximize the risk for test failure. The impact location that maximizes the 

risk of test failure is known as the critical impact point (CIP). 

MnDOT’s combination bridge railing system is configured with a lower, rigid, reinforced-

concrete parapet along with an upper metal beam and post railing. MASH 2016 specifies that post-

and-beam longitudinal barriers may have two potential critical CIPs, one associated with wheel 

snagging and pocketing on a post (i.e., hard point) and another that induces maximum loading to 

a critical portion of the system, such as a rail splice [3]. For the MnDOT combination bridge railing 

system, wheel snag on lower posts would not be a concern, as no openings exist within the 21-in. 

tall concrete parapet. As such, maximum loading to the rigid concrete barrier may more likely be 

associated with an increase in vehicle deformation. At the time of maximum loading, one may 

begin to observe the engine hood, front bumper, and front fender panel extending over the top of 

the rigid concrete parapet, where vehicle-to-barrier contact may occur if the metal railing system 

is located near the front face of the barrier. If the upper metal railing is located farther away from 

the front face of the rigid concrete barrier, then additional longitudinal distance and time may be 

appropriate to allow the vehicle to maximize its lateral extent over the top of the parapet. At this 

point, the vehicle’s upper structure may be able to contact the metal structure, snag on vertical 

elements, interact with horizontal elements, and laterally load elements at splice locations. 

When splices are coincident with a hard point, such as at a vertical support post, a single 

test can be conducted to evaluate both critical points. If splices are spaced away from a hard point, 

it may be necessary to conduct two full-scale crash tests with a particular vehicle to properly 

evaluate CIPs. Due to the fact that rail splices within the new combination bridge railing system 

are located near vertical support posts, it was believed that vehicle snagging on a post, which is 

near a splice, as well as maximum loading on a post or splice above the parapet could be evaluated 

with one test per vehicle type. Before selecting the CIPs, it should be noted that the new 

combination bridge railing system installed along roads would include a standardized, reinforced-

concrete end post at each end along with a lateral tapered end section extending toward the interior 

and located between the upper railing and the lower parapet. Each lateral tapered end section has 

a blunt end facing toward the interior bridge rail. This tapered end section and blunt end pose a 

snag risk to passenger vehicles, similar to the risk posed by the vertical support posts and was 

therefore evaluated as part of the test program. 

For the 10000S single-unit truck, it was determined that one test would be conducted within 

the upstream interior region to impart maximum loading to the upper beam and post railing near a 

splice location while providing sufficient bridge rail length to evaluate vehicle containment and 

redirection without override of the barrier. Note that the tapered end section with a blunt end and 

vertical support posts provide similar snag risk for the bumpers, engine hoods, and quarter panels 

of passenger vehicles. Therefore, the 1100C and the 2270P pickup truck crash tests were targeted 



March 26, 2021 

MwRSF Report No. TRP-03-403-21 

16 

for the downstream end region, where all of the snag risks could be evaluated with a single test 

with each passenger vehicle type.  

The CIP for a rigid barrier under test designation nos. 4-10, 4-11, and 4-12 are 43.3 in. 

(1,100 mm), 51.2 in. (1,300 mm), and 59.1 in. (1,500 mm), respectively, as provided in Table 2.7 

of MASH 2016 [3]. Each metal rail, post, and mounting plate assembly was attached to the top 

vertical face of the concrete parapet, which provided a lateral offset of 7½ in. between the front 

barrier face (excluding brush curb) and the front face of each post. As noted above, it may be 

prudent to provide additional longitudinal distance and time for the vehicle to maximize its lateral 

extent over the top of the 21-in. tall concrete parapet. Using a 25-degree impact angle in 

combination with a 7½-in. lateral post offset, the additional longitudinal distance required to 

maximize lateral vehicle extent over the top of the parapet would be approximately 16.1 in. When 

combining the two initial CIP lengths of 43.3 in. (test designation no. 4-10) and 51.2 in. (test 

designation no. 4-11) with the additional longitudinal distance of 16.1 in., one would obtain 

modified CIP distances of approximately 59.4 in. and 67.3 in., which would be measured upstream 

from the upstream face of a vertical support post. Since each vertical support post is 7 in. wide, 

the modified CIP distances to the centerline of a post for passenger vehicles would be 

approximately 62.9 in. and 70.8 in. for test designation nos. 4-10 and 4-11, respectively. Based on 

approximate calculations for the passenger vehicle CIPs early in the project, the target CIPs were 

selected to be 63½ in. and 70¹¹∕₁₆ in. for test designation nos. 4-10 and 4-11, respectively, which 

were measured upstream from the centerline of post no. 23. 

In comparison, test nos. MN-2, MN-3, and MN-4 [5] were conducted by MwRSF on the 

original combination bridge railing system [5] according to TL-4 of the NCHRP Report 350 impact 

safety standards [1]. For test nos. MN-2 and MN-3, which used a 2000P pickup truck (test 

designation no. 4-11), the CIP was 59 in. upstream from the second expansion splice, or 35 in. 

upstream from the centerline of post no. 8. For test no. MN-4, which used an 820C small car (test 

designation no. 4-10), the CIP was 67¼ in. upstream from the second expansion splice, or 43¼ in. 

upstream from the centerline of post no. 8. 

2.3 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 bridge railing 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 2 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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3 DESIGN DETAILS 

The test installation consisted of a 154-ft long concrete parapet with a brush curb, an upper 

steel beam and post railing system, a downstream concrete end post, and a new tapered end section 

beyond the last bridge post under the tube rail and above the parapet. The test plan and construction 

drawings are shown in Figures 9 through 36. Photographs of the construction process and test 

installation are shown in Figures 37 through 45. Material specifications, mill certifications, and 

certificates of conformity for the system materials are shown in Appendix A. 

The reinforced concrete parapet consisted of a 21-in. tall by 16-in. wide vertical wall with 

a lower brush curb on the front face, measuring approximately 6 in. tall by 2 in. wide. A new 

tapered end section was constructed on the interior side of the downstream concrete end post. The 

tapered end section was positioned above the concrete barrier and below the tube rail and was 

anchored to the concrete end post and concrete parapet. Details for the reinforced concrete sections 

are shown in Figures 9 through 17. All steel reinforcing bars conformed to ASTM A615 Grade 60 

and were epoxy-coated according to ASTM A775. 

The 154-ft long reinforced, concrete barrier consisted of two different sections called the 

parapet approach and the concrete barrier. The parapet approach section consisted of the end post 

with a vertical taper and the new tapered end section with a lateral taper. This section included the 

downstream end of the combination bridge railing system and extended 13 ft – 4 in. upstream to 

the saw cut and triangular control joint combination, as shown in Figures 9 through 11, 13, 14, and 

16. The vertical taper section started at the end post and consisted of a 32-in. tall reinforced 

concrete barrier with a vertical taper of 4 in. over 24 in. upstream and ending at a height of 36 in. 

The vertical concrete taper was reinforced with five rebar sections, as shown in Figures 10 and 16, 

which consisted of twelve ASTM A615 Grade 60 #5 longitudinal rebar spaced at 11 in. at various 

heights and ASTM A615 Grade 60 #5 U-shape stirrups measuring 17 in. x 12 in. and embedded 

10 in. into the concrete tarmac, as shown in Figure 17. The 10-in. tall, lateral concrete tapered 

section started with a width of 16 in. and laterally tapered to an 8½ in. width, which extended over 

22½ in. It was reinforced with two rebar sections, as shown in Figures 11 and 14, which consisted 

of ten ASTM A615 Grade 60 #5 longitudinal rebar spaced at 11 in. at various heights, as shown 

in Figure 17. The lateral tapered end section of the parapet approach was reinforced with four types 

of stirrups tied together: (1) ASTM A615 Grade 60 #5 vertical stirrups measuring 27 in. long, as 

shown in Figure 33; (2) ASTM A615 Grade 60 #5 square-shape stirrups measuring 17 in. x 12 in.; 

(3) ASTM A615 Grade 60 #5 vertical bent stirrups measuring 27 in. long and bent with a 3¾ in. 

radius, as shown in Figure 33; and (4) ASTM A615 Grade 60 #5 U-shape stirrups measuring 

17 in. x 12 in. and embedded 10 in. into the concrete tarmac, as shown in Figure 17.  

The concrete barrier section started at the saw cut joint and extended 140 ft upstream. The 

140 ft – 8 in. long reinforced-concrete barrier section consisted of a 21-in. tall by 16-in. wide 

vertical wall with a 2-in. wide by 6-in. tall brush curb, which was cast using a Nebraska 47BD 

concrete mix with a minimum compressive strength of 4,000 psi. This section was reinforced with 

six ASTM A615 Grade 60 #5 longitudinal rebar spaced at 11 in. at heights of 4 in., 12⁵∕₁₆ in., and 

17⅛ in., as shown in Figure 17. This section was reinforced with two stirrup types tied together, 

an ASTM A615 Grade 60 #5 square-shape stirrup measuring 17 in. x 12 in. and an ASTM A615 

Grade 60 #5 U-shape stirrup embedded 10 in. into the concrete tarmac, as shown in Figures 12 and 

17. Although the barrier may be anchored to various foundations, such as bridge decks, the vertical 

steel was anchored into existing concrete tarmac for testing purposes, as shown in Figure 37 [8]. 
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All steel reinforcing bars were epoxy-coated according to ASTM A775. The overall height of the 

system with the parapet and the steel railing was 36 in. 

The combination bridge railing system utilized a total of eight rail and post assemblies, 

which consisted of one rail and post assembly anchored to the top face of the concrete parapet near 

the new tapered end section. This rail and post assembly consisted of: (1) one 122½-in. long ASTM 

A500 Grade B HSS 10x4x¼ steel tube; (2) one ASTM A709 Grade 50 rail end plate, measuring 

10 in. x 4 in. x ¼ in., which was welded to the downstream end of the rail with a ³∕₁₆-in. fillet weld 

on the sides; (3) two ASTM A500 Grade B HSS 7x5x⁵∕₁₆ steel tubes; (4) four ASTM A709 Grade 

50 post plates, measuring 4 in. x 2 in. x ¼ in.; (5) two ASTM A709 Grade 50 post base plates, 

measuring 16 in. x 9½ in. x ¾ in.; (6) two ASTM A709 Grade 50 post bent plates, measuring 

6½ in. x 4⅞ in. x ⁵∕₁₆  in.; and (7) one ASTM A500 Grade B rail sleeve, measuring 9⅜ in. x 3⅜ in. 

x ¼ in. on the upstream end of the assembly with a ³∕₁₆-in. fillet weld on the sides and a 6-in. long 

overhang that is used to connect the next rail and post assembly with a 1-in. gap between rail ends. 

All components for rail and post assemblies were treated according to ASTM A123 hot-dip 

galvanizing, as shown in Figure 21.  

The post and rail assemblies for the next seven assemblies used: (1) 239-in. long ASTM 

A500 Grade B HSS 10x4x¼ posts; (2) three ASTM A500 Grade B HSS 7x5x⁵∕₁₆ posts; (3) six 

ASTM A709 Grade 50 post plates, measuring 4 in. x 2 in. x ¼ in.; (4) three ASTM A709 Grade 

50 post base plates, measuring 16 in. x 9½ in. x ¾ in.; (5) three ASTM A709 Grade 50 post bent 

plates, measuring 6½ in. x 4⅞ in. x ⁵∕₁₆  in.; and (6) one ASTM A500 Grade B rail sleeve, measuring 

9⅜ in. x 3⅜ in. x ¼ in. on the upstream end of the assembly with a ³∕₁₆-in. fillet weld on the sides 

and a 6-in. overhang that is used to connect the next rail and post assembly with a 1-in. gap between 

rail ends. All components for rail and post assemblies were treated according to ASTM A123 hot-

dip galvanizing, as shown in Figure 23. 

The post attachment consisted of ASTM A500 Grade B HSS 7x5x⁵∕₁₆ posts, which was 

welded to an ASTM A709 Grade 50 post base plates, measuring 16 in. x 9½ in. x ¾ in. with a 

⁵∕₁₆-in. fillet weld around all edges. An ASTM A709 Grade 50 post bent plate, measuring 6½ in. x 

4⅞ in. x ⁵∕₁₆ in., was welded to the back side of the top of the steel tubing. The back side of the rail 

consisted of an ASTM A500 Grade B HSS 10x4x¼ with two weld options, as shown in Figures 

22, 29, and 30. 

Four fabrication methods were developed for the 9⅜-in. x 3⅜-in. x ¼-in. rail sleeve 

assembly. Option 1 consisted of two ASTM A709 Grade 50 plates, each measuring 10 in. x 8⅞ in. 

x ¼ in., which were welded at the corners with a ¼-in. fillet weld to two ASTM A709 Grade 50 

plates, each measuring 10 in. x 2⅞ in. x ¼ in., as shown in Figure 25. Option 2 consisted of an 

HSS 9x3x¼ with a 10-in. x 8-in. x ³∕₁₆-in. ASTM A709 Grade 50 plate welded to the top and bottom 

faces of the HSS tube with a ¼-in. fillet weld on all sides, as shown in Figure 26. A 10-in. x 2-in. 

x ³∕₁₆-in. ASTM A709 Grade 50 plate was welded to each of the side faces of the HSS tube with a 

¼-in. fillet weld on all sides, as shown in Figure 26. Option 3 consisted of two ASTM A709 Grade 

50 plates, each bent to an L-shape and measuring 9⅛ in. x 3⅛ in. x ¼ in., which were welded at 

two corners with a ¼-in. fillet weld to comply with the rail sleeve dimensions of 9⅜ in. x 3⅜ in. x 

¼ in., as shown in Figure 27. Option 4 consisted of two ASTM A709 Grade 50 plates, each bent 

to an C-shape with a radius of ½ in. at the corners and measuring 9⅜ in. x 1¹¹∕₁₆ in. x ¼ in., which 

were welded together along the side corners with a ¼-in. fillet weld to comply with the rail sleeve 

dimensions of 9⅜ in. x 3⅜ in. x ¼ in., as shown in Figure 28. 
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Figure 9. System Layout, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3
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Figure 10. Parapet Approach Details, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3
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Figure 11. Parapet Approach Details, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3
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Figure 12. Profile View, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3
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Figure 13. Parapet Transition, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3
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Figure 14. New Taper End Section, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3
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Figure 15. Concrete Parapet, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3
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Figure 16. New Taper End Section Rebar Details, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3
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Figure 17. Rebar Details, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3
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Figure 18. Additional Rebar Details, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3
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Figure 19. End Plate Assembly, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3
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Figure 20. End Plate Assembly Components, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3
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Figure 21. Rail and Post Assemblies, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3
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Figure 22. Post Attachment Details, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3
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Figure 23. Rail Assemblies, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3
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Figure 24. Rail Components, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3
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Figure 25. Rail Sleeve Assembly Option 1, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3
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Figure 26. Rail Sleeve Option 2, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3
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Figure 27. Rail Sleeve Assembly Option 3, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3
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Figure 28. Rail Sleeve Assembly Option 4, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3
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Figure 29. Post Components, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3
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Figure 30. Post Components, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3
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Figure 31. System Rebar, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3
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Figure 32. System Rebar, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3
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Figure 33. System Rebar, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3 
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Figure 34. Hardware, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3 
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Figure 35. Bill of Materials, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3 
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Figure 36. Bill of Materials, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3 
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Figure 37. New Concrete Tapered End Rebar Installation, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3
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Figure 38. New Concrete Tapered End Rebar Installation, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3 
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Figure 39. New Concrete Tapered End Installation, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3
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Figure 40. System Installation, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3
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Figure 41. Downstream End, Post Nos. 23, 22, 23, and Upper Rail, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3
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Figure 42. Downstream and Upstream Ends, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3
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Figure 43. Splice Connection, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3
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Figure 44. Post Assembly, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3
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Figure 45. Post Assembly, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3
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4 TEST CONDITIONS 

4.1 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. 

4.2 Vehicle Tow and Guidance System 

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

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

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

digital speedometer, located on the tow vehicle, was used to increase the accuracy of the test 

vehicle’s impact speed. 

A vehicle guidance system developed by Hinch [9] was used to steer the test vehicle. A 

guide flag, attached to the left-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. 

4.3 Test Vehicles 

 For test no. MNCBR-1, a 2013 International Durastar 4300 SBA 4x2 single-unit truck was 

used as the test vehicle. The curb, test inertial, and gross static vehicle weights were 14,852 lb, 

22,042 lb, and 22,202 lb, respectively. The test vehicle is shown in Figures 46 and 47, and vehicle 

dimensions are shown in Figures 48 and 49. 

For test no. MNCBR-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 5,134 lb, 5,003 lb, and 

5,162 lb, respectively. The test vehicle is shown in Figures 50 and 51, and vehicle dimensions are 

shown in Figures 52 and 53. 

For test no. MNCBR-3, a 2009 Kia Rio small sedan was used as the test vehicle. The curb, 

test inertial, and gross static vehicle weights were 2,448 lb, 2,442 lb, and 2,600 lb, respectively. 

The test vehicle is shown in Figures 54 and 55, and vehicle dimensions are shown in Figures 56 

and 57. MASH 2016 requires test vehicles used in crash testing to be no more than six model years 

old. A 2009 model was used for this 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 [10]. 

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

measured axle weights for all three vehicle types. The Elevated Axle Method [11] was used to 

determine the vertical component of the c.g. for the 10000S vehicle. This method converted 
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measured wheel weights at different elevations to the location of the vertical component of the c.g. 

The Suspension Method [12] 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 procedure published by SAE [13]. The 

location of the final c.g. for test no. MNCBR-1 is shown in Figures 48 and 49. The location of the 

final c.g. for test no. MNCBR-2 is shown in Figures 52 and 53. The location of the final c.g. for 

test no. MNCBR-3 is shown in Figures 56 and 57. Data used to calculate the location of the c.g. 

and ballast information are shown in Appendix B. 

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

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

Figures 49, 53, and 57. 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 vehicle would track properly along the guide cable. For 

test no. MNCBR-1, a 5B flash bulb was mounted under the vehicle’s left-side windshield wiper. 

For test nos. MNCBR-2 and MNCBR-3 a 5B flash bulb was mounted under the vehicle’s right-

side windshield wiper. The 5B flash bulb was fired by a pressure tape switch mounted at the impact 

corner of the bumper. The flash bulb was fired upon initial impact with the test article to create a 

visual indicator of the precise time of impact on the high-speed digital videos. A radio-controlled 

brake system was installed in the test vehicles so the vehicles could be brought safely to a stop 

after the tests.
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Figure 46. Test Vehicle, Test No. MNCBR-1 
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Figure 47. Test Vehicle’s Interior Floorboards and Undercarriage, Test No. MNCBR-1 
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Figure 48. Vehicle Dimensions, Test No. MNCBR-1 
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Figure 49. Target Geometry, Test No. MNCBR-1
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Figure 50. Test Vehicle, Test No. MNCBR-2 
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Figure 51. Test Vehicle’s Interior Floorboards and Undercarriage, Test No. MNCBR-2 
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Figure 52. Vehicle Dimensions, Test No. MNCBR-2 
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Figure 53. Target Geometry, Test No. MNCBR-2
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Figure 54. Test Vehicle, Test No. MNCBR-3 
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Figure 55. Test Vehicle’s Interior Floorboards and Undercarriage, Test No. MNCBR-3 
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Figure 56. Vehicle Dimensions, Test No. MNCBR-3
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Figure 57. Target Geometry, Test No. MNCBR-3
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4.4 Simulated Occupant 

For test nos. MNCBR-1, MNCBR-2, and MNCBR-3, a Hybrid II 50th-Percentile, Adult 

Male Dummy equipped with footwear was placed in the right-front seat of the test vehicle with 

the seat belt fastened. The simulated occupant had a final weight of 160 lb, 159 lb, and 158 lb for 

test nos. MNCBR-1, MNCBR-2, and MNCBR-3, respectively. As recommended by MASH 2016, 

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

4.5 Data Acquisition Systems 

4.5.1 Accelerometers 

Accelerometer systems used in the full-scale crash testing were the SLICE-1, SLICE-2, 

and TDAS systems described below. Test no. MNCBR-1 used all three systems and test nos. 

MNCBR-2 and MNCBR-3 used only the SLICE-1 and SLICE-2 units. 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 [14]. 

The SLICE-1 and SLICE-2 units were environmental shock and vibration sensor/recorder 

systems used to measure the accelerations in the longitudinal, lateral, and vertical directions. The 

units were modular data acquisition systems manufactured by Diversified Technical Systems, Inc. 

of Seal Beach, California. The acceleration sensors were mounted inside the body of custom-built, 

SLICE 6DX event data recorders and recorded data at 10,000 Hz to the onboard microprocessor. 

Each SLICE 6DX was configured with 7 GB of non-volatile flash memory, a range of ±500 g’s, a 

sample rate of 10,000 Hz, and a 1,650 Hz (CFC 1000) anti-aliasing filter. The “SLICEWare” 

computer software program and a customized Microsoft Excel worksheet were used to analyze 

and plot the accelerometer data. 

The TDAS unit was a two-arm piezoresistive accelerometer system manufactured by 

Endevco of San Juan Capistrano, California. The unit was configured to record two sets of triaxial 

data along with roll and yaw data. Two sets of accelerometers were used to measure each of the 

longitudinal, lateral, and vertical accelerations independently at a sample rate of 10,000 Hz. The 

accelerometers were configured and controlled using a system developed and manufactured by 

Diversified Technical Systems, Inc. of Seal Beach, California. More specifically, data was 

collected using a DTS Sensor Input Module (SIM), Model TDAS3-SIM-16M. The SIM was 

configured with 16 MB SRAM and eight sensor input channels with 250 kB SRAM/channel. The 

SIM was mounted on a TDAS3-R4 module rack. The module rack was configured with isolated 

power/event/communications, 10BaseT Ethernet and RS232 communication, and an internal 

backup battery. Both the SIM and module rack were crashworthy. The “DTS TDAS Control” 

computer software program and a customized Microsoft Excel worksheet were used to analyze 

and plot the accelerometer data. 

For test no. MNCBR-1, the SLICE-1 unit was mounted near the c.g., the SLICE-2 unit was 

mounted in the cab, and the TDAS unit was mounted on the rear axle of the single-unit truck. The 

SLICE-1 unit was designated as the primary unit. For test nos. MNCBR-2 and MNCBR-3, the 

SLICE-1 and SLICE-2 units were mounted near the c.g. of the test vehicles. SLICE-2 was 

designated as the primary unit for test no. MNCBR-2 and SLICE-1 was the primary unit for test 

no. MNCBR-3. 
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4.5.2 Rate Transducers 

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

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

units were positioned as described in Section 4.5.1. 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.  

For test no. MNCBR-1, a third angular rate sensor, the ARS-1500, with a range of 

1,500 degrees/sec was configured to measure the rates of rotation of the test vehicle in two 

directions (roll and yaw). The angular rate sensor was mounted on an aluminum block at the rear 

axle of the single-unit truck and recorded data at 10,000 Hz to the DTS SIM. The raw data 

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

plotted. The “DTS TDAS Control” computer software program and a customized Microsoft Excel 

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

transducer data is required to determine Euler angles in all three directions (roll, pitch, and yaw). 

The pitch rate and angle of the vehicle were assumed to be low at the time of peak lateral loading 

to the bridge railing. Therefore, when determining Euler angles, a pitch rate equal to zero was 

assumed for the third rotational axis at the rear-axle rate sensor location. Then, the modified Euler 

angles for all three axes were combined with the accelerations from the two TDAS sets of triaxial 

accelerometers at the rear axle to determine barrier loading.  

4.5.3 Retroreflective Optic Speed Trap 

A retroreflective optic speed trap was used to determine the speed of the test vehicles before 

impact. Five retroreflective targets, spaced at approximately 18-in. intervals, were applied to the 

right side of all test vehicles. 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 used as a backup if vehicle speeds cannot be 

determined from the electronic data. 

4.5.4 Digital Photography 

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

Panasonic digital video cameras were utilized to film test no. MNCBR-1. Five AOS high-speed 

digital video cameras, ten GoPro digital video cameras, and six Panasonic digital video cameras 

were utilized to film test no. MNCBR-2. Five AOS high-speed digital video cameras, ten GoPro 

digital video cameras, and five Panasonic digital video cameras were utilized to film test no. 

MNCBR-3. Camera details, camera operating speeds, lens information, and a schematic of the 

camera locations relative to the systems are shown in Figures 58 through 60. 
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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 CTM 500 Kowa 16 mm  

AOS-5 AOS X-PRI Gigabit 500 100 mm  

AOS-8 AOS S-VIT 1531 500 Kowa 25 mm  

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

AOS-10 AOS Vitcam CTM 500 Fujinon 50 mm  

GP-8 GoPro Hero 4 120   

GP-9 GoPro Hero 4 120   

GP-19 GoPro Hero 6 240   

GP-20 GoPro Hero 6 240   

GP-21 GoPro Hero 6 240   

GP-22 GoPro Hero 7 240   

GP-23 GoPro Hero 7 240   

PAN-2 Panasonic HC-V770 120   

PAN-3 Panasonic HC-V770 120   

PAN-4 Panasonic HC-V770 120   

PAN-5 Panasonic HC-VX981 120   

PAN-6 Panasonic HC-VX981 120   

Figure 58. Camera Locations, Speeds, and Lens Settings, Test No. MNCBR-1 
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No. Type 
Operating Speed 

(frames/sec) 
Lens Lens Setting 

AOS-1 AOS Vitcam CTM 500 Kowa 16 mm  

AOS-5 AOS X-PRI Gigabit 500 100 mm  

AOS-8 AOS S-VIT 1531 500 75 mm  

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

AOS-10 AOS Vitcam CTM 500 50 mm  

GP-7 GoPro Hero 4 120   

GP-8 GoPro Hero 4 120   

GP-9 GoPro Hero 4 120   

GP-14 GoPro Hero 4 120   

GP-16 GoPro Hero 4 240   

GP-17 GoPro Hero 4 240   

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-1 Panasonic HC-V770 120   

PAN-2 Panasonic HC-V770 120   

PAN-3 Panasonic HC-V770 120   

PAN-4 Panasonic HC-V770 120   

PAN-5 Panasonic HC-VX981 120   

PAN-6 Panasonic HC-VX981 120   

Figure 59. Camera Locations, Speeds, and Lens Settings, Test No. MNCBR-2 
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No. Type 
Operating Speed 

(frames/sec) 
Lens Lens Setting 

AOS-1 AOS Vitcam CTM 500 Fujinon 50mm  

AOS-5 AOS X-PRI Gigabit 500 100 mm  

AOS-8 AOS S-VIT 1531 500 75 mm  

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

AOS-10 AOS TRI-VIT 2236 500 Nikor M86 mm  

GP-8 GoPro Hero 4 120   

GP-9 GoPro Hero 4 120   

GP-17 GoPro Hero 4 240   

GP-18 GoPro Hero 6 240   

GP-19 GoPro Hero 6 240   

GP-20 GoPro Hero 6 240   

GP-21 GoPro Hero 6 240   

GP-22 GoPro Hero 7 240   

GP-23 GoPro Hero 7 240   

GP-24 GoPro Hero 7 240   

PAN-1 Panasonic HC-V770 120   

PAN-2 Panasonic HC-V770 120   

PAN-3 Panasonic HC-V770 120   

PAN-4 Panasonic HC-V770 120   

PAN-6 Panasonic HC-V770 120   

Figure 60. Camera Locations, Speeds, and Lens Settings, Test No. MNCBR-3 
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5 FULL-SCALE CRASH TEST NO. MNCBR-1 

5.1 Weather Conditions 

Test no. MNCBR-1 was conducted on September 2, 2020 at approximately 2:00 p.m. The 

weather conditions as reported by the National Oceanic and Atmospheric Administration (station 

14939/LNK) are shown in Table 3. 

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

Temperature 87°F 

Humidity 23% 

Wind Speed 10 mph 

Wind Direction 230° from True North 

Sky Conditions Sunny 

Visibility 10 Statute Miles 

Pavement Surface Dry 

Previous 3-Day Precipitation  0.06 in. 

Previous 7-Day Precipitation  0.09 in. 

5.2 Test Description 

Test no. MNCBR-1 was conducted on a concrete parapet with a brush curb and upper beam 

and post rail with a new tapered end section under MASH 2016 TL-4 guidelines for test 

designation no. 4-12, which involved an impact with a 10000S vehicle at 56 mph and 15 degrees. 

The CIP for this system was selected to impart significant lateral loading into the upper railing 

system as well as increase the potential for vehicle interaction and snag on the vertical support 

posts and upper metal tube rail. 

Initial vehicle impact was to occur 60 in. upstream from the centerline of splice between 

post nos. 6 and 7, as shown in Figure 61, which was selected as discussed in Chapter 2.2. The 

22,042-lb single-unit box truck impacted the concrete parapet with a brush curb and upper beam 

and post rail with a new tapered end section at a speed of 57.4 mph and at an angle of 15.4 degrees. 

The actual point of impact was 60⅛ in. upstream from the target impact location. In the test, the 

vehicle was captured and redirected by the concrete parapet with brush curb and upper beam and 

post rail with new tapered end section.  

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

photographs are shown in Figures 62 through 65. Documentary photographs of the crash test are 

shown in Figure 66. The vehicle trajectory and final position are shown in Figure 67.
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Figure 61. Impact Location, Test No. MNCBR-1
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Table 4. Sequential Description of Impact Events, Test No. MNCBR-1 

Time 

(sec) 
Event 

0.000 
Vehicle's right-front bumper impacted concrete barrier 60⅛ in. upstream from 

centerline of splice between post nos. 6 and 7. 

0.006 Vehicle’s right-front tire contacted concrete parapet. 

0.014 
Vehicle's right-front wheel contacted concrete barrier, and concrete barrier was 

gouged and spalled on front side. 

0.024 Vehicle's right step plates deformed. 

0.032 Vehicle's right mudguards deformed. 

0.038 Vehicle's right mudguard contacted upper steel rail. 

0.047 Vehicle yawed away from system. 

0.048 Vehicle right step plates contacted upper steel rail. 

0.056 Vehicle's right-front door deformed. 

0.078 Vehicle rolled toward system. 

0.082 Vehicle’s right-front door contacted upper steel rail. Vehicle pitched upward. 

0.098 Vehicle's right-side box contacted upper steel rail and deformed. 

0.180 Vehicle's left-front tire became airborne. 

0.264 Vehicle's right-rear tire contacted concrete barrier. 

0.294 Vehicle’s rear bumper contacted concrete barrier. 

0.308 Vehicle’s left-rear tire became airborne. 

0.316 Vehicle was parallel to system at a speed of 50.5 mph. 

0.406 Vehicle's left-front tire regained contact with ground. 

0.458 Vehicle's left-front tire became airborne. 

1.262 Vehicle's left-rear tire regained contact with ground. 

1.270 Vehicle’s left-front tire regained contact with ground. 

1.906 
Vehicle's right-front tire became airborne. Vehicle exited system at a speed of 

38.7 mph and at an angle of 12 degrees. 

2.114 Vehicle’s right-front tire regained contact with ground. 

2.196 System came to rest. 

2.274 Vehicle pitched upward. 

2.460 Vehicle yawed away from system. 

2.486 Vehicle pitched downward. 

9.908 
Vehicle came to rest 330 ft downstream and 11 ft – 2 in. laterally in front of 

system. 
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Figure 62. Sequential Photographs, Test No. MNCBR-1
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Figure 63. Sequential Photographs, Test No. MNCBR-1
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Figure 64. Sequential Photographs, Test No. MNCBR-1
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Figure 65. Documentary Photographs, Test No. MNCBR-1



March 26, 2021 

MwRSF Report No. TRP-03-403-21 

 

83 

 
 

 
 

 
 

 

 
 

 
 

 
 

 

Figure 66. Documentary Photographs, Test No. MNCBR-1
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Figure 67. Vehicle Final Position and Trajectory Marks, Test No. MNCBR-1.
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5.3 Barrier Damage 

Damage to the barrier was minimal, as shown in Figures 68 through 84. Barrier damage 

largely consisted of contact marks on the front face of the concrete barrier, gouging and spalling 

of the concrete, and contact marks on the upper steel rail. Note that the cracking shown in the 

system photographs was identified before the test and was related to shrinkage, which was not a 

result of test no. MNCBR-1. The length of vehicle contact along the barrier extended downstream 

approximately 122 ft – 3½ in., starting 8½ in. upstream from the centerline of post no. 5. 

Contact marks measuring 5 in. wide were found across the front face of the brush curb, 

starting 5 in. upstream from the impact point and extending 158 in. downstream. Contact marks 

4 in. wide were found across the front face of the brush curb, starting 15 in. upstream from the 

centerline of post no. 9 and extending 152 in. downstream. Contact marks 2½ in. wide were found 

across the front face of the brush curb, starting 75 in. upstream from the centerline of post no. 18 

and extending 122 in. downstream. Contact marks were found on across the entire top face of the 

upper steel rail, starting 24 in. upstream from the impact point and extending 98 ft – 2½ in. 

downstream. Contact marks were found across the entire front face of the upper steel rail, starting 

8½ in. upstream from the centerline of post no. 5 and extending 82 ft – 4½ in. downstream. Contact 

marks were found across the entire front face of the upper steel rail, starting 97¼ in. downstream 

from the centerline of splice between post nos. 15 and 16 and extending 115 in. downstream from 

the centerline of splice between post nos. 18 and 19. Contact marks were found on the front face 

of the bridge railing system, starting 20½ in. upstream from the centerline of splice between post 

nos. 21 and 22 and extending 40 in. upstream. Contact marks were found on the front face of the 

bridge railing system, starting 28 in. downstream from the centerline of the splice between post 

nos. 21 and 22 and extending 11½ in. downstream. Contact marks were found across the entire 

front face of the upper steel rail, starting 1 in. upstream from the downstream side of the new 

tapered end and extending 44½ in. downstream. Contact marks 1 in. wide were found on the 

bottom face of the upper steel rail, starting 15¾ in. downstream from the impact point and 

extending 32½ in. downstream from the centerline of post no. 7. Contact marks 6¼ in. wide were 

found on the bottom face of the upper steel rail, starting 16¼ in. downstream from the centerline 

of post no. 8 and extending 15 in. downstream from the centerline of post no. 12. 

Tire marks were visible on the front face of the 21-in. tall concrete barrier, starting 62 in. 

upstream from the impact point and extending 118 ft – 6 in. downstream across the traffic side of 

the concrete barrier. Contact marks 1¼ in. wide were found on the top face of base plate of post 

no. 7, starting 2½ in. from the traffic-side edge and extending 12½ in. downstream. Contact marks 

2½ in. wide were found across the entire length of the traffic side of post no. 10. A 3½-in. tall 

contact mark was found across the entire traffic side of post no. 10, starting 4 in. above the base 

plate. Contact marks 6½ in. wide were found on the traffic side of post no. 11, starting 1 in. above 

the base plate and extending 6½ in. downstream from the upstream corner. Contact marks 1 in. 

wide were found on the non-traffic side of post no. 12, starting 6 in. from the top of post and 

extending downward. Contact marks 3 in. wide were found on top of the traffic side of post no. 13 

and extended across the entire length of post. Contact marks 2½ in. wide were found on the top of 

traffic side on post no. 18, starting on the upstream edge and extending 7 in. downstream. 

Scuff marks were also found along the length of vehicle contact. Gouging, measuring ¼ in. 

wide by 77 in. long, was found on the front face of the concrete parapet and located 21 in. upstream 
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from post no. 6 and 15 in. above the ground. Gouging, measuring 25 in. wide by 34 in. long, was 

located 33 in. upstream from post no. 20. Gouging, measuring 2½ in. wide by 28 in. long, was 

located 90 in. upstream from post no. 21. Gouging, measuring ½ in. wide by 19½ in. long, was 

located 46 in. upstream from post no. 21. Concrete chipping, measuring 9½ in. wide by 9 in. long, 

was located 36 in. upstream from the new tapered end and 26 in. above the ground. 
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Figure 68. System Damage, Test No. MNCBR-1
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Figure 69. System Damage, Test No. MNCBR-1
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Figure 70. Concrete Gouging and Spalling, Test No. MNCBR-1
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Figure 71. Concrete Gouging and Spalling, Test No. MNCBR-1
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Figure 72. Rail and Post Damage, Test No. MNCBR-1
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Figure 73. Rail and Post Damage, Test No. MNCBR-1
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Figure 74. Rail and Post Damage, Post No. 8, Test No. MNCBR-1
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Figure 75. Rail and Post Damage, Post No. 7, Test No. MNCBR-1
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Figure 76. Rail and Post Damage, Post No. 6, Test No. MNCBR-1
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Figure 77. Vehicle Final Position and Trajectory Marks, Test No. MNCBR-1
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Figure 78. Upstream View of End of Rail, Test No. MNCBR-1
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Figure 79. Vehicle Debris on Bridge Railing, Test No. MNCBR-1
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Figure 80. Non-Traffic Side Rail and Post Damage, Post No. 14, Test No. MNCBR-1
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Figure 81. Rail and Post Damage, Post No. 13, Test No. MNCBR-1
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Figure 82. Rail and Post Damage, Post Nos. 12 and 11, Test No. MNCBR-1
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Figure 83. Rail and Post Damage, Post Nos. 11 and 10, Test No. MNCBR-1
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Figure 84. Rail and Post Damage, Post Nos. 10 and 9, Test No. MNCBR-1 
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The maximum lateral permanent set of the barrier system was 0.2 in. at post no. 9, as 

measured in the field. The maximum lateral dynamic barrier deflection, including tipping of the 

upper metal rail along the top surface, was 0.9 in., as determined from high-speed digital video 

analysis. The working width of the system was found to be 51.6 in., also determined from high-

speed digital video analysis. The Zone of Intrusion (ZOI) was determined to be 49.6 in. Barrier 

deflections are shown schematically in Figure 85. 

 

Figure 85. Permanent Set, Dynamic Deflection, and Working Width, Test No. MNCBR-1
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5.4 Vehicle Damage 

The damage to the vehicle was moderate, as shown in Figures 86 through 91. The 

maximum occupant compartment intrusions are listed in Table 5 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 

C. 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. 

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

vehicle, where impact had occurred, as shown in Figure 86. The left side of the front bumper was 

crushed inward due to the vehicle impact into a downstream portable concrete barrier far beyond 

the bridge railing system. The right side of the bumper was crushed inward. The right-front fender 

was pushed upward near the door panel and torn behind the right-front wheel, as shown in Figure 

87. The right-side upper control arm was bent. The right-front steel rim was moderately deformed 

with concentrated crushing along the edge, as shown in Figure 87. 

Denting and scraping were observed across the entire right side. The right-front door was 

slightly ajar, and creases were found in the door’s sheet metal. The right-side window glass 

shattered, as shown in Figures 87 through 90. The right-rear door was dented and ajar. The right 

side of the truck bed was dented, and the fuel hatch was ajar. The right-rear wheel detached, as 

shown in Figures 87 through 90. The right side of the rear bumper was torn and pushed downward. 

The roof and remaining window glass remained undamaged. The undercarriage and the box were 

scraped, as shown in Figure 91. 

The right-side edge or seam of the floor pan released, as shown in Figures 88 and 89. The 

right-front wheel and/or rubber tire pushed on the supporting member and the floor pan was held 

in place at the edge until the partially-rusted spot welds along the seam failed. As such, the spot-

weld region was pulled downward along this seam in more of a tensile loading manner, where the 

spot welds eventually tore out of the fabricated holes. Based on a review of the post-test results, 

researchers confirmed that the right-front wheel and/or rubber tire did not penetrate at the floor 

edge or seam since the floor did not reveal upward bending (prying up) at the edge but rather 

downward bending (tension down with tear out) at the edge, as shown in Figures 88 and 89. The 

maximum measured floor pan deformation was 5.6 in., which is within AASHTO MASH 2016 

[3] occupant compartment deformation limits. The doorsill remained intact and did not show 

evidence of vehicle components prying through the edge opening at the doorsill region.  
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Figure 86. Vehicle Damage, Test No. MNCBR-1
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Figure 87. Vehicle Damage, Test No. MNCBR-1
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Figure 88. Undercarriage Damage, Test No. MNCBR-1
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Figure 89. Vehicle Floor Pan Damage, Test No. MNCBR-1
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Figure 90. Vehicle Floor Pan Damage, Test No. MNCBR-1
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Figure 91. Undercarriage Damage, Test No MNCBR-1
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Table 5. Maximum Occupant Compartment Intrusion by Location, Test No. MNCBR-1 

Location 

Maximum 

Intrusion 

in.  

MASH 2016  

Allowable Intrusion 

in.  

Wheel Well & Toe Pan 5.5 ≤ 9 

Floor Pan & Transmission Tunnel 5.6 ≤ 12 

A-Pillar 1.4 ≤ 5 

A-Pillar (Lateral) 1.4 ≤ 3 

B-Pillar 1.4 ≤ 5 

B-Pillar (Lateral) 1.4 ≤ 3 

Side Front Panel (in Front of A-Pillar) 0.7 ≤ 12 

Side Door (Above Seat) 0.7 ≤ 9 

Side Door (Below Seat) 0.5 ≤ 12 

Roof 0.8 ≤ 4 

Windshield 0.0 ≤ 3 

Side Window 
Shattered due to contact with 

simulated occupant’s head 

No shattering resulting from 

contact with structural member 

of test article 

Dash 1.4 N/A 

N/A – Not Applicable 
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5.5 Occupant Risk 

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

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

in Table 6. Although not required for TL-4 crash testing with 10000S vehicle, 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 6. The recorded data from the accelerometers and the rate 

transducers are shown graphically in Appendix D. 

Table 6. Summary of OIV, ORA, THIV, PHD, and ASI Values, Test No. MNCBR-1 

Evaluation Criteria 

Transducer 
MASH 2016 

Limits SLICE-1 

at c.g. (primary) 

SLICE-2 

in cab 

OIV 

ft/s 

Longitudinal -6.54 -3.58 not required 

Lateral -13.47 -15.12 not required 

ORA 

g’s 

Longitudinal -6.36 -6.60 not required 

Lateral -18.08 -15.14 not required 

Maximum 

Angular 

Displacement 

deg. 

Roll 25.8 21.0 not required 

Pitch 2.6 -3.8 not required 

Yaw -14.9 -17.2 not required 

THIV – ft/s 19.33 26.97 not required 

PHD – g’s 18.10 9.70 not required 

ASI 0.68 0.85 not required 
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5.6 Barrier Loads 

The longitudinal and lateral vehicle accelerations, as measured at the vehicle’s c.g. and at 

the rear axle, were also processed using a SAE CFC-60 filter and a 50-msec moving average. The 

50-msec moving average vehicle accelerations were then combined with the uncoupled yaw angle 

versus time data in order to estimate the vehicular loading applied to the barrier system. From the 

data analysis, the perpendicular impact forces were determined for the bridge rail, as shown in 

Figures 92 through 94. The maximum perpendicular (i.e., lateral) loads imparted to the barrier 

were 133.8, 119.5, and 106.1 kips, as determined by the SLICE-1 (primary) unit and the two data 

sets from the TDAS unit, TDAS-1 and TDAS-2. The two lateral barrier load estimates from the 

TDAS system at the rear axle of the single-unit truck used modified Euler angles based on the 

assumptions described in Section 4.5.2.  

 

Figure 92. Perpendicular and Tangential Forces Imparted to the Barrier System (SLICE-1) 

Located at c.g., Test No. MNCBR-1
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Figure 93. Perpendicular and Tangential Forces Imparted to the Barrier System (TDAS-1) 

Located at Rear Axle, Test No. MNCBR-1 

 

Figure 94. Perpendicular and Tangential Forces Imparted to the Barrier System (TDAS-2) 

Located at Rear Axle, Test No. MNCBR-1
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5.7 Discussion 

The analysis of the results for test no. MNCBR-1 showed that the bridge railing system 

adequately contained and redirected the 10000S vehicle with negligible displacements of the 

barrier. A summary of the test results and sequential photographs are shown in Figure 95. 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 D, were deemed acceptable because they did not adversely 

influence occupant risk nor cause rollover. After impact, the vehicle exited the barrier at an angle 

approximated to be 12 degrees, and its trajectory did not violate the bounds of the exit box. During 

the test, the ZOI was measured to be 49.6 in. Therefore, test no. MNCBR-1 was determined to be 

acceptable according to the MASH 2016 safety performance criteria for test designation no. 4-12. 
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• Test Agency .........................................................................................................MwRSF 

• Test Number .................................................................................................... MNCBR-1 

• Date ..................................................................................................................... 9/2/2020 

• MASH 2016 Test Designation No. ............................................................................. 4-12 

• Test Article............................................................... Minnesota Combination Bridge Rail 

• Total System Length  ............................................................................................... 154 ft 

• Total Bridge Rail Height .......................................................................................... 36 in. 

• Bridge Rail Elements .......................................................................... HSS 10x4x¼ Tube 

Length ................................................................................................. 150 ft – 2½ in. 

• Bridge Post Assembly (Main Components) 

Post ............................................................................... HSS 7x5x⁵∕₁₆ by 10¼ in. long 

Base Plate (Welded) ................................................................ 16 in. x 9½ in. x ¾ in. 

• Concrete Parapet 

Length .................................................................................................... 140 ft – 8 in. 

Width ................................................................................................................. 16 in. 
Height ................................................................................................................ 21 in. 

• Concrete Tapered End Section (Excluding End Post) 

Length ............................................................................................................ 22½ in. 

Height ................................................................................................................ 10 in. 

Width ......................... 16 in. at downstream end and 8½ in. wide at the upstream end 

• Brush Curb 

Width ................................................................................................................... 2 in. 
Height .................................................................................................................. 6 in. 

• Vehicle Make /Model ................................... 2013 International Durastar 4300 SBA SUT 

Curb ............................................................................................................. 14,852 lb 

Test Inertial.................................................................................................. 22,042 lb 

Gross Static.................................................................................................. 22,202 lb 

• Impact Conditions 

Speed ........................................................................................................... 57.4 mph 

Angle Point .................................................................................................. 15.4 deg. 
Impact Location .  60⅛ in. upstream from splice centerline between post nos. 6 and 7 

Impact Severity (IS) ....................... 171.2 kip-ft > 142 kip-ft limit from MASH 2016 

• Exit Conditions 

Speed ........................................................................................................... 38.7 mph 

Angle Approximation ..................................................................................... 12 deg. 

• Exit Box Criterion ...................................................................................................... Pass 

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

 

 

 
 

 

 
 

• Vehicle Stopping Distance ................................................................... 330 ft downstream 

11 ft – 2 in. laterally in front 

• Vehicle Damage ................................................................................................. Moderate 

VDS [15]  ................................................................................................... 01-RFQ-5 
CDC [16] ................................................................................................ 01-RYEW-5 

Maximum Interior Deformation ....................................................................... 5.6 in. 

• Test Article Damage ............................................................................................ Minimal 

• Maximum Test Article Deflections 

Permanent Set .................................................................................................. 0.2 in. 

Dynamic ........................................................................................................... 0.9 in. 

Working Width............................................................................................... 51.6 in. 
ZOI ................................................................................................................. 49.6 in. 

• Transducer Data 

Evaluation Criteria 

Transducer 
MASH 2016 

Limit SLICE-1 
at c.g. (primary) 

SLICE-2 
in cab 

OIV 

ft/s 

Longitudinal -6.54 -3.58 not required 

Lateral -13.47 -15.12 not required 

ORA 

g’s 

Longitudinal -6.36 -6.60 not required 

Lateral -18.08 -15.14 not required 

Maximum 

Angular 

Displacement 
deg. 

Roll 25.8 21.0 not required 

Pitch 2.6 -3.8 not required 

Yaw -14.9 -17.2 not required 

THIV – ft/s 19.33 26.97 not required 

PHD – g’s 18.10 9.70 not required 

ASI 0.68 0.85 not required 

 

Figure 95. Summary of Test Results and Sequential Photographs, Test No. MNCBR-1 
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6 FULL-SCALE CRASH TEST NO. MNCBR-2 

6.1 Weather Conditions 

Test no. MNCBR-2 was conducted on September 16, 2020 at approximately 1:45 p.m. The 

weather conditions as reported by the National Oceanic and Atmospheric Administration (station 

14939/LNK) are shown in Table 7. 

Table 7. Weather Conditions, Test No. MNCBR-2 

Temperature 79°F 

Humidity 45% 

Wind Speed 22 mph 

Wind Direction 360° from True North 

Sky Conditions Sunny 

Visibility 6.0 Statute Miles 

Pavement Surface Dry 

Previous 3-Day Precipitation  0.00 in. 

Previous 7-Day Precipitation  0.00 in. 

 

6.2 Test Description 

Test no. MNCBR-2 was conducted on a concrete parapet with brush curb and upper beam 

and post rail with new tapered end section under the MASH 2016 TL-4 guidelines for test 

designation no. 4-11, which involved an impact with a 2270P pickup truck at 62 mph and 

25 degrees. The CIP for this system was selected to maximize the potential for vehicle interaction 

and snag on the vertical support posts, the upper metal tube rail, and the tapered end section.  

Initial vehicle impact was to occur 70¹¹∕₁₆ in. upstream from the centerline of post no. 23, 

as shown in Figure 96, which was selected as discussed in Chapter 2.2. The 5,003-lb crew cab 

pickup truck impacted the concrete parapet with a brush curb and upper beam and post rail with a 

new tapered end section at a speed of 63.9 mph and at an angle of 25.1 degrees. The actual point 

of impact was 0.78 in. downstream from the target impact point. In the test, the vehicle was 

captured and redirected by the concrete parapet with brush curb and upper beam and post rail with 

new tapered end section. 

A detailed description of the sequential impact events is contained in Table 8. Sequential 

photographs are shown in Figures 97 through 98. Documentary photographs of the crash test are 

shown in Figure 99. The vehicle trajectory and final position are shown in Figure 100.
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Figure 96. Impact Location, Test No. MNCBR-2
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Table 8. Sequential Description of Impact Events, Test No. MNCBR-2 

Time 

(sec) 
Event 

0.000 
Vehicle's front bumper impacted concrete barrier 69.9 in. upstream from post no. 

23. 

0.002 Vehicle’s front bumper cover deformed. 

0.006 Vehicle's right headlight contacted upper steel rail at post no. 22 and deformed. 

0.012 Vehicle's right fender contacted upper steel rail and deformed. 

0.024 Vehicle's grille deformed. 

0.038 
Vehicle's engine hood deformed, and vehicle’s right-front door contacted upper 

steel rail. 

0.046 Vehicle's right-front door contacted concrete barrier and deformed. 

0.048 Vehicle grille contacted upper steel rail. 

0.054 Vehicle's front bumper contacted post no. 23. 

0.066 
Barrier’s traffic-side face spalled near post no. 23. Vehicle's right headlight 

shattered.  

0.084 Vehicle’s left headlight became disengaged. 

0.090 
Vehicle's right-front window shattered and simulated occupant's head passed 

through right-front window. 

0.092 Vehicle's left-front tire became airborne. 

0.140 Vehicle's left-rear tire became airborne. 

0.144 Vehicle's right-rear door contacted upper steel rail and deformed.  

0.172 Vehicle's right quarter panel contacted upper steel rail and deformed. 

0.178 
Simulated occupant's head reentered through right-front window. Vehicle was 

parallel to system at a speed of 46.5 mph.  

0.198 
Vehicle's rear bumper contacted concrete barrier and deformed. Vehicle’s right-rear 

tire contacted concrete barrier. 

0.200 Vehicle pitched downward. 

0.362 Vehicle exited system at a speed of 45.1 mph and at an angle of 5.1 degrees. 

0.364 System came to rest. 

0.660 Vehicle's left-front tire regained contact with ground. 

0.908 Vehicle's left-rear tire regained contact with ground. 

1.110 Vehicle's left-rear tire became airborne. 

1.354 Vehicle rolled away from system. 

1.418 Vehicle left-rear tire regained contact with ground. 

3.700 
Vehicle came to rest 176 ft – 3 in. downstream and 12 ft – 6 in. laterally in front of 

system. 
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Figure 97. Sequential Photographs, Test No. MNCBR-2
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Figure 98. Sequential Photographs, Test No. MNCBR-2
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Figure 99. Documentary Photographs, Test No. MNCBR-2
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Figure 100. Vehicle Final Position and Trajectory Marks, Test No. MNCBR-2
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6.3 Barrier Damage 

Damage to the barrier was minimal, as shown in Figures 101 through 111. Barrier damage 

largely consisted of contact marks on the front face of the concrete barrier and spalling of the 

concrete. Note that the cracking shown in the system photographs was identified before the test as 

being related to shrinkage, and was not a result of test no. MNCBR-2. The length of vehicle contact 

along the barrier extended downstream approximately 12 ft – 10 in., starting at 21½ in. upstream 

from post no. 22. 

Tire marks were visible on the front face of the 21-in. tall concrete barrier, starting 16 in. 

upstream from the centerline of post no. 22 and extending 9 ft – 9 in. downstream across the traffic 

side of the barrier. Contact marks 15 in. wide were found across the front face of the concrete 

barrier above the brush curb, starting 21½ in. upstream from the centerline of post no. 22 and 

extending 9 ft – 11 in. downstream. Contact marks 15 in. wide were found across the entire length 

of the front face of the end post, including the horizontal tapered end, starting 9 in. downstream 

from the centerline of post no. 23 and extending 56 in. downstream. Contact marks measuring 4 in. 

wide were found on front face of the steel upper rail, starting 6½ in. downstream from the 

centerline of the splice between post nos. 21 and 22 and extending 9 ft – 9 in. downstream. Contact 

marks measuring 8½ in. wide were found on the top face of the steel upper rail, starting 7 in. 

downstream from the centerline of splice between post nos. 21 and 22 and extending 9 ft – 8 in. 

downstream. Contact marks measuring 5½ in. wide were found on the front face of the steel upper 

rail, starting 13 in. downstream from the centerline of the splice between post nos. 21 and 22 and 

extending 8 ft – 8½ in. downstream. Contact marks measuring ⅛ in. wide were found on the 

upstream face of post no. 22, starting 12 in. from the top of plate and extending 1 in. downward. 

Contact marks measuring 1 in. wide were found on the upstream face of post no. 23, starting 6½ in. 

from the top of the plate and extending 2 in. upward. Contact marks measuring 6½ in. were found 

on the front face of post no. 23, starting ½ in. from the top of the plate and extending 8½ in. 

upward. Contact marks measuring ½ in. wide were found on the upstream corner of the front face 

of post no. 23, starting at the post base plate and extending across the entire height of the post. The 

vehicle’s lateral overlap/contact distance at the upstream end of the tapered end section was 1 in. 

The vehicle’s overlap/contact distance at the upstream corner of the front face of post no. 23 was 

½ in. 

Scuff marks were also found along the length of vehicle contact. Gouging was found on 

the top corner of the front face of the concrete parapet, measuring 75 in. long and located 2 in. 

upstream from post no. 22 with a width of 7 in. Gouging with a width of 3 in. and measuring 25 in. 

long was located 48 in. upstream from post no. 23. Gouging was found on the upstream face of 

the mid horizontal tapered section measuring ¾ in. long located 8 in. from the top front corner of 

the upstream face. Gouging was found on the upstream face of the mid horizontal tapered section 

measuring ½ in. long located 3½ in. from the top front corner of the upstream face. Gouging with 

a width of 1½ in. and measuring 10 in. long was located 20 in. upstream from post no. 23. Gouging 

with a width of 1½ in. and measuring 17½ in. long was located 11½ in. upstream from post no. 23. 

Concrete chipping, measuring 21½ in. long, was located at upstream edge of end post with a width 

of 9 in.
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Figure 101. System Damage, Test No. MNCBR-2
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Figure 102. System Damage, Test No. MNCBR-2
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Figure 103. Damage on Splice between Post Nos. 22 and 21, Test No. MNCBR-2
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Figure 104. Concrete Gouging and Spalling, Test No. MNCBR-2



 

 

M
arch

 2
6
, 2

0
2
1
 

M
w

R
S

F
 R

ep
o

rt N
o
. T

R
P

-0
3

-4
0
3
-2

1
 

1
3
0
 

 

 
 

 

 
 

 

Figure 105. Rail and Post No. 22 Damage, Test No. MNCBR-2
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Figure 106. Rail and Post No. 22 Damage, Test No. MNCBR-2
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Figure 107. Rail and Post No. 23 Damage, Test No. MNCBR-2
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Figure 108. Rail and Post No. 23 Damage, Test No. MNCBR-2
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Figure 109. End Post, Tapered End, and Rail and Post No. 23 Damage, Test No. MNCBR-2
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Figure 110. Post No. 23 Damage, Test No. MNCBR-2
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Figure 111. End Post, Tapered End, and Rail Damage, Test No. MNCBR-2
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The maximum lateral permanent set of the barrier system was 0.3 in. between post nos. 22 

and 23, as measured in the field. The maximum lateral dynamic barrier deflection, including 

tipping of the barrier along the top surface, was 0.4 in. on the upper rail, as determined from high-

speed digital video analysis. The working width of the system was found to be 18 in., also 

determined from high-speed digital video analysis. The ZOI was found to be 16 in. Barrier 

deflections are shown schematically in Figure 112. 

 

Figure 112. Permanent Set, Dynamic Deflection, and Working Width, Test No. MNCBR-2 
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6.4 Vehicle Damage 

The damage to the vehicle was moderate, as shown in Figures 113 through 121. The 

maximum occupant compartment intrusions are listed in Table 9 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 

C. 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 C, are not considered crush 

toward the occupant, and are not evaluated by MASH 2016 criteria. 

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

vehicle, where impact had occurred, as shown in Figure 113. The right side of the front bumper 

plastic cover was shattered after impact, and the entire front bumper detached soon thereafter. The 

right-front fender was pushed inward and dented and torn behind the right-front wheel, as shown 

in Figure 114. The right-front cast aluminum rim was severely deformed with tears and significant 

crushing, as shown in Figures 114 and 116. The grille disengaged and fractured soon after impact. 

Both headlights were disengaged from the vehicle, as shown in Figure 115. The right side of the 

radiator was pushed backward. Denting and scraping were observed across the entire right side. 

The right-front door was slightly ajar, and creases were found in the door’s sheet metal. The right-

side window glass shattered, as shown in Figure 117. The right-rear door was dented and ajar. The 

right side of the truck bed was dented, and the fuel hatch was ajar, as shown in Figure 118. The 

right side of the rear bumper was scraped and pushed downward. The roof and remaining window 

glass remained undamaged. The floor pan was pushed inward, as shown in Figure 119. The right-

side upper control arm was fractured, and undercarriage was scraped, as shown in Figure 121 and 

Figure 122.
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Figure 113. Vehicle Damage, Test No. MNCBR-2
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Figure 114. Vehicle Damage, Test No. MNCBR-2
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Figure 115. Vehicle Damage, Test No. MNCBR-2
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Figure 116. Vehicle Damage, Test No. MNCBR-2
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Figure 117. Vehicle Damage, Test No. MNCBR-2
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Figure 118. Vehicle Damage, Test No. MNCBR-2
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Figure 119. Vehicle Floor Pan Damage, Test No. MNCBR-2
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Figure 120. Undercarriage Damage, Test No. MNCBR-2
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Figure 121. Undercarriage Damage, Test No. MNCBR-2
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Table 9. Maximum Occupant Compartment Intrusion by Location, Test No. MNCBR-2 

Location 

Maximum 

Intrusion 

in.  

MASH 2016  

Allowable Intrusion 

in.  

Wheel Well & Toe Pan 4.1 ≤ 9 

Floor Pan & Transmission Tunnel 0.7 ≤ 12 

A-Pillar 0.2 ≤ 5 

A-Pillar (Lateral) 0.2 ≤ 3 

B-Pillar 0.5 ≤ 5 

B-Pillar (Lateral) 0.5 ≤ 3 

Side Front Panel (in Front of A-Pillar) 5.8 ≤ 12 

Side Door (Above Seat) 0.7 ≤ 9 

Side Door (Below Seat) 1.9 ≤ 12 

Roof 0.0 ≤ 4 

Windshield 0.0 ≤ 3 

Side Window 
Shattered due to contact with 

simulated occupant’s head 

No shattering resulting from 

contact with structural 

member of test article 

Dash 1.6 N/A 

N/A – Not Applicable 

6.5 Head Ejection 

It is noted in MASH 2016 under the occupant risk evaluation criteria that no shattering of 

a side window from direct contact with a structural member of the test article should occur. This 

requirement is believed to extend to direct contact between a test article and the side window as 

an occupant’s head would be considered to be at elevated risk of contacting the test article, thus 

increasing the potential for serious injury, even if an impact does not violate any other MASH 

2016 evaluation criteria. Thus, occupant head ejection out of the occupant compartment should be 

tracked for tall barriers and considered a pass/fail test evaluation criterion.  

High-speed footage with camera views of the occupant’s head movement for test no. 

MNCBR-2 are shown in Figures 122 and 123. Video analysis of the positioning of the dummy’s 

head during test no. MNCBR-2 showed that head contact did not occur, as shown in Figures 123 

and 124. Therefore, the test was deemed to have successfully passed MASH 2016 evaluation 

criteria using a stringent interpretation of the occupant risk criteria.
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Figure 122. Documentary Photographs, Test No. MNCBR-2
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Figure 123. Overhead View of Head Ejection During Impact Event, Test No. MNCBR-2
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Figure 124. Downstream Behind View of Head Ejection During Impact Event, Test No. 

MNCBR-2



March 26, 2021 

MwRSF Report No. TRP-03-403-21 

152 

6.6 Occupant Risk 

The calculated OIVs and maximum 0.010-sec average ORAs in both the longitudinal and 

lateral directions are shown in Table 10. 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 10. The recorded data from the accelerometers and the rate transducers are shown 

graphically in Appendix E.  

Table 10. Summary of OIV, ORA, THIV, PHD, and ASI Values, Test No. MNCBR-2 

Evaluation Criteria 

Transducer 
MASH 2016 

Limits SLICE-1 
SLICE-2 

(primary) 

OIV 

ft/s 

Longitudinal -21.33 -21.20 ±40 

Lateral -23.04 -25.28 ±40 

ORA 

g’s 

Longitudinal -8.98 -9.80 ±20.49 

Lateral -9.03 -7.34 ±20.49 

Maximum 

Angular 

Displacement 

deg. 

Roll 33.3 29.8 ±75 

Pitch -7.0 -8.7 ±75 

Yaw -48.1 -47.9 not required 

THIV – ft/s 30.70 32.36 not required 

PHD – g’s 9.23 10.03 not required 

ASI 1.48 1.64 not required 

 

6.7 Barrier Loads 

The longitudinal and lateral vehicle accelerations, as measured at the vehicle’s c.g., were 

also processed using a SAE CFC-60 filter and a 50-msec moving average. The 50-msec moving 

average vehicle accelerations were then combined with the uncoupled yaw angle versus time data 

in order to estimate the vehicular loading applied to the barrier system. From the data analysis, the 

perpendicular impact forces were determined for the bridge rail, as shown in Figure 125. The 

maximum perpendicular (i.e., lateral) load imparted to the barrier was 76.5 kips, as determined by 

the SLICE-2 (primary) unit. 
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Figure 125. Perpendicular and Tangential Forces Imparted to the Barrier System (SLICE-2), Test 

No. MNCBR-2 

6.8 Discussion 

The analysis of the results for test no. MNCBR-2 showed that the bridge railing system 

adequately contained and redirected the 2270P vehicle with negligible displacements of the barrier. 

A summary of the test results and sequential photographs are shown in Figure 126. 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 E, 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 5.1 degrees, and its trajectory did not violate the bounds of the exit box. During the test, the 

simulated occupant’s head protruded from the right-side window and extended into the ZOI but 

did not contact the metal railing system. Therefore, test no. MNCBR-2 was determined to be 

acceptable according to the MASH 2016 safety performance criteria for test designation no. 4-11. 
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• Test Agency .........................................................................................................MwRSF 

• Test Number .................................................................................................... MNCBR-2 

• Date ................................................................................................................... 9/16/2020 

• MASH 2016 Test Designation No. ............................................................................. 4-11 

• Test Article............................................................... Minnesota Combination Bridge Rail 

• Total System Length  ............................................................................................... 154 ft 

• Total Bridge Rail Height .......................................................................................... 36 in. 

• Bridge Rail Elements .......................................................................... HSS 10x4x¼ Tube 

Length ................................................................................................. 150 ft – 2½ in. 

• Bridge Post Assembly (Main Components) 

Post ............................................................................... HSS 7x5x⁵∕₁₆ by 10¼ in. long 

Base Plate (Welded) ................................................................ 16 in. x 9½ in. x ¾ in. 

• Concrete Parapet 

Length .................................................................................................... 140 ft – 8 in. 

Width ................................................................................................................. 16 in. 
Height ................................................................................................................ 21 in. 

• Concrete Tapered End Section (Excluding End Post) 

Length ............................................................................................................ 22½ in. 

Height ................................................................................................................ 10 in. 

Width ......................... 16 in. at downstream end and 8½ in. wide at the upstream end 

• Brush Curb 

Width ................................................................................................................... 2 in. 
Height .................................................................................................................. 6 in. 

• Vehicle Make /Model ............................ 2014 Dodge Ram 1500 Quad Cab Pickup Truck 

Curb ............................................................................................................... 5,134 lb 

Test Inertial.................................................................................................... 5,003 lb 

Gross Static.................................................................................................... 5,162 lb 

• Impact Conditions 

Speed ........................................................................................................... 63.9 mph 

Angle ........................................................................................................... 25.1 deg. 
Impact Location .................................................... 69.9 in. upstream from post no. 23 

• Impact Severity (IS) ............................. 122.9 kip-ft > 106 kip-ft limit from MASH 2016 

• Exit Conditions 

Speed ........................................................................................................... 45.1 mph 
Angle  ............................................................................................................ 5.1 deg. 

• Exit Box Criterion ...................................................................................................... Pass 

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

 

 

 
 

 

 
 

 

• Vehicle Stopping Distance ........................................................ 176 ft – 3 in. downstream 

  12 ft – 6 in. laterally in front 

• Vehicle Damage ................................................................................................. Moderate 

VDS [15]  ................................................................................................... 01-RFQ-5 

CDC [16] ................................................................................................ 01-RYEW-5 

Maximum Interior Deformation ....................................................................... 5.8 in. 

• Test Article Damage ............................................................................................ Minimal 

• Maximum Test Article Deflections 

Permanent Set .................................................................................................. 0.3 in. 

Dynamic ........................................................................................................... 0.4 in. 
Working Width.................................................................................................. 18 in. 

ZOI .................................................................................................................... 16 in. 

• Transducer Data 

Evaluation Criteria 

Transducer 
MASH 2016 

Limit SLICE-1 
SLICE-2 

(primary) 

OIV 
ft/s 

Longitudinal -21.33 -21.20 ±40 (12.2) 

Lateral -23.04 -25.28 ±40 (12.2) 

ORA 

g’s 

Longitudinal -8.98 -9.80 ±20.49 

Lateral -9.03 -7.34 ±20.49 

Maximum 

Angular 
Displacement 

deg. 

Roll 33.3 29.8 ±75 

Pitch -7.0 -8.7 ±75 

Yaw -48.1 -47.9 not required 

THIV – ft/s 30.70 32.36 not required 

PHD – g’s 9.23 10.03 not required 

ASI 1.48 1.64 not required 

 

Figure 126. Summary of Test Results and Sequential Photographs, Test No. MNCBR-2 

0.000 sec 0.100 sec 0.200 sec 0.300 sec 0.400 sec 
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7 FULL-SCALE CRASH TEST NO. MNCBR-3 

7.1 Weather Conditions 

Test no. MNCBR-3 was conducted on September 29, 2020 at approximately 1:30 p.m. The 

weather conditions as reported by the National Oceanic and Atmospheric Administration (station 

14939/LNK) are shown in Table 11. 

Table 11. Weather Conditions, Test No. MNCBR-3 

Temperature 79°F 

Humidity 51% 

Wind Speed 15 mph 

Wind Direction 260° from True North 

Sky Conditions Sunny 

Visibility 10 Statute Miles 

Pavement Surface Dry 

Previous 3-Day Precipitation  0.12 in. 

Previous 7-Day Precipitation  0.03 in. 

 

7.2 Test Description 

Test no. MNCBR-3 was conducted on a concrete parapet with a brush curb and upper beam 

and post rail with a new tapered end section under the MASH 2016 TL-4 guidelines for test 

designation no. 4-10, which involved an impact with a 1100C small car vehicle at 62 mph and 25 

degrees. The CIP for this system was selected to maximize the potential for vehicle interaction and 

snag on the vertical support posts, the upper metal tube rail, and the tapered end section. 

Initial vehicle impact was to occur 63½ in. upstream from the centerline of post no. 23, as 

shown in Figure 127, which was selected as discussed in Chapter 2.2. The 2,442-lb small car 

vehicle impacted the concrete parapet with brush curb and upper beam and post rail with new 

tapered end section at a speed of 62.5 mph and at an angle of 25.5 degrees. The actual point of 

impact was 6.9 in. upstream from target impact point. In the test, the vehicle was captured and 

redirected by the concrete parapet with brush curb and upper beam and post rail with new tapered 

end section. 

A detailed description of the sequential impact events is contained in Table 12. Sequential 

photographs are shown in Figures 128 through Figure 129. Documentary photographs of the crash 

test are shown in Figure 130. The vehicle trajectory and final position are shown in Figure 131.
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Figure 127. Impact Location, Test No. MNCBR-3
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Table 12. Sequential Description of Impact Events, Test No. MNCBR-3 

Time 

(sec) 
Event 

0.000 Vehicle's front bumper impacted post no. 22. 

0.002 Vehicle’s front bumper deformed. 

0.004 Vehicle's right-front tire contacted barrier near post no. 22. 

0.012 
Vehicle's right fender contacted concrete barrier near post no. 22, and vehicle’s 

engine hood contacted upper steel rail. 

0.014 Vehicle's engine hood and right fender deformed. 

0.020 Vehicle pitched downward. 

0.030 Vehicle's roof experienced flexure. 

0.034 Vehicle’s top-left door deformed outward. Vehicle’s door became ajar. 

0.044 
Vehicle's right-front door contacted post no. 22, and vehicle’s right-side mirror 

contacted upper steel rail. 

0.046 Vehicle's right-front door and right-side mirror deformed. 

0.056 Vehicle’s right headlight contacted post no. 23. 

0.060 Vehicle's right headlight shattered. 

0.068 
Simulated occupant’s head exited cabin and shattered right-front window. Vehicle's 

right fender snagged on tapered end. 

0.138 Vehicle's left-rear tire became airborne. 

0.149 Vehicle was parallel to system at a speed of 47.5 mph. 

0.150 Vehicle’s right quarter panel contacted post no. 22. 

0.152 Vehicle's right quarter panel deformed. 

0.154 
Simulated occupant's head reentered through right-front window. Vehicle's rear 

bumper contacted post no. 22. 

0.158 Vehicle's right tailgate contacted upper steel rail. 

0.180 Vehicle’s right tailgate cover shattered. 

0.278 Vehicle exited system at a speed of 46.0 mph and at an angle of 5.8 degrees. 

0.389 Vehicle's left-rear tire regained contact with ground. 

0.396 Vehicle pitched upward. 

0.628 Vehicle rolled away from system. 

4.849 
Vehicle came to rest 190 ft – 7 in. downstream and 36 ft – 3 in. laterally in front 

from system. 
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Figure 128. Sequential Photographs, Test No. MNCBR-3
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Figure 129. Sequential Photographs, Test No. MNCBR-3
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Figure 130. Documentary Photographs, Test No. MNCBR-3
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Figure 131. Vehicle Final Position and Trajectory Marks, Test No. MNCBR-3.



March 26, 2021 

MwRSF Report No. TRP-03-403-21 

162 

7.3 Barrier Damage 

Damage to the barrier was minimal, as shown in Figures 132 through 138. Barrier damage 

largely consisted of contact marks on the front face of the concrete barriers and spalling of the 

concrete. Note that the cracking shown in the system photographs was identified before the test as 

being related to shrinkage, and was not a result of test no. MNCBR-3. The length of vehicle contact 

along the barrier extended downstream approximately 10 ft starting at 18 in. upstream from the 

impact point. 

Tire marks were visible on the front face of the 21-in. tall concrete barrier, starting 18 in. 

upstream from the centerline of post no. 22 and extending 110 in. downstream across the traffic 

side of the barrier. Contact marks 15 in. wide were found across the front face of the concrete 

barrier above the brush curb, starting 18 in. upstream from the impact point and extending 102 in. 

downstream. Contact marks 9 in. wide were found across the entire length of the front face of mid-

horizontal taper section of end post, starting 95 in. downstream from the impact point and 

extending 24 in. downstream. Contact marks measuring 9½ in. wide were found on front face of 

steel upper rail, starting 98 in. downstream from the impact point and extending 12 in. downstream. 

Contact marks measuring 4½ in. wide were found on the front face of steel upper rail, starting 

9½ in. downstream from the impact point and extending 100½ in. downstream. Contact marks 

measuring 1 in. wide were found on the top face of the steel upper rail, starting 70½ in. downstream 

from the impact point and extending 6 in. downstream. Contact marks measuring ½ in. wide were 

found on the bottom face of the upper steel rail, starting 67 in. downstream from the impact point 

and extending 24½ in. downstream. Contact marks measuring 7¾ in. wide were found on the front 

face of post no. 23 and extending 5½ in. downward. Contact marks measuring 8 in. were found on 

the upstream front corner of the upstream face of post no. 23 and extending 1 in. downward. 

Contact marks measuring 1 in. wide were found on the upstream face of post no. 23 and extended 

8 in. upward from the post base plate. The vehicle’s lateral overlap/contact distance at the upstream 

end of the tapered end section was 1½ in. The vehicle’s lateral overlap/contact distance at the 

upstream corner of the front face of post no. 23 was 2½ in. 

Scuff marks were also found along the length of vehicle contact. Gouging was found on 

the front face of the concrete parapet measuring 36½ in. long and located 32 in. upstream from the 

impact point with a width of 2 in. Gouging, measuring 2 in. wide by 28 in. long, was located 

64½ in. downstream from the impact point. Gouging was found on the upstream face of the middle 

horizontal tapered end section, measuring ¼ in. long and located 2 in. from the top front corner of 

the upstream face. Gouging, measuring 9½ in. wide by 24 in. long, was located 95 in. upstream 

from the impact point. Gouging, measuring 2½ in. wide by 18 in. long, was located 6½ in. upstream 

from the impact point.
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Figure 132. System Damage, Test No. MNCBR-3
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Figure 133. System Damage, Test No. MNCBR-3
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Figure 134. Concrete Gouging, Test No. MNCBR-3
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Figure 135. Concrete Gouging, Test No. MNCBR-3
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Figure 136. Rail and Post No. 4 Damage, Test No. MNCBR-3
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Figure 137. Rail and Post No. 4 Damage, Test No. MNCBR-3
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Figure 138. Rail and Post No. 4 Damage, Test No. MNCBR-3
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The maximum lateral permanent set of the barrier system was 0.1 in. between post nos. 22 

and 23, as measured in the field. The maximum lateral dynamic barrier deflection, including 

tipping of the barrier along the top surface, was 0.3 in. on the upper rail, as determined from high-

speed digital video analysis. The working width of the system was found to 18 in., also determined 

from high-speed digital video analysis. The ZOI was found to be 10 in. Barrier deflections are 

shown schematically in Figure 139. 

 

Figure 139. Permanent Set, Dynamic Deflection, and Working Width, Test No. MNCBR-3
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7.4 Vehicle Damage 

The damage to the vehicle was moderate, as shown in Figures 140 through 145. The 

maximum occupant compartment intrusions are listed in Table 13 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 

C. 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 C, are not considered crush 

toward the occupant, and are not evaluated by MASH 2016 criteria. 

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

vehicle, where impact had occurred, as shown in Figure 140. The vehicle’s steel engine hood was 

deformed across its entirety, and the right edge was torn from front to back. The left side of the 

front bumper was pushed downward. The right side of the bumper was torn and crushed inward. 

The right-front fender was pushed upward near the door panel, and torn behind the right-front 

wheel, as shown in Figure 141. The right-front steel rim was deformed with significant crushing, 

as shown in Figure 142. The right-side headlight was disengaged from the vehicle, as shown in 

Figure 141. Denting and scraping were observed across the entire right side. The right-front door 

was crushed inward at the leading edge, and it was slightly ajar. The right-side front window glass 

was shattered by the simulated occupant’s head, as shown in Figure 142. The right-rear door was 

scraped along its entirety and dented at the door handle. The right-side quarter panel was slightly 

crushed inward and scraped across its entire length, as shown in Figure 142. The floor panel was 

crushed inward, as shown in Figure 143. The right side of the rear bumper was slightly scraped. 

The right side of the windshield had a various hairline cracks, as shown in Figure 145. The roof 

and remaining window glass remained undamaged. 
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Figure 140. Vehicle Damage, Test No. MNCBR-3
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Figure 141. Vehicle Damage, Test No. MNCBR-3
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Figure 142. Vehicle Damage, Test No. MNCBR-3
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Figure 143. Vehicle Floor Pan Damage, Test No. MNCBR-3
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Figure 144. Undercarriage Damage, Test No. MNCBR-3
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Figure 145. Windshield Damage (Post-Test), Test No. MNCBR-3
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Table 13. Maximum Occupant Compartment Intrusion by Location, Test No. MNCBR-3 

Location 

Maximum 

Intrusion 

in. 

MASH 2016  

Allowable Intrusion 

in. 

Wheel Well & Toe Pan 1.7 ≤ 9 

Floor Pan & Transmission Tunnel 2.2 ≤ 12 

A-Pillar 0.8 ≤ 5 

A-Pillar (Lateral) 0.2 ≤ 3 

B-Pillar 0.4 ≤ 5 

B-Pillar (Lateral) 0.0 ≤ 3 

Side Front Panel (in Front of A-Pillar) 2.5 ≤ 12 

Side Door (Above Seat) 0.1 ≤ 9 

Side Door (Below Seat) 0.5 ≤ 12 

Roof 0.4 ≤ 4 

Windshield 0.0 ≤ 3 

Side Window 
Shattered due to contact with 

simulated occupant’s head 

No shattering resulting from 

contact with structural 

member of test article 

Dash 0.7 N/A 

N/A – Not Applicable 

7.5 Head Ejection 

It is noted in MASH 2016 under the occupant risk evaluation criteria that no shattering of 

a side window from direct contact with a structural member of the test article should occur. This 

requirement is believed to extend to direct contact between a test article and the side window as 

an occupant’s head would be considered to be at elevated risk of contacting the test article, thus 

increasing the potential for serious injury, even if an impact does not violate any other MASH 

2016 evaluation criteria. Thus, occupant head ejection out of the occupant compartment should be 

tracked for tall barriers and considered a pass/fail test evaluation criterion.  

Onboard high-speed footage with camera views of the occupant’s head movement for test 

no. MNCBR-3 are shown in Figures 146 and 147. Video analysis of the positioning of the 

dummy’s head during test no. MNCBR-3 showed that head contact did not occur, as shown in 

Figures 148 and 151. Therefore, the test was deemed to have successfully passed MASH 2016 

evaluation criteria using a stringent interpretation of the occupant risk criteria.



March 26, 2021 

MwRSF Report No. TRP-03-403-21 

179 

 
 

 
 

 
 

 

 
 

 
 

 
 

 

Figure 146. Documentary Photographs, Test No. MNCBR-3
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Figure 147. Documentary Photographs, Test No. MNCBR-3
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Figure 148. Overhead View of Head Ejection During Impact Event, Test No. MNCBR-3
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Figure 149. Downstream Behind View of Head Ejection During Impact Event, Test No. 

MNCBR-3
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Figure 150. Upstream View of Head Ejection During Impact Event, Test No. MNCBR-3
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Figure 151. Upstream Behind View of Head Ejection During Impact Event, Test No. MNCBR-3
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7.6 Occupant Risk 

The calculated OIVs and maximum 0.010-sec average ORAs in both the longitudinal and 

lateral directions are shown in Table 14. 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 14. The recorded data from the accelerometers and the rate transducers are shown 

graphically in Appendix F.  

Table 14. Summary of OIV, ORA, THIV, PHD, and ASI Values, Test No. MNCBR-3 

Evaluation Criteria 

Transducer 
MASH 2016 

Limits SLICE-1 

(primary) 
SLICE-2 

OIV 

ft/s 

Longitudinal -19.58 -20.67 ±40 

Lateral -34.25 -31.47 ±40 

ORA 

g’s 

Longitudinal -4.53 2.83 ±20.49 

Lateral -10.87 -12.05 ±20.49 

Maximum 

Angular 

Displacement 

deg. 

Roll 12.9 9.8 ±75 

Pitch -7.0 -7.9 ±75 

Yaw -45.2 -45.3 not required 

THIV – ft/s 0.28 0.18 not required 

PHD – g’s 37.20 38.51 not required 

ASI 2.47 2.33 not required 

 

7.7 Barrier Loads 

The longitudinal and lateral vehicle accelerations, as measured at the vehicle’s c.g., were 

also processed using a SAE CFC-60 filter and a 50-msec moving average. The 50-msec moving 

average vehicle accelerations were then combined with the uncoupled yaw angle versus time data 

in order to estimate the vehicular loading applied to the barrier system. From the data analysis, the 

perpendicular impact forces were determined for the bridge rail, as shown in Figure 152. The 

maximum perpendicular (i.e., lateral) load imparted to the barrier was 56.5 kips, as determined by 

the SLICE-1 (primary) unit. 
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Figure 152. Perpendicular and Tangential Forces Imparted to the Barrier System (SLICE-1), Test 

No. MNCBR-3 

7.8 Discussion 

The analysis of the results for test no. MNCBR-3 showed that the bridge railing system 

adequately contained and redirected the 1100C small car vehicle with negligible displacements of 

the barrier. A summary of the test results and sequential photographs are shown in Figure 153. 

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 F, were deemed acceptable because they 

did not adversely influence occupant risk nor cause rollover. After impact, the vehicle exited the 

barrier at a speed of 46.0 mph and at an angle of 5.8 degrees, and its trajectory did not violate the 

bounds of the exit box. During the test, the simulated occupant’s head protruded out of the right-

side window and extended into the ZOI but did not contact the metal railing system. Therefore, 

test no. MNCBR-3 was determined to be acceptable according to the MASH 2016 safety 

performance criteria for test designation no. 4-10. 
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• Test Agency .........................................................................................................MwRSF 

• Test Number .................................................................................................... MNCBR-3 

• Date ................................................................................................................... 9/29/2020 

• MASH 2016 Test Designation No. ............................................................................. 4-10 

• Test Article............................................................... Minnesota Combination Bridge Rail 

• Total System Length  ............................................................................................... 154 ft 

• Total Bridge Rail Height .......................................................................................... 36 in. 

• Bridge Rail Elements .......................................................................... HSS 10x4x¼ Tube 

Length ................................................................................................. 150 ft – 2½ in. 

• Bridge Post Assembly (Main Components) 

Post ............................................................................... HSS 7x5x⁵∕₁₆ by 10¼ in. long 

Base Plate (Welded) ................................................................ 16 in. x 9½ in. x ¾ in. 

• Concrete Parapet 

Length .................................................................................................... 140 ft – 8 in. 

Width ................................................................................................................. 16 in. 
Height ................................................................................................................ 21 in. 

• Concrete Tapered End Section (Excluding End Post) 

Length ............................................................................................................ 22½ in. 

Height ................................................................................................................ 10 in. 

Width ......................... 16 in. at downstream end and 8½ in. wide at the upstream end 

• Brush Curb 

Width ................................................................................................................... 2 in. 
Height .................................................................................................................. 6 in. 

• Vehicle Make /Model ................................................................................... 2009 Kia Rio 

Curb ............................................................................................................... 2,448 lb 

Test Inertial.................................................................................................... 2,442 lb 

Gross Static.................................................................................................... 2,600 lb 

• Impact Conditions 

Speed ........................................................................................................... 62.5 mph 

Angle ........................................................................................................... 25.5 deg. 
Impact Location .................................................. 70⁷∕₁₆ in. upstream from post no. 23 

• Impact Severity (IS) ................................. 59.1 kip-ft > 51 kip-ft limit from MASH 2016 

• Exit Conditions 

Speed ........................................................................................................... 46.0 mph 
Angle  ............................................................................................................ 5.8 deg. 

• Exit Box Criterion ...................................................................................................... Pass 

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

 

 

 

 
 

 

 
 

• Vehicle Stopping Distance ........................................................ 190 ft – 7 in. downstream 

  36 ft – 3 in. laterally in front 

• Vehicle Damage ................................................................................................. Moderate 

VDS [15]  ................................................................................................... 01-RFQ-5 
CDC [16] ................................................................................................ 01-RYEW-5 

Maximum Interior Deformation ....................................................................... 2.5 in. 

• Test Article Damage ............................................................................................ Minimal 

• Maximum Test Article Deflections 

Permanent Set .................................................................................................. 0.1 in. 

Dynamic ........................................................................................................... 0.3 in. 

Working Width.................................................................................................. 18 in. 
ZOI .................................................................................................................... 10 in. 

• Transducer Data 

Evaluation Criteria 

Transducer 
MASH 2016 

Limit SLICE-1 
(primary) 

SLICE-2 

OIV 

ft/s 

Longitudinal -19.58 -20.67 ±40 (12.2) 

Lateral -34.25 -31.47 ±40 (12.2) 

ORA 
g’s 

Longitudinal -4.53 2.83 ±20.49 

Lateral -10.87 -12.05 ±20.49 

Maximum 

Angular 

Displacement 
deg. 

Roll 12.9 9.8 ±75 

Pitch -6.9 -7.9 ±75 

Yaw -45.2 -45.3 not required 

THIV – ft/s 0.28 0.18 not required 

PHD – g’s 37.20 38.51 not required 

ASI 2.47 2.33 not required 

 

Figure 153. Summary of Test Results and Sequential Photographs, Test No. MNCBR-3 

0.000 sec 0.100 sec 0.200 sec 0.300 sec 0.400 sec 
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8 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

8.1 Summary 

The objective of this study was to crash test and evaluate a concrete parapet with brush 

curb, an upper beam and post rail, and a new tapered end section system according to MASH 2016 

TL-4 safety performance criteria. An early variation of the MnDOT combination bridge railing 

system was previously crash tested by MwRSF according to NCHRP Report 350 impact safety 

standards [1]. Thus, MnDOT desired to have its combination bridge railing system, with a few 

design modifications, crash tested according to MASH 2016 TL-4 impact safety standards. The 

combination bridge railing system was evaluated using three full-scale vehicle crash tests 

according to MASH 2016 test designation nos. 4-12 (MNCBR-1), 4-11 (MNCBR-2), and 4-10 

(MNCBR-3), which involved a 10000S single-unit box truck, a 2270P pickup truck, and a 1100C 

small car sedan, respectively. The critical impact point for each impact scenario was selected using 

the critical impact point analysis and guidance found in MASH 2016 [3], which is detailed in 

Section 2.2.  

For test no. MNCBR-1, the 22,042-lb single-unit box truck impacted the combination 

bridge railing system at a speed of 57.4 mph and at an angle of 15.4 degrees. The initial vehicle 

impact was to occur 60 in. upstream from the centerline of splice between post nos. 6 and 7, as 

shown in Figure 61. The actual point of impact was 0.15 in. upstream from the target impact 

location. The vehicle was captured and safely redirected by the bridge railing. During vehicle 

redirection, the right-side edge or seam of floor pan released, as shown in Figures 88 and 89. The 

right-front wheel and/or rubber tire pushed on the supporting member and floor pan was held in 

place at the edge until the partially-rusted spot welds along the seam failed. As such, the spot-weld 

region was pulled downward along this seam in more of a tensile loading manner, where the spot 

welds eventually tore out of the fabricated holes. Based on a review of the post-test results, 

researchers confirmed that the right-front wheel and/or rubber tire did not penetrate at the floor 

edge or seam since the floor did not reveal upward bending (prying up) at the edge but rather 

downward bending (tension down with tear out) at the edge, as shown in Figures 88 and 89. The 

maximum measured floor pan deformation was 5.6 in., which is within MASH 2016 [3] occupant 

compartment deformation limits. The vehicle snag did not pose a risk to the occupant compartment 

and did not result in elevated occupant risk measures. The vehicle exited the barrier in a stable 

manner and came to rest 330 ft downstream and 11 ft – 2 in. laterally behind the barrier. The 

maximum lateral permanent set, dynamic deflection, and working width of the barrier was 0.2 in., 

0.9 in., and 51.6 in., respectively. The ZOI was found to be 49.6 in. All occupant risk values were 

found to be within evaluation limits, and the occupant compartment deformations were also 

deemed acceptable. Subsequently, test no. MNCBR-1 was determined to satisfy the safety 

performance criteria for MASH 2016 test designation no. 4-12. A summary of the test evaluation 

is shown in Table 15. 

For test no. MNCBR-2, the 5,003-lb crew cab pickup truck impacted the combination 

bridge railing system at a speed of 63.9 mph and at an angle of 25.1 degrees. The initial vehicle 

impact was to occur 70¹¹∕₁₆ in. upstream from the centerline of post no. 23, as shown in Figure 96. 

The actual point of impact was 0.78 in. upstream from the target impact location. The vehicle was 

captured and safely redirected by the bridge railing. During vehicle redirection, the right-front 

fender and right-front corner of the engine hood contacted the upstream side of the post 
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downstream from the impact point. This contact resulted in sufficient snag to crush the entire right-

front fender inward. However, the vehicle snag did not pose a risk to the occupant compartment 

and did not result in elevated occupant risk measures. The vehicle exited the barrier in a stable 

manner and came to rest 176 ft – 3 in. downstream from impact point and 12 ft – 6 in. laterally in 

front of the barrier. The maximum lateral permanent set, dynamic deflection, and working width 

of the barrier was 0.3 in., 0.4 in., and 18 in., respectively. The ZOI was found to be 16 in. All 

occupant risk values were found to be within evaluation limits, and the occupant compartment 

deformations were also deemed acceptable. Subsequently, test no. MNCBR-2 was determined to 

satisfy the safety performance criteria for MASH 2016 test designation no. 4-11. A summary of 

the test evaluation is shown in Table 16. 

For test no. MNCBR-3, the 2,442-lb small car sedan impacted the combination bridge 

railing system at a speed of 62.5 mph and at an angle of 25.5 degrees. Initial vehicle impact was 

to occur 63½ in. upstream from the centerline of post no. 23, as shown in Figure 127. The actual 

point of impact was 6.9 in. upstream from the target impact location. The vehicle was captured 

and safely redirected by the bridge railing. During vehicle redirection, the right-front fender and 

right-front corner of the engine hood contacted the upstream side of the post downstream from the 

impact point. This contact resulted in sufficient snag to peel back the entire right-front fender and 

tear the hood of the vehicle. However, the vehicle snag did not pose a risk to the occupant 

compartment and did not result in elevated occupant risk measures. The vehicle exited the barrier 

in a stable manner and came to rest 190 ft – 7 in. downstream from impact point and 36 ft – 3 in. 

laterally in front of the barrier. The maximum lateral permanent set, dynamic deflection, and 

working width of the barrier was 0.1 in., 0.3 in., and 18 in., respectively. The ZOI was found to be 

10 in. All occupant risk values were found to be within evaluation limits, and the occupant 

compartment deformations were also deemed acceptable. Subsequently, test no. MNCBR-3 was 

determined to satisfy the safety performance criteria for MASH 2016 test designation no. 4-10. A 

summary of the test evaluation is shown in Table 16. 

8.2 Conclusions 

MnDOT’s concrete parapet with brush curb, an upper beam and post rail, and a new tapered 

end section was evaluated through three full-scale vehicle crash tests, test designation nos. 4-10, 

4-11, and 4-12, according to the MASH 2016 TL-4 [3] safety criteria. MnDOT’s concrete parapet 

with brush curb, an upper beam and post rail, and a new tapered end section was found to satisfy 

all evaluation criteria for MASH 2016 test designation nos. 4-10, 4-11, and 4-12. 
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Table 15. Summary of Safety Performance Evaluation, Test No. MNCBR-1 

Evaluation 

Factors 
Evaluation Criteria 

Test No. 

MNCBR-1 

Structural 

Adequacy 

A. Test article should contain and redirect the vehicle or bring the vehicle 

to a controlled stop; the vehicle should not penetrate, underride, or 

override the installation although controlled lateral deflection of the 

test article is acceptable. 

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 

G. It is preferable, although not essential, that the vehicle remain upright 

during and after collision. 
S 

MASH 2016 Test Designation No. 4-12 

Final Evaluation (Pass or Fail) Pass 

S – Satisfactory U – Unsatisfactory N/A – Not Applicable  
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Table 16. Summary of Safety Performance Evaluation, Test Nos. MNCBR-2 and MNCBR-3 

Evaluation 

Factors 
Evaluation Criteria 

Test No. 

MNCBR-2 

Test No. 

MNCBR-3 

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 

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  

Component  Preferred Maximum 

Longitudinal and 

Lateral 
15.0 g’s 20.49 g’s 

MASH 2016 Test Designation No. 4-11 4-10 

Final Evaluation (Pass or Fail) Pass Pass 

S – Satisfactory U – Unsatisfactory N/A – Not Applicable   

 



March 26, 2021 

MwRSF Report No. TRP-03-403-21 

192 

8.3 Recommendations 

Based on the successful MASH 2016 crash testing under TL-4 impact conditions, 

MnDOT’s bridge railing denoted in Figures 2 and 3 would similarly be deemed to be crashworthy. 

For scenarios where future 3-in. thick pavement overlays may be expected, the parapet height 

could be increased by 3 in. to an overall height of 24 in. This modification would also result in an 

overall bridge railing height of 39 in. This configuration would be expected to meet MASH TL-4 

conditions both before and after the pavement overlay with corresponding top rail heights of 39 in. 

and 36 in., respectively. Under the pavement overlay scenario, the vertical taper at the end of the 

concrete end post would need to continue to 39 in. using the same slope. 
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9 MASH EVALUATION 

The objective of this research effort was to evaluate the safety performance of MnDOT's 

modified concrete parapet with brush curb, an upper steel beam and post railing, and a new tapered 

concrete end section adjacent to a concrete end post. The combination bridge railing system 

consisted of a 154-ft long concrete parapet with a brush curb, an upper steel beam and post railing 

system, a downstream concrete end post, and a new tapered end section beyond the last bridge post 

under the tube rail and above the parapet. The combination bridge railing system utilized a total of 

eight rail and post assemblies, which consisted of eight rail and post assemblies anchored to the 

top face of the concrete parapet. 

According to TL-4 evaluation criteria in MASH 2016, three tests are required for 

evaluation of longitudinal barrier systems: (1) test designation no. 4-10 – an 1100C small car, (2) 

test designation no. 4-11 – a 2270P pickup truck, and (3) test designation no. 4-12 – a 10000S 

single-unit box truck. 

During test no. MNCBR-1, a 22,042-lb single-unit box truck with a simulated occupant 

seated in the right-front passenger seat impacted the combination bridge railing system at a speed 

of 57.4 mph and at an angle of 15.4 degrees, resulting in an impact severity of 171.2 kip-ft. At 

0.316 sec after impact, the vehicle became parallel to the system at a speed of 50.5 mph. At 

1.906 sec, the vehicle exited the system at a speed of 38.7 mph and at an angle of 12 degrees. The 

vehicle was successfully contained and smoothly redirected. 

Exterior vehicle damage was moderate. Interior occupant compartment deformations were 

moderate with a maximum of 5.6 in., which did not violate the limits established in MASH 2016. 

Damage to the barrier was also moderate, consisting of contact marks on the front face of the 

concrete parapet as well as concrete gouging and scuff marks along the length of vehicle contact 

which, extended downstream approximately 122 ft – 3½ in., starting 8½ in. upstream from the 

centerline of post no. 5. The maximum lateral permanent set, dynamic deflection, and working 

width of the barrier was 0.2 in., 0.9 in., and 51.6 in., respectively. The ZOI was found to be 49.6 in. 

All occupant risk values were found to be within evaluation limits, and the occupant compartment 

deformations were also deemed acceptable. Therefore, MnDOT’s modified concrete parapet with 

brush curb, an upper steel beam and post railing, and a new tapered concrete end section adjacent 

to a concrete end post successfully met all the safety performance criteria of MASH 2016 test 

designation no. 4-12. 

During test no. MNCBR-2, a 5,003-lb crew cab pickup truck with a simulated occupant 

seated in the right-front passenger seat impacted the combination bridge railing system at a speed 

of 63.9 mph and at an angle of 25.1 degrees, resulting in an impact severity of 122.9 kip-ft. At 

0.178 sec after impact, the vehicle became parallel to the system at a speed of 46.5 mph. At 

0.362 sec, the vehicle exited the system at a speed of 45.1 mph and at an angle of 5.1 degrees. The 

vehicle was successfully contained and smoothly redirected. 

Exterior vehicle damage was moderate. Interior occupant compartment deformations were 

moderate with a maximum of 5.8 in., which did not violate the limits established in MASH 2016. 

Damage to the barrier was also moderate, consisting of contact marks on the front face of the 

concrete parapet as well as concrete gouging and scuff marks along the length of vehicle contact 

which, extended downstream approximately 12 ft – 10 in., starting 1 ft – 9½ in. upstream from 
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post no. 22. The maximum lateral permanent set, dynamic deflection, and working width of the 

barrier was 0.3 in., 0.4 in., and 18 in., respectively. The ZOI was found to be 16 in. All occupant 

risk values were found to be within evaluation limits, and the occupant compartment deformations 

were also deemed acceptable. Therefore, MnDOT’s modified concrete parapet with brush curb, an 

upper steel beam and post railing, and a new tapered concrete end section adjacent to a concrete 

end post successfully met all the safety performance criteria of MASH 2016 test designation no. 

4-11. 

During test no. MNCBR-3, a 2,442-lb small car sedan with a simulated occupant seated in 

the right-front passenger seat impacted the combination bridge railing system at a speed of 

62.5 mph and at an angle of 25.5 degrees, resulting in an impact severity of 59.1 kip-ft. At 

0.149 sec after impact, the vehicle became parallel to the system at a speed of 47.5 mph. At 

0.278 sec, the vehicle exited the system at a speed of 46.0 mph and at an angle of 5.8 degrees. The 

vehicle was successfully contained and smoothly redirected. 

Exterior vehicle damage was moderate. Interior occupant compartment deformations were 

moderate with a maximum of 2.5 in., which did not violate the limits established in MASH 2016. 

Damage to the barrier was also moderate, consisting of contact marks on the front face of the 

concrete parapet as well as concrete gouging and scuff marks along the length of vehicle contact, 

which extended downstream approximately 10 ft starting 18 in. upstream from the impact point. 

The maximum lateral permanent set, dynamic deflection, and working width of the barrier was 

0.1 in., 0.3 in., and 18 in., respectively. The ZOI was found to be 10 in. All occupant risk values 

were found to be within evaluation limits, and the occupant compartment deformations were also 

deemed acceptable. Therefore, MnDOT’s modified concrete parapet with brush curb, an upper 

steel beam and post railing, and a new tapered concrete end section adjacent to a concrete end post 

successfully met all the safety performance criteria of MASH 2016 test designation no. 4-10. 

MnDOT's modified concrete parapet with brush curb, an upper steel beam and post railing, 

and a new tapered concrete end section adjacent to a concrete end post was successfully crash 

tested and evaluated according to the AASHTO MASH 2016 TL-4 criteria. 
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Appendix A. Material Specifications 
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Table A-1. Bill of Materials, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3 

Item  

No. 
Description Material Specification Reference 

a1 
HSS10"x4"x¼",  

19' 11" Long Tube Rail 
ASTM A500 Gr. B H#2101855 

a2 

HSS10"x4"x¼",  

10'-2½" Long  

Tube Rail 

ASTM A500 Gr. B H#2101855 

a3 
HSS 7"x5"x⁵∕₁₆",  

10¼" Long Tube Post  
ASTM A500 Gr. B H#SC5168 

a4 Rail Sleeve Assembly 

MnDOT - ASTM A709 Gr 50  

Supplied - ASTM A1018 Gr.50  

σy = 69 ksi, σu= 77.7 ksi,  

% elong = 30 in 2" , 

H#NLK1756788 

a5 4"x2"x¼" Post Plate 

MnDOT - ASTM A709 Gr 50  

Supplied - ASTM A1018 Gr.50  

σy = 69 ksi, σu= 77.7 ksi,  

% elong = 30 in 2" , 

H#NLK1756788 

a6 
10"x4"x¼"  

Rail End Plate 

MnDOT - ASTM A709 Gr 50  

Supplied - ASTM A1018 Gr.50  

σy = 69 ksi, σu= 77.7 ksi,  

% elong = 30 in 2" , 

H#NLK1756788 

a7 
16"x9½"x¾"  

Post Base Plate 

MnDOT - ASTM A709 Gr 50  

Supplied - ASTM A1018 Gr.50  

σy = 63 ksi, σu= 73 ksi,  

% elong = 50 in 2" , 

H#4129785 

a8 
6½"x4⅞"x⁵∕₁₆"  

Post Bent Plate 

MnDOT - ASTM A709 Gr 50  

Supplied - ASTM A1018 Gr.50  

σy = 62.1 ksi, σu= 69 ksi,  

% elong = 36 in 2" , 

H#Y0171 

b1 Concrete Min. f'c = 4000 psi 

Ticket#1253155 

Benesch Concrete 

Sample Test Reports 

b2 
#5 Rebar, 50" Total 

Unbent Length 
ASTM A615 Gr. 60 

H#62150950 

H#62150922 

b3 
#5 Rebar, 48" Total 

Unbent Length 
ASTM A615 Gr. 60 

H#62150950 

H#62150922 

b4 
#5 Rebar, 46¾" Total 

Unbent Length 
ASTM A615 Gr. 60 H#62150922 

b5 
#5 Rebar, 70" Total 

Unbent Length 
ASTM A615 Gr. 60 H#62150950  

b6 
#5 Rebar, 100" Total 

Unbent Length 
ASTM A615 Gr. 60 H#62150950  
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Table A-2. Bill of Materials, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3, Cont. 

Item  

No. 
Description Material Specification Reference 

b7 
#5 Rebar, 98" Total 

Unbent Length 
ASTM A615 Gr. 60 H#62150950  

b8 
#5 Rebar, 96" Total 

Unbent Length 
ASTM A615 Gr. 60 H#62150950  

b9 
#5 Rebar, 90" Total 

Unbent Length 
ASTM A615 Gr. 60 H#62150950  

b10 
#5 Rebar, 109⁵∕₁₆" Total 

Unbent Length 
ASTM A615 Gr. 60 H#62150950  

b11 
#5 Rebar, 32" Total 

Unbent Length 
ASTM A615 Gr. 60 H#62150950  

b12 
#5 Rebar, 27" Total 

Length 
ASTM A615 Gr. 60 H#62150950  

b13 
#5 Rebar, 33⅞" Total 

Unbent Length 
ASTM A615 Gr. 60 H#62150950  

b14 
#5 Rebar, 45⅜" Total 

Unbent Length 
ASTM A615 Gr. 60 H#62150950  

b15 
#5 Rebar, 46" Total 

Length 
ASTM A615 Gr. 60 H#62150950  

b16 
#5 Rebar, 156" Total 

Length 
ASTM A615 Gr. 60 H#62150950  

b17 
#5 Rebar, 1672" Total 

Length 
ASTM A615 Gr. 60 H#62150950  

b18 
¼" Dia., 8⅝" Long 

Vertical Backer Rod 
ASTM D5249 Type 3 

FillPro Standard Backer 

Rod 

b19 
¼" Dia., 15¼" Long 

Horizontal Backer Rod 
ASTM D5249 Type 3 

FillPro Standard Backer 

Rod 

c1 
⅞"-9 UNC, 12" Long 

Vertical Anchor Rod  
ASTM F1554 Gr. 105 H#10551610 
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Table A-3. Bill of Materials, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3, Cont. 

Item  

No. 
Description Material Specification Reference 

c2 
3" Dia. x ¼"  

Circular Plate Washer 
ASTM A709 Gr. 50 H#B9L648 

c3 
⅞"-9 UNC  

Heavy Hex Nut 
ASTM A563 Gr. DH H#G7310000508 

c4 
13"x8"x¼"  

Anchor Plate  
ASTM A709 Gr. 50 H#B9L648 

c5 ⅞" Dia. SAE Washer ASTM F436, Type I 
H#63019 P#0156031 

PO#210201802 

d1 12"x20"x⅜" End Plate ASTM A709 Gr. 50 H#B9G672 

d2 

1.049" ID 1.68 lb/ft 

Standard Pipe,  

15⅛" Long 

ASTM A53 Schedule 40 H#A1808219 

e1 Epoxy Min. Bond Strength = 1670 psi 
Hilti Tech Data 

available online 

e2 Joint Sealant ASTM D5893 

301NS Expansion Joint 

Sealant Pecora 

#LI061687 
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Figure A-1. HSS 10x4x¼, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3 (Item Nos. a1 and 

a2) 
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Figure A-2. HSS 7x5x⁵∕₁₆, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3 (Item No. a3) 
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Figure A-3. Rail Sleeve Assembly and ¼-in. Plate, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3 (Item Nos. a4, a5, and a6) 
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Figure A-4. Post Base Plate, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3 (Item No. a7)
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Figure A-5. Post Bent Plate, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3 (Item No. a8) 
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Figure A-6. Concrete Mix, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3 (Item No. b1) 
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Figure A-7. Concrete Compression Test, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3 

(Item No. b1) 



March 26, 2021 

MwRSF Report No. TRP-03-403-21 

 

209 

 

Figure A-8. Concrete Compression Test, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3 

(Item No. b1) 
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Figure A-9. Concrete Compression Test, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3 

(Item No. b1) 
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Figure A-10. Concrete Compression Test, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3 

(Item No. b1) 
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Figure A-11. #5 Rebar, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3 (Item Nos. b2, b3, and b4) 
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Figure A-12. #5 Rebar, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3 (Item Nos. b2, b3, b5, b6, b7, b8, b9, b10, b11, b12, b13, 

b14, b15, b16, and b17) 
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Figure A-13. Backer Rod, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3 (Item Nos. b18 and 

b19) 
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Figure A-14. Anchor Rod, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3 (Item No. c1) 
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Figure A-15. Anchor Plate and Plate Washer, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3 (Item Nos. c2 and c4)
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Figure A-16. Heavy Hex Nut, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3 (Item No. c3) 
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Figure A-17. SAE Washer, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3 (Item No. c5)
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Figure A-18. End Plate, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3 (Item No. d1) 
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Figure A-19. Standard Pipe, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3 (Item No. d2)
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Figure A-20. Epoxy, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3 (Item No. e1) 
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Figure A-21. Concrete Joint Sealant, Test Nos. MNCBR-1, MNCBR-2, and MNCBR-3 (Item 

No. e2)
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Appendix B. Vehicle Center of Gravity Determination 
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Figure B-1. Vehicle Mass Distribution, Test No. MNCBR-1
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Figure B-2. Vehicle Mass Distribution, Test No. MNCBR-2
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Figure B-3. Vehicle Mass Distribution, Test No. MNCBR-3
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Appendix C. 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 C-1. Floor Pan Deformation Data – Set 1, Test No. MNCBR-1
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Figure C-2. Floor Pan Deformation Data – Set 2, Test No. MNCBR-1
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Figure C-3. Occupant Compartment Deformation Data – Set 1, Test No. MNCBR-1
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Figure C-4. Occupant Compartment Deformation Data – Set 2, Test No. MNCBR-1 
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Figure C-5. Maximum Occupant Compartment Deformations by Location, Test No. MNCBR-1
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Figure C-6. Floor Pan Deformation Data – Set 1, Test No. MNCBR-2
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Figure C-7. Floor Pan Deformation Data – Set 2, Test No. MNCBR-2
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Figure C-8. Occupant Compartment Deformation Data – Set 1, Test No. MNCBR-2
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Figure C-9. Occupant Compartment Deformation Data – Set 2, Test No. MNCBR-2 
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Figure C-10. Exterior Vehicle Crush (NASS) – Front, Test No. MNCBR-2
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Figure C-11. Exterior Vehicle Crush (NASS) – Side, Test No. MNCBR-2
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Figure C-12. Maximum Occupant Compartment Deformations by Location, Test No. MNCBR-2
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Figure C-13. Floor Pan Deformation Data – Set 1, Test No. MNCBR-3
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Figure C-14. Floor Pan Deformation Data – Set 2, Test No. MNCBR-3
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Figure C-15. Occupant Compartment Deformation Data – Set 1, Test No. MNCBR-3
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Figure C-16. Occupant Compartment Deformation Data – Set 2, Test No. MNCBR-3 
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Figure C-17. Exterior Vehicle Crush (NASS) – Front, Test No. MNCBR-3
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Figure C-18. Exterior Vehicle Crush (NASS) – Side, Test No. MNCBR-3
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Figure C-19. Maximum Occupant Compartment Deformations by Location, Test No. MNCBR-3
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Appendix D. Accelerometer and Rate Transducer Data Plots, Test No. MNCBR-1 

 

 



 

 

M
arch

 2
6
, 2

0
2
1
 

M
w

R
S

F
 R

ep
o

rt N
o
. T

R
P

-0
3

-4
0
3
-2

1
 

2
4
8
 

 

 

Figure D-1. 10-ms Average Longitudinal Deceleration (SLICE-1), Test No. MNCBR-1
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Figure D-2. Longitudinal Occupant Impact Velocity (SLICE-1), Test No. MNCBR-1
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Figure D-3. Longitudinal Occupant Displacement (SLICE-1), Test No. MNCBR-1
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Figure D-4. 10-ms Average Lateral Deceleration (SLICE-1), Test No. MNCBR-1
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Figure D-5. Lateral Occupant Impact Velocity (SLICE-1), Test No. MNCBR-1
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Figure D-6. Lateral Occupant Displacement (SLICE-1), Test No. MNCBR-1
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Figure D-7. Vehicle Angular Displacements (SLICE-1), Test No. MNCBR-1
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Figure D-8. Acceleration Severity Index (SLICE-1), Test No. MNCBR-1
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Figure D-9. 10-ms Average Longitudinal Deceleration (SLICE-2), Test No. MNCBR-1
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Figure D-10. Longitudinal Occupant Impact Velocity (SLICE-2), Test No. MNCBR-1
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Figure D-11. Longitudinal Occupant Displacement (SLICE-2), Test No. MNCBR-1
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Figure D-12. 10-ms Average Lateral Deceleration (SLICE-2), Test No. MNCBR-1
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Figure D-13. Lateral Occupant Impact Velocity (SLICE-2), Test No. MNCBR-1
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Figure D-14. Lateral Occupant Displacement (SLICE-2), Test No. MNCBR-1
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Figure D-15. Vehicle Angular Displacements (SLICE-2), Test No. MNCBR-1
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Figure D-16. Acceleration Severity Index (SLICE-2), Test No. MNCBR-1
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Figure D-17. 10-ms Average Longitudinal Deceleration (TDAS-1), Test No. MNCBR-1
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Figure D-18. Longitudinal Occupant Impact Velocity (TDAS-1), Test No. MNCBR-1
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Figure D-19. Longitudinal Occupant Displacement (TDAS-1), Test No. MNCBR-1
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Figure D-20. 10-ms Average Lateral Deceleration (TDAS-1), Test No. MNCBR-1
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Figure D-21. Lateral Occupant Impact Velocity (TDAS-1), Test No. MNCBR-1
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Figure D-22. Lateral Occupant Displacement (TDAS-1), Test No. MNCBR-1
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Figure D-23. Vehicle Angular Displacements (TDAS-1), Test No. MNCBR-1
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Figure D-24. Acceleration Severity Index (TDAS-1), Test No. MNCBR-1
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Figure D-25. 10-ms Average Longitudinal Deceleration (TDAS-2), Test No. MNCBR-1
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Figure D-26. Longitudinal Occupant Impact Velocity (TDAS-2), Test No. MNCBR-1
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Figure D-27. Longitudinal Occupant Displacement (TDAS-2), Test No. MNCBR-1
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Figure D-28. 10-ms Average Lateral Deceleration (TDAS-2), Test No. MNCBR-1
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Figure D-29. Lateral Occupant Impact Velocity (TDAS-2), Test No. MNCBR-1
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Figure D-30. Lateral Occupant Displacement (TDAS-2), Test No. MNCBR-1
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Figure D-31. Acceleration Severity Index (TDAS-2), Test No. MNCBR-1
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Appendix E. Accelerometer and Rate Transducer Data Plots, Test No. MNCBR-2 
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Figure E-1. 10-ms Average Longitudinal Deceleration (SLICE-2), Test No. MNCBR-2
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Figure E-2. Longitudinal Occupant Impact Velocity (SLICE-2), Test No. MNCBR-2
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Figure E-3. Longitudinal Occupant Displacement (SLICE-2), Test No. MNCBR-2
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Figure E-4. 10-ms Average Lateral Deceleration (SLICE-2), Test No. MNCBR-2

-20

-15

-10

-5

0

5

0 0.2 0.4 0.6 0.8 1 1.2

A
cc

el
er

a
ti

o
n

 (
g

's
)

Time (sec)

Lateral CFC-180 10-msec Extracted Average Acceleration - SLICE-2

CFC-180 Extracted 10 msec Average Lateral Acceleration (g's)

MNCBR-2



 

 

M
arch

 2
6
, 2

0
2
1
 

M
w

R
S

F
 R

ep
o

rt N
o
. T

R
P

-0
3

-4
0
3
-2

1
 

2
8
4
 

 

 

Figure E-5. Lateral Occupant Impact Velocity (SLICE-2), Test No. MNCBR-2

-16

-14

-12

-10

-8

-6

-4

-2

0

2

0 0.2 0.4 0.6 0.8 1 1.2

V
el

o
ci

ty
 (

m
/s

)

Time (sec)

Lateral Change in Velocity - SLICE-2

CFC-180 Extracted Lateral change in velocity (m/s)

MNCBR-2



 

 

M
arch

 2
6
, 2

0
2
1
 

M
w

R
S

F
 R

ep
o

rt N
o
. T

R
P

-0
3

-4
0
3
-2

1
 

2
8
5
 

 

 

Figure E-6. Lateral Occupant Displacement (SLICE-2), Test No. MNCBR-2
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Figure E-7. Vehicle Angular Displacements (SLICE-2), Test No. MNCBR-2
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Figure E-8. Acceleration Severity Index (SLICE-2), Test No. MNCBR-2
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Figure E-9. 10-ms Average Longitudinal Deceleration (SLICE-1), Test No. MNCBR-2
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Figure E-10. Longitudinal Occupant Impact Velocity (SLICE-1), Test No. MNCBR-2
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Figure E-11. Longitudinal Occupant Displacement (SLICE-1), Test No. MNCBR-2
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Figure E-12. 10-ms Average Lateral Deceleration (SLICE-1), Test No. MNCBR-2
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Figure E-13. Lateral Occupant Impact Velocity (SLICE-1), Test No. MNCBR-2
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Figure E-14. Lateral Occupant Displacement (SLICE-1), Test No. MNCBR-2

-14

-12

-10

-8

-6

-4

-2

0

2

0 0.2 0.4 0.6 0.8 1 1.2

D
is

p
la

ce
m

en
t 

(m
)

Time (sec)

Lateral Change in Displacement - SLICE-1

CFC-180 Extracted Lateral Displacement (m)

MNCBR-2



 

 

M
arch

 2
6
, 2

0
2
1
 

M
w

R
S

F
 R

ep
o

rt N
o
. T

R
P

-0
3

-4
0
3
-2

1
 

2
9
4
 

 

 

Figure E-15. Vehicle Angular Displacements (SLICE-1), Test No. MNCBR-2
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Figure E-16. Acceleration Severity Index (SLICE-1), Test No. MNCBR-2
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Appendix F. Accelerometer and Rate Transducer Data Plots, Test No. MNCBR-3 
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Figure F-1. 10-ms Average Longitudinal Deceleration (SLICE-1), Test No. MNCBR-3
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Figure F-2. Longitudinal Occupant Impact Velocity (SLICE-1), Test No. MNCBR-3
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Figure F-3. Longitudinal Occupant Displacement (SLICE-1), Test No. MNCBR-3
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Figure F-4. 10-ms Average Lateral Deceleration (SLICE-1), Test No. MNCBR-3
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Figure F-5. Lateral Occupant Impact Velocity (SLICE-1), Test No. MNCBR-3
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Figure F-6. Lateral Occupant Displacement (SLICE-1), Test No. MNCBR-3
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Figure F-7. Vehicle Angular Displacements (SLICE-1), Test No. MNCBR-3
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Figure F-8. Acceleration Severity Index (SLICE-1), Test No. MNCBR-3
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Figure F-9. 10-ms Average Longitudinal Deceleration (SLICE-2), Test No. MNCBR-3
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Figure F-10. Longitudinal Occupant Impact Velocity (SLICE-2), Test No. MNCBR-3
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Figure F-11. Longitudinal Occupant Displacement (SLICE-2), Test No. MNCBR-3
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Figure F-12. 10-ms Average Lateral Deceleration (SLICE-2), Test No. MNCBR-3
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Figure F-13. Lateral Occupant Impact Velocity (SLICE-2), Test No. MNCBR-3
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Figure F-14. Lateral Occupant Displacement (SLICE-2), Test No. MNCBR-3
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Figure F-15. Vehicle Angular Displacements (SLICE-2), Test No. MNCBR-3
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Figure F-16. Acceleration Severity Index (SLICE-2), Test No. MNCBR-3
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