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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 Problem Statement 

In 2016, the Nebraska State Legislature passed bill LB960 to adopt the Transportation 

Innovation Act. A portion of this act created a voluntary county bridge match assistance program 

intended to aid Nebraska counties in replacing deteriorated bridges. This program was targeted for 

the numerous bridges located on rural, low-volume roadways that needed immediate attention. 

With the replacement of these bridges, new bridge rails and approach guardrail systems were also 

necessary to ensure the safety of the motoring public.  

Due to the large number of deficient bridges slated for replacement, these new bridges 

needed to be constructed in a timely and cost-efficient manner. It was also desired that the 

associated bridge railings be optimized to minimize costs while satisfying current safety standards. 

Additionally, side-mounted bridge rails were desired to maximize the traversable width of the 

bridge, and the bridge railings needed to prevent damage to the deck during an impact event to 

prevent costly repairs. For convenience, one bridge rail design was desired to treat all future 

installation sites for these rural bridges. Due to the low traffic volume associated with these bridges 

(50 – 500 average daily traffic (ADT)), a bridge railing that satisfied the Test Level 2 (TL-2) 

performance criteria of the 2016 edition of the Manual for Assessing Safety Hardware (MASH 

2016) [1] was warranted rather than using more expensive TL-3 systems typically used on higher-

speed, higher-volume roadways. Thus, a new MASH 2016 TL-2 bridge rail was desired to provide 

an economical treatment for rural, low volume roads. 

1.2 Background 

National Cooperative Highway Research Program (NCHRP) project 22-12(03) recently 

provided guidelines for the selection of bridge rails based on roadway characteristics such as traffic 

volume, percentage of heavy trucks, speed, lane width, curvature, and perceived risk of a railing 

failure [2]. In general terms, it was found that a TL-2 system would be warranted for nearly all 

roadways with a traffic volume less than 1,000 vehicles per day due to the low risk of vehicle 

encroachment. TL-1 barriers were not considered in the NCHRP analysis. However, the cost 

difference between a TL-1 and a TL-2 system is often minimal. Thus, bridges located on rural, 

low-volume roadways would likely warrant a TL-2 bridge railing.  

Two W-beam bridge rails have previously been designed for use on low volume roads that 

satisfy MASH TL-2 and TL-3 safety standards. Both systems utilized a 31-in. tall W-beam rail 

supported by S3x5.7 weak posts, thereby limiting both the loads transferred to the bridge deck and 

the associated risk for deck damage. The first system, the Midwest Guardrail System (MGS) 

Bridge Rail, was a MASH TL-3 side-mounted system that was supported by steel sockets placed 

adjacent to the side of the deck [3], as shown in Figure 1. The system utilized a 37.5-in. post 

spacing, and the sockets were attached to the bridge deck with a 1-in. diameter bolt that went 

through the thickness of the deck. A steel angle was mounted below the deck to provide additional 

length for the force couple which resisted post bending. The system was full-scale crash tested 

according to MASH test designation nos. 3-10 and 3-11 with a small car and pickup truck, 

respectively. 
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Figure 1. MGS Bridge Rail Test Installation [3] 

Texas Department of Transportation’s (TxDOT) T631 bridge rail was mounted to the top 

of the bridge deck with a ⅝-in. thick base plate bolted to the top of the bridge deck with four ⅝-

in. diameter bolts [4-5], as shown in Figure 2. The posts were welded to the base plates with 

continuous ¼-in. thick fillet welds. The system satisfied MASH TL-2 criteria and was successfully 

tested under MASH test designation nos. 2-10 and 2-11 with a 75-in. post spacing. A modified 

version of the system with a 37.5-in. post spacing was also crash tested and satisfied MASH TL-3 

criteria. MASH test designation no. 3-11 was conducted on the system with a 75-in. post spacing, 

but the test resulted in failure due to rail tearing. Thus, the 75-in. post spacing is only crashworthy 

at MASH TL-2. 
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Figure 2. TxDOT T631 Test Installation [4-5] 

These existing systems required attachment hardware on the top surface of the bridge deck. 

However, it was believed that a similar system could be developed with the posts and attachment 

hardware only on the side of the deck, such that the top surface of the deck remained clear of 

obstructions.  

1.3 Objective 

The research objectives for this project included the development and full-scale crash 

testing of a TL-2 bridge railing for use on rural, low-volume roadways. The bridge railing was to 

be compatible with both 7-in. thick cast-in-place (CIP) decks and 12-in. thick precast beam slabs, 

and the system needed to limit damage to the bridge deck during impact events. A railing 

incorporating side-mounted posts was desired to limit encroachment of the system over the bridge 

deck and maximize the traversable width of the bridge. A detailed analysis of the required length 

of need was required to identify the minimum length of the guardrail adjacent to the bridge and 

limit the total installation costs. All crash testing was to be conducted and reported according to 

the TL-2 safety requirements found in MASH 2016. 

1.4 Scope 

The development of the optimized MASH 2016 TL-2 bridge rail began with a literature 

review of previous crash-tested W-beam bridge rails evaluated according to MASH TL-2 and TL-

3 were reviewed. The performance of various post attachment designs and anchorage to concrete 

bridge decks were a focus of this review.  



September 3, 2020  
MwRSF Report No. TRP-03-407-20 

 

4 

Following this review, multiple design concepts were developed for attaching guardrail 

support posts to the concrete bridge decks. Efforts were made to mount the posts to the side of the 

bridge deck, leaving the top surface of the deck clear of any attachment hardware. Several design 

concepts were then selected for evaluation through dynamic component testing. Simulated bridge 

decks were constructed, and guardrail posts were mounted to the simulated deck utilizing the 

selected attachment designs. Each attachment design was subjected to both lateral and longitudinal 

impacts from a bogie vehicle to evaluate both the strong- and weak-axis performance of the post 

and anchorage assembly. Evaluations focused on both the strength of the post assembly as well as 

the damage imparted to the deck. Results from the dynamic bogie testing guided the selection of a 

bridge rail concept for further evaluation through full-scale crash testing in accordance with 

MASH TL-2 criteria. 

Although MASH 2016 specifies two full-scale crash tests to satisfy TL-2 safety criteria, 

the greater mass of the 2270P pickup truck was expected to produce higher rail loads and system 

deflections than the 1100C small car. Additionally, two similar systems had previously been 

successfully crash tested with the 1100C vehicle, as discussed in Section 1.2. Therefore, test 

designation no. 2-10 with the small car was not considered critical, and only test designation no. 

2-11 was conducted to evaluate the MASH TL-2 bridge rail. 

In order to minimize the cost of barrier installations, the run-out-length of the guardrail 

adjacent to the bridge must also be optimized. After the bridge rail system was proven crashworthy 

to MASH TL-2, an analysis was conducted to evaluate whether a stiffness transition was necessary 

between the bridge rail and the adjacent roadside guardrail. Additionally, an analysis was 

conducted to calculate the minimum length of MGS required adjacent to the bridge railing based 

on anchorage requirements and guardrail terminal characteristics. 
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2 POST-TO-DECK CONNECTION DESIGNS 

2.1 Deck Configurations 

Historically, bridges on rural, low-volume roads in the state of Nebraska were built with 

CIP decks. However, the use of precast, prestressed beam slabs has become popular in recent years 

as they allow for rapid construction of the bridge. Thus, the Nebraska Department of 

Transportation (NDOT) desired the new bridge railing to be compatible with both deck types. 

CIP decks in Nebraska are typically 7 to 8 in. thick and are reinforced with upper and lower 

steel rebar mats. These decks are supported by wide-flange steel girders, and the exterior girders 

are commonly placed directly below the edges of the deck. As such, there are no overhang or 

cantilevered portions of deck along the sides of the bridge. Steel channels are commonly placed 

along the edges of the deck. These channels are tack welded to the tops of the exterior girders and 

serve as formwork while pouring the deck. Additionally, the channels provided a steel surface 

along the edge of the deck where bridge rail posts could be welded onto the bridge. Rebar are 

welded to the inside face of the channel and tied to both the top and bottom steel mats to anchor 

the channels to the side of the deck. Example details from a typical CIP bridge deck are shown in 

Figure 3.  

Through discussions with NDOT, a 7-in. thick deck reinforced with #4 lateral rebar at 6-

in. spacings and #4 longitudinal rebar at 12-in. spacings in both the upper and lower steel mats 

was selected as a critical CIP deck for use in the development and evaluation of the new bridge 

railing. This configuration represented the thinnest CIP deck and utilized typical reinforcing steel. 

A C7x9.8 channel was selected for use along the deck edge as it was the weakest of the standard 

7-in. C-channels. 

Precast, pre-stressed, beam-slabs can be fabricated in a variety of sizes and configurations, 

but they have a minimum thickness of 12 in. and are typically around 3 ft to 4 ft wide. Similar to 

the CIP decks, steel channels are embedded into the sides of the precast beam-slabs to provide a 

steel surface for the attachment of bridge rail posts. However, since the channels are not needed as 

formwork, the side channels in beam-slab may be continuous along the edge or used intermittently 

only at post locations. Example details from a typical beam-slab bridge are shown in Figure 4, 

while pictures of short channel segments used in a recent bridge deck are shown in Figure 5. 

Through discussions with NDOT, a 12-in. thick beam-slab reinforced with #3 stirrups at 5-in. 

spacings, three #4 longitudinal rebar at the top, a combination of prestressing strands and rebar at 

the bottom, and a C12x20.7 side channel was selected as the critically small/weak beam-slab 

configuration for use in development and evaluation of the new bridge rail. 
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Figure 3. Example Details for 7-in. Thick CIP Deck 
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Figure 4. Example Details for 12-in. Thick Precast Beam-Slab Deck 
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Figure 5. Short Channel Segments Used Within a 12-in. Thick Beam-Slab Deck 
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2.2 Socket and Post Sections 

It was desired for the new bridge rail to be a side-mounted, weak-post system with a 

socketed post-to-deck attachment. As such, the same steel post and socket sections used in the 

previously developed, MASH TL-3, MGS bridge rail were selected for use in the new system. The 

posts were S3x5.7 sections and the sockets consisted of HSS4x4x⅜ sections, as shown in Figure 

6. The post standoffs, or shims, welded to the sides of the post within the socket were desired for 

use in the new bridge railing as well. These standoffs created a tighter fit for the post within the 

socket and prevented posts from leaning to the side. Additionally, the welded connections of the 

standoffs to the post create a stress concentrator that causes the post flanges to tear when a vehicle 

bumper impacts a post and bends it over longitudinally, as shown in Figure 7. With the flanges 

torn, a post will bend over easily and will not spring back upward to contact and potentially tear 

the vehicle floor pan, as observed in previous tests with S3x5.7 posts.   

The socket assembly from the MGS bridge rail was to be reconfigured for use on the 

selected bridge decks. The only components that were to remain the same were the HSS square 

tube section and the keeper bolt that ran longitudinally through the center of the post’s web to 

prevent the post from pulling out of the socket during impact events. In previous socketed systems 

utilizing S3x5.7 posts, like the MGS bridge rail and weak-post MGS attachments to concrete 

culverts [3, 6-7], the sockets extended 2 in. above the deck/ground surface. However, the CIP 

decks discussed in Section 2.1 are often poured with the paver running on top of the C-channel 

and extending off the edge of the deck. Thus, the top of the socket was desired to be slightly below 

the surface of the deck to prevent interference with this construction technique. Subsequently, all 

sockets designed and evaluated herein stopped ⅜ in. below the surface of the deck. 

Two different socket-to-deck attachment methods were to be explored: (1) a welded 

attachment with the socket welded directly to the deck’s side C-channel, and (2) a bolted 

attachment with the socket assembly bolted to the side of the deck. These attachment methods and 

their corresponding socket assemblies are discussed in the following sections. 
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Figure 6. Post Assembly and Socket Tube from the MGS Bridge Rail [3] 

    
 

Figure 7. Post Flange Tearing adjacent to Post Standoffs [3] 

2.3 Welded Socket Attachments 

A welded attachment of the tube socket to the side channel of the deck was an option 

explored for use in the new bridge railing design. Directly welding the socket to the channel, as 

shown in Figure 8, minimized the number of components in the socket assembly by eliminating 

the need for an attachment plate. Also, many of the installers that work on rural bridges have 

experience with welding posts to deck edges. Thus, a welded attachment would provide a simple 

and cost-efficient mechanism for attaching the sockets to the bridge deck. 
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Figure 8. Socket Welded Directly to a 7-in. CIP Deck 

A few concerns were identified with field welding the sockets. First, field welds require 

black, or galvanized, steel components. As such, both the socket and the side channel could not be 

galvanized and would be susceptible to rusting. Second, field welding would take longer to 

assemble the bridge railing compared to a bolted attachment. Finally, a welded attachment results 

in all of the impact load being transferred to the side channel of the deck. Even though the new 

bridge rail system used weak S3x5.7 posts, the impact loads could pry the top flange of the channel 

away from the bridge deck if the channel was not sufficiently anchored to the deck. This concern 

is illustrated in Figure 9. 

 
 

Figure 9. Channel Flange Prying off Deck During Loading 



September 3, 2020  
MwRSF Report No. TRP-03-407-20 

 

12 

To mitigate the concerns of the channel being pried from the side of the bridge deck during 

impacts, multiple reinforcement configurations were developed to anchor the side channel to the 

deck. These anchorage configurations are shown in Figure 10. The first anchorage option utilized 

straight #4 rebar segments welded to the inside face of the channel that extended into the deck and 

tied into the upper and lower steel mats. ASTM A615 steel is the most common steel material used 

for rebar, but there were concerns that the butt welds at the end of the rebar to the channel would 

not fully develop the strength of the rebar. Thus, ASTM A706 steel rebar was also investigated for 

use in the channel anchorage as its chemical properties were designed to enhance weldability. 

The second anchorage option utilized a #5 U-bar with its base located at the upper corner 

of the channel and its legs extending diagonally down and into the deck. Flare-bevel welds would 

be used to attach the base of the U-bar to the flange and web of the channel. This welded connection 

has significantly increased strength over the butt welds form the previous anchorage option and 

would be more likely to develop the full capacity of the U-bar.  A few straight #4 rebar were also 

used in this anchorage option to help further anchor the channel and tie into the deck reinforcing 

steel. 

The third anchorage option used gusset plates to reinforce the top flange and web of the 

channel, and #4 rebar were welded to the gussets using the stronger flare-bevel welds. The interior 

ends of the rebar were hooked down at 90 degrees to increase the anchorage capacity of the bars. 

A few straight #4 rebar were still used at the bottom of the channel to tie in with the lower steel 

mat of the deck. This anchorage design was considered the strongest of the options and would only 

be used if the other options failed to adequately anchor the channel to the edge of the deck. 
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Figure 10. Welded Socket Attachment with (a) Straight Bar Anchorage, (b) U-bar Anchorage, and (c) Gussets and Hook Bar 

Anchorage 
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2.4 Bolted Socket Attachments 

A bolted socket-to-deck attachment was desired to address many of the concerns raised 

with a welded attachment. Bolted attachments can use all galvanized components, thereby 

minimizing the risk of rusting. To create a bolted socket-to-deck attachment, the socket had to first 

be welded to a mounting plate. However, this socket assembly could be welded in the shop and 

galvanized prior to installation. Bolted attachments can also be assembled quickly on site and do 

not require the skilled/certified labor or extra equipment associated with welding. Finally, 

damaged components are much easier to replace in a bolted attachment in comparison to welded 

joints. 

One of the objectives of the project was that the deck edge remained smooth without any 

hardware extending outward that would interfere with formwork. Thus, the socket assembly had 

to be bolted on from the outside with an internally threaded component cast within the deck. To 

satisfy these constraints, a new post-to-deck attachment method was developed using coupling 

nuts and threaded rods. Coupling nuts are commonly used to connect the ends of threaded hardware 

and directly transfer loads from one component to the other. For the new bolted attachment, holes 

were drilled in the web of the channel and coupling nuts were placed on the inside surface of the 

channel. Threaded rods were partially inserted into the coupling nuts and extended into the deck. 

These components would be embedded into the bridge deck when the concrete is poured. This 

allows the socket assemblies to be easily attached to the edge of the deck by bolting through the 

mounting plate and side channel and into the coupling nut, as shown in Figure 11.  

During an impact, this new post-to-deck attachment design directly transfers the tensile 

loads from the attachment bolts through the coupling nuts and into the threaded rod anchors. The 

impact loads are never transferred to the channels (except for compression as part of the force 

couple resisting the moment created from post bending), so there would be minimal risk of damage 

to the side channels or the deck.  Finally, the coupling nuts, threaded rods, and bolts would all be 

standard hardware, so only the socket assembly would need to be fabricated as part of the socket-

to-deck attachment. 
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Figure 11. Coupling Nut and Threaded Rod Attachment of Socket Assembly to Deck  

Mounting Plate 

Socket Assembly 

Coupling Nut 

HSS Tube Socket 

Threaded Rod 
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3 COMPONENT TESTING CONDITIONS 

3.1 Purpose 

Several side-mounted, post-to-deck connections were evaluated with dynamic component 

tests in order to evaluate the strength and behavior of the connections as well as potential damage 

to both deck types during an impact event. 

3.2 Scope 

Six dynamic component tests were conducted on S3x5.7 steel posts mounted to the side of 

simulated bridge decks with various socket-to-deck attachment designs. The socket-to-deck 

attachments consisted of the welded and bolted options discussed in Sections 2.3 and 2.4, 

respectively. A total of eight different socket-to-deck attachment designs were constructed on two 

simulated bridge decks, and each design, or location on the simulated decks, was denoted with a 

letter, as shown in Figures 12 through 35. Designs A through F were located on a simulated 7-in. 

thick, CIP deck and spaced at 51-in. intervals, on-center. Designs G and H were located on a 

simulated 12-in. thick, precast concrete beam-slab and were spaced 48 in. apart. Each of the socket-

to-deck attachment designs had a unique combination of deck type, socket welds, bolt and threaded 

rod diameter, and internal reinforcement welded to the inside of the channel. Differences in the 

socket and post length were only due to the thickness of the deck and not necessarily a design 

feature desired for evaluation. 

All of the socket-to-deck attachments were constructed on short channel segments 

embedded into the simulated decks. The short segments were utilized instead of a continuous 

channel so that any damage to a particular attachment location would not affect the adjacent 

locations. Additionally, testing short channel segments was seen as a worst-case scenario for 

anchoring the channel to the deck as a continuous channel should have increased strength and 

resistance to damage. Thus, if the component tests were successful with short channel segments, 

designs with continuous channels along the deck edge would also be acceptable. 

Although eight test installations were constructed, only six dynamic component tests were 

conducted. Testing was conducted using an iterative approach where the design selected for 

evaluation in a specific test was based on the results of the previous tests. Eight different designs 

were constructed so that the researchers had design options available for continued testing without 

having to construct new test articles. Thus, the extra test articles provided multiple testing 

possibilities and a construction time savings at minimal additional installation costs.  

Two different impact conditions were used. The first involved a lateral impact (90-degree 

impact angle) on the post at a height of 25 in. subjecting it to strong-axis bending. These impact 

conditions were selected to match the height to the center of the W-beam rail and represent 

maximum lateral loading into the guardrail system. Similar impact conditions are routinely used 

to observe the performance of guardrail posts installed in soil. The second critical test condition 

involved a longitudinal impact (0-degree impact angle) where a post was subjected to weak-axis 

bending. The longitudinal impacts were conducted with a load height of 12 in. to simulate a small 

car bumper impacting posts during a redirection. This second impact was deemed critical because 

it induces high shear loads into the socket and may cause the socket to rotate. The target impact 

speed for both test conditions was 20 mph. These two critical impact conditions have previously 
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been used to evaluate socket attachments to culverts for weak-post MGS installations [6-7]. Table 

1 shows the design/location and impact conditions for each of the six dynamic component tests 

conducted during the study. 

The simulated concrete decks were designed to replicate typical CIP and pre-stressed 

concrete beam-slabs used on rural Nebraska roadways. Note, the simulated concrete beam-slab 

was not pre-stressed and only utilized standard rebar reinforcement. This change saved on 

installation costs without affecting the results of the component tests. Both concrete decks had a 

targeted minimum compressive strength of 6,000 psi. The actual concrete compressive strength 

was 5,660 psi. Design details for the test installations are shown in Figures 12 through 35, and 

installation photographs are shown in Figure 36. Material specifications, mill certifications, and 

certificates of conformity for the simulated decks, posts, and attachment hardware used for the 

component tests are shown in Appendix A. 
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Table 1. Component Testing Details   

Test No. 

Target 

Impact Speed 

mph 

Impact 

Angle 

degrees 

Impact 

Height 

in. 

Deck  
Deck 

Location 

Attachment 

Type 

Attachment 

Details 

C-Channel 

Section 

C-Channel 

Assembly 

N2B-1 20 90 25 7” CIP A Bolted 
1-in. diameter 

fasteners 
C7x9.8 A 

N2B-2 20 90 25 
12” Precast 

Beam-Slab 
G Bolted 

¾-in. diameter 

fasteners 
C12x20.7 F 

N2B-3 20 90 25 7” CIP B Welded 
Straight A706 

rebar 
C7x9.8 B 

N2B-4 20 90 25 7” CIP E Welded #5 U-bar C7x9.8 D 

N2B-5 20 0 12 
12” Precast 

Beam-Slab 
G Bolted 

¾-in. diameter 

fasteners 
C12x20.7 F 

N2B-6 20 0 12 7” CIP C Welded 
Straight A615 

rebar 
C7x9.8 B 
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Figure 12. Bogie Testing Matrix and Setup, 7-in. Thick Deck System Overview 
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Figure 13. Bogie Testing Matrix and Setup, 7-in. Thick Concrete Deck in Ground Details 
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Figure 14. Bogie Testing Matrix and Setup, 12-in. Thick Deck System Overview 
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Figure 15. Bogie Testing Matrix and Setup, 12-in. Thick Concrete Deck in Ground Details 
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Figure 16. Bogie Testing Matrix and Setup, 7-in. Thick Deck Reinforcement 



 

 

S
ep

tem
b

er 3
, 2

0
2

0
  

M
w

R
S

F
 R

ep
o

rt N
o
. T

R
P

-0
3

-4
0
7
-2

0
 

2
4
 

 
Figure 17. Bogie Testing Matrix and Setup, 12-in. Thick Deck Reinforcement 
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Figure 18. Bogie Testing Matrix and Setup, Location “A” Deck Section and C-Channel Assembly A 
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Figure 19. Bogie Testing Matrix and Setup, Locations “B” and “C” Deck Section and C-Channel Assembly B 
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Figure 20. Bogie Testing Matrix and Setup, Location “D” Deck Section and C-Channel Assembly C 
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Figure 21. Bogie Testing Matrix and Setup, Location “E” Deck Section and C-Channel Assembly D 
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Figure 22. Bogie Testing Matrix and Setup, Location “F” Deck Section and C-Channel Assembly E 
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Figure 23. Bogie Testing Matrix and Setup, Location “G” Deck Section and C-Channel Assembly F 
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Figure 24. Bogie Testing Matrix and Setup, Location “H” Deck Section and C-Channel Assembly G 
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Figure 25. Bogie Testing Matrix and Setup, C-Channel Assembly Components 
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Figure 26. Bogie Testing Matrix and Setup, C-Channel Assembly Components 
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Figure 27. Bogie Testing Matrix and Setup, Post Assembly Details 
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Figure 28. Bogie Testing Matrix and Setup, Post Components 
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Figure 29. Bogie Testing Matrix and Setup, Socket Components 
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Figure 30. Bogie Testing Matrix and Setup, Socket Components 
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Figure 31. Bogie Testing Matrix and Setup, Deck Rebar Details 



 

 

S
ep

tem
b

er 3
, 2

0
2

0
  

M
w

R
S

F
 R

ep
o

rt N
o
. T

R
P

-0
3

-4
0
7
-2

0
 

3
9
 

 
Figure 32. Bogie Testing Matrix and Setup, C-Channel Assembly Rebar Details 



 

 

S
ep

tem
b

er 3
, 2

0
2

0
  

M
w

R
S

F
 R

ep
o

rt N
o
. T

R
P

-0
3

-4
0
7
-2

0
 

4
0
 

 
Figure 33. Bogie Testing Matrix and Setup, Hardware 
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Figure 34. Bogie Testing Bill of Materials 
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Figure 35. Bogie Testing Bill of Materials 
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(a) 

 

 
(b) 

 

Figure 36. Installation Photographs for the (a) 7-in. CIP Deck and (b) 12-in. Precast Beam-Slab 
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3.3 Equipment and Instrumentation 

Equipment and instrumentation utilized to collect and record data during the dynamic bogie 

tests included a bogie vehicle, accelerometers, a retroreflective speed trap, and high-speed and 

standard-speed digital video cameras. 

3.3.1 Bogie Vehicle 

A rigid-frame bogie was used to impact the post and socket assemblies. Two different 

impact heads were used in the testing. For lateral impacts, the bogie head was constructed of 8-in. 

diameter, ½-in. thick standard steel pipe, with ¾-in. neoprene belting wrapped around the pipe. 

The lateral impact head was bolted to the bogie vehicle at a height of 25 in. for test nos. N2B-1 

through N2B-4. The combined weight of the bogie used in test nos. N2B-1 through N2B-4, with 

the addition of the mountable impact head and accelerometers, was 1,786 lb. For longitudinal 

impacts, the bogie head consisted of a 2½-in. x 2½-in. x 5/16-in. square tube mounted on the outside 

flange of a W6x25 steel beam with reinforcing gussets. The longitudinal impact head was bolted 

to the bogie vehicle at a height of 12 in. for test nos. N2B-5 and N2B-6. The combined weight of 

the bogie used in test nos. N2B-5 and N2B-6, with the addition of the mountable impact head and 

accelerometers, was 1,690 lb. Photographs of the bogie with both impact heads are shown in Figure 

37. 

The tests were conducted using a steel corrugated beam guardrail to guide the bogie 

vehicle. A pickup truck was used to push the bogie vehicle to the required impact velocity. After 

reaching the target velocity, the push vehicle braked, allowing the bogie to be free rolling as it 

came off the track. A remote braking system was installed on the bogie allowing it to be brought 

safely to rest after the test. 
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(a) Lateral Impact Head - Test Nos. N2B-1 Through N2B-4 

 
(b) Longitudinal Impact Head - Test Nos. N2B-5 and N2B-6 

 

Figure 37. Bogie Vehicle with (a) Lateral Impact Head and (b) Longitudinal Impact Head 
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3.3.2 Accelerometers 

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

accelerations in the longitudinal, lateral, and vertical directions. All of the accelerometer systems 

were mounted near the center of gravity (c.g.) of the bogie vehicle. 

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

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

acceleration sensors were mounted inside the body of a custom-built, SLICE 6DX event data 

recorder and recorded data at 10,000 Hz to the onboard microprocessor. The 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. 

3.3.3 Retroreflective Optic Speed Trap 

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

before impact. Three retroreflective targets, spaced at approximately 18-in. intervals, were applied 

to the side of the vehicle. When the emitted beam of light was reflected by the targets and returned 

to the Emitter/Receiver, a signal was sent to the data acquisition computer, recording at 10,000 

Hz, as well as the external LED box activating the LED flashes. The speed was then calculated 

using the spacing between the retroreflective targets and the time between the signals. LED lights 

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

cannot be determined from the electronic data. 

3.3.4 Digital Photography 

One AOS high-speed digital video camera and three GoPro digital video cameras were 

used to document each test. The AOS high-speed camera had a frame rate of 500 frames per second 

and the GoPro video camera had a frame rate of 120 frames per second. The cameras were placed 

laterally from the post, with a view perpendicular to the bogie’s direction of travel. A digital still 

camera was also used to document pre- and post-test conditions for all tests. 

3.4 End of Test Determination 

When the impact head initially contacts the test article, the force exerted by the surrogate 

test vehicle is directly perpendicular. However, as the post rotates, the surrogate test vehicle’s 

orientation and path moves further from perpendicular. This introduces two sources of error: (1) 

the contact force between the impact head and the post has a vertical component and (2) the impact 

head slides upward along the test article. Therefore, only the initial portion of the accelerometer 

trace should be used since variations in the data become significant as the system rotates and the 

surrogate test vehicle overrides the system. Additionally, guidelines were established to define the 

end of test time using the high-speed video of the impact. The first occurrence of either of the 

following events was used to determine the end of the test: (1) the test article fractures; or (2) the 

surrogate vehicle overrides/loses contact with the test article. 
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3.5 Data Processing 

The electronic accelerometer data obtained in dynamic testing was filtered using the SAE 

Class 60 Butterworth filter conforming to the SAE J211/1 specifications [8]. The pertinent 

acceleration signal was extracted from the bulk of the data signals. The processed acceleration data 

was then multiplied by the mass of the bogie to get the impact force using Newton’s Second Law. 

Next, the acceleration trace was integrated to find the change in velocity versus time. Initial 

velocity of the bogie, calculated from the retroreflective optic speed trap data, was then used to 

determine the bogie velocity, and the calculated velocity trace was integrated to find the bogie’s 

displacement. Combining the previous results, a force vs. deflection curve was plotted for each 

test. Finally, integration of the force vs. deflection curve provided the energy vs. deflection curve 

for each test. 
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4 COMPONENT TESTING RESULTS AND DISCUSSION 

4.1 Results 

A total of six dynamic component tests were conducted with the bogie vehicle impacting 

posts and socket assemblies attached to simulated bridge decks. Descriptions of each test, 

including sequential and post-test photographs, are contained in the following sections. The 

accelerometer data for each test was processed to obtain acceleration, velocity, and deflection 

curves, as well as force vs. deflection and energy vs. deflection curves. Although the individual 

transducers produced similar results, the values described herein were calculated from the SLICE-

1 data curves in order to provide common basis for comparing results from multiple tests. Test 

results for all transducers are provided in Appendix B.  

4.1.1 Test No. N2B-1 

The test article for test no. N2B-1 used Deck Location A and Channel Assembly A. The 

test article consisted of a bolted socket attachment utilizing 1-in. diameter bolts and a 7-in. thick 

simulated CIP bridge deck. See Section 3.2 for further details. Test no. N2B-1 was conducted with 

the bogie impacting the S3x5.7 post at a height of 25 in. and an angle of 90 degrees (through the 

strong axis of the post) at a speed of 21.2 mph. The impact caused the post to deflect backward as 

a plastic hinge formed in the post near the top of the socket and the post twisted. The bogie 

ultimately overrode the post at a displacement of 30.2 in. No damage occurred to the bridge deck, 

socket assembly, or attachment hardware. Time sequential photographs and post-test photographs 

are shown in Figure 38.  

Force-displacement and energy-displacement curves were created from the accelerometer 

data and are shown in Figure 39. A peak force of 7.0 kips occurred at a displacement of 9.8 in., 

and an average force of 5.6 kips occurred through 20 in. of displacement. The test article had 

absorbed 138.9 k-in. of energy at the time the bogie overrode the post. 



September 3, 2020  
MwRSF Report No. TRP-03-407-20 

49 

 
 IMPACT 

 

 0.050 sec 

  
 0.100 sec 

 
 0.150 sec 

 
 0.200 sec 

 
 0.250 sec 

 

Figure 38. Time-Sequential and Post-Impact Photographs, Test No. N2B-1 
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Figure 39. Force vs. Displacement and Energy vs. Displacement, Test No. N2B-1 

4.1.2 Test No. N2B-2 

The test article for test no. N2B-2 used Deck Location G and Channel Assembly F. The 

test article consisted of a bolted socket attachment utilizing ¾-in. diameter bolts and a 12-in. thick 

simulated precast beam-slam bridge deck. See Section 3.2 for further details. Test no. N2B-2 was 

conducted with the bogie impacting the S3x5.7 post at a height of 25 in. and an angle of 90 degrees 

(through the strong axis of the post) at a speed of 21.4 mph. The impact caused the post to deflect 

backward as a plastic hinge formed in the post near the top of the socket and the post twisted. The 

bogie ultimately overrode the post at a displacement of 29.6 in. No damage occurred to the deck, 

socket assembly, or attachment hardware. Time sequential photographs and post-test photographs 

are shown in Figure 40. 

Force-displacement and energy-displacement curves were created from the accelerometer 

data and are shown in Figure 41. A peak force of 7.1 kips on the system occurred at a displacement 

of 2.6 in., and the average force through 20 in. of displacement was 5.2 kips. The test article had 

absorbed 124.5 k-in. of energy at the time the bogie overrode the post.  

 



September 3, 2020  
MwRSF Report No. TRP-03-407-20 

51 

 
 IMPACT 

 
 0.050 sec 

  
 0.100 sec 

 
 0.150 sec 

 
 0.200 sec 

 
 0.250 sec 

 

Figure 40. Time-Sequential and Post-Impact Photographs, Test No. N2B-2 
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Figure 41. Force vs. Displacement and Energy vs. Displacement, Test No. N2B-2 

4.1.3 Test No. N2B-3 

The test article for test no. N2B-3 used Deck Location B and Channel Assembly B. The 

test article consisted of a welded socket attachment to the 7-in. thick simulated CIP bridge deck.  

The channel was anchored to the deck using straight segments of ASTM A706 rebar. See Section 

3.2 for further details. Test no. N2B-3 was conducted with the bogie impacting the S3x5.7 post at 

a height of 25 in. and an angle of 90 degrees (through the strong axis of the post) at a speed of 21.2 

mph. The impact caused the post to deflect backward as a plastic hinge formed in the post near the 

top of the socket. The bogie ultimately overrode the post at a displacement of 30.6 in. Due to the 

impact loads, the top flange of the socket had begun to pry away from the deck, and a ⅛-in. wide 

crack was found between the channel and the concrete. Additionally, some concrete spalling was 

found on the top edge of the deck adjacent to the channel. The socket and welds remained 

undamaged. Time sequential photographs and post-test photographs are shown in Figure 42. 

Force-displacement and energy-displacement curves were created from the accelerometer 

data and are shown in Figure 43. A peak force of 7.4 kips on the system occurred at a displacement 

of 12.2 in., and the average force through 20 in. of displacement was 5.2 kips. The test article had 

absorbed 148.9 k-in. of energy at the time the bogie overrode the post. 
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Figure 42. Time-Sequential and Post-Impact Photographs, Test No. N2B-3 
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Figure 43. Force vs. Displacement and Energy vs. Displacement, Test No. N2B-3 

4.1.4 Test No. N2B-4 

The test article for test no. N2B-4 used Deck Location E and Channel Assembly D. The 

test article consisted of a welded socket attachment to the 7-in. thick simulated CIP bridge deck.  

The channel was anchored to the deck using a U-bar welded to the upper bend of the channel and 

additional #4 straight bars. See Section 3.2 for further details. Test no. N2B-4 was conducted with 

the bogie impacting the S3x5.7 post at a height of 25 in. and an angle of 90 degrees (through the 

strong axis of the post) at a speed of 21.5 mph. The impact caused the post to deflect backward as 

a plastic hinge formed in the post near the top of the socket. The bogie ultimately overrode the 

post at a displacement of 30.8 in. No damage was observed to the bridge deck or socket assembly. 

Time sequential photographs and post-test photographs are shown in Figure 44. 

Force-displacement and energy-displacement curves were created from the accelerometer 

data and are shown in Figure 45. A peak force of 7.5 kips on the system occurred at a displacement 

of 11.5 in., and the average force through 20 in. of displacement was 5.9 kips. The test article had 

absorbed 156.6 k-in. of energy at the time the bogie overrode the post. 
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Figure 44. Time-Sequential and Post-Impact Photographs, Test No. N2B-4 
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Figure 45. Force vs. Displacement and Energy vs. Displacement, Test No. N2B-4 

4.1.5 Test No. N2B-5 

The test article for test no. N2B-5 used Deck Location G and Channel Assembly F. The 

test article consisted of a bolted socket attachment utilizing ¾-in. diameter bolts and a 12-in. thick 

simulated precast beam-slab bridge deck. See Section 3.2 for further details. Test no. N2B-5 was 

conducted with the bogie impacting the S3x5.7 post at a height of 12 in. and an angle of 0 degrees 

(through the weak axis of the post) at a speed of 20.1 mph. The impact caused the post to deflect 

downstream as a plastic hinge formed in the post near the top of the socket. The bogie overrode 

the post at 34.0 in. of displacement. No damage occurred to the deck, socket assembly, or 

attachment hardware. Time sequential photographs and post-test photographs are shown in Figure 

46. 

Force-displacement and energy-displacement curves were created from the accelerometer 

data and are shown in Figure 47. A peak force of 10.3 kips on the system occurred at a displacement 

of 2.5 in., and the average force through 20 in. of displacement was 4.0 kips. The test article had 

absorbed 100.5 k-in. of energy at the time the bogie overrode the post.  
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Figure 46. Time-Sequential and Post-Impact Photographs, Test No. N2B-5 
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Figure 47. Force vs. Displacement and Energy vs. Displacement, Test No. N2B-5 

4.1.6 Test No. N2B-6 

The test article for test no. N2B-6 used Deck Location C and Channel Assembly B. The 

test article consisted of a welded socket attachment to the 7-in. thick simulated CIP bridge deck.  

The channel was anchored to the deck using straight segments of ASTM A615 rebar. See Section 

3.2 for further details. Test no. N2B-6 was conducted with the bogie impacting the S3x5.7 post at 

a height of 12 in. and an angle of 0 degrees (through the strong axis of the post) at a speed of 21.6 

mph. The impact caused the post to deflect downstream as a plastic hinge formed in the post near 

the top of the socket. The bogie ultimately overrode the post at a displacement of 33.6 in. No 

damage was observed on the bridge deck or socket assembly. Time sequential photographs and 

post-test photographs are shown in Figure 48. 

Force-displacement and energy-displacement curves were created from the accelerometer 

data and are shown in Figure 49. A peak force of 9.4 kips on the system occurred at a displacement 

of 3.2 in., and the average force through 20 in. of displacement was 4.1 kips. The test article had 

absorbed 103.7 k-in. of energy at the time the bogie overrode the post.  
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Figure 48. Time-Sequential and Post-Impact Photographs, Test No. N2B-6 
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Figure 49. Force vs. Displacement and Energy vs. Displacement, Test No. N2B-6 

4.2 Discussion 

The results from all six component tests are summarized in Table 2. The impact speeds 

remained consistent throughout all the tests, and all tests resulted in plastic bending of the posts at 

the top of the sockets. Force displacement and energy displacement curves for the lateral impacts 

are shown in Figures 50 and 51, respectively. In all four tests, the force increased sharply to about 

7 kips over the first 2.5 to 5 in. of displacement. The forces held steady around 6 to 7 kips until a 

displacement of about 15 in. and then began to gradually decrease to zero. The peak forces and the 

average forces calculated during the impact events were all very similar for the lateral impact tests, 

as would be expected with consistent post bending observed in each test. Test no. N2B-2 showed 

a slightly reduced resistance after about 12 in. of capacity. This was likely due to increased twisting 

of the post during the impact event as compared to the other test articles.  

Force displacement and energy displacement curves for the longitudinal impacts are shown 

in Figures 52 and 53, respectively. In both tests, the force peaked sharply over the first few inches 

of displacement before quickly falling to around 5 kips. The forces declined steadily over the rest 

of the impact event. The peak forces and the average forces calculated during the impact events 

were all very similar for the lateral impact tests, as would be expected when both tests resulted in 

weak-axis bending of the posts. Plastic hinges formed near the top of the sockets in both tests. 

Both the deck and socket assemblies remained free from damage during the longitudinal tests. 

Throughout all six tests, only test no. N2B-3, where the top flange of the channel was 

pulled outward ⅛ in. and minor concrete spalling was observed adjacent to the channel, resulted 

in any damage to the simulated decks. Thus, the straight rebar anchorage design did not provide 
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adequate anchorage strength to the side channel for a welded socket-to-channel attachment. If a 

welded attachment was desired, the side channels should be anchored with the angled U-bars 

evaluated in test no. N2B-4.  

After the bogie testing program was competed, NDOT and contractors specializing in rural 

bridges reviewed the results and selected the bolted attachment as the optimal attachment design. 

The bolted attachment was desired for its rapid and simple installation method, the ability for all 

components to be galvanized, and due to the direct transition of impact loads from the bolts to the 

threaded anchors thereby minimizing the risk of deck damage during an impact event. Therefore, 

the new bridge rail using a bolt, coupling nut, and threaded anchor attachment design was selected 

for further evaluation through full-scale crash testing.  
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Table 2. Dynamic Testing Results 

Test 

No. 

Attachment 

Details 
Deck 

Impact 

Velocity 

mph 

Impact 

Angle 

deg. 

Average Force  

kips 
Peak 

Force 

kips 

Damage Description 

@10” @15" @20” 

Lateral Impacts with 25-in. Impact Height 

N2B-1 

Bolted: 

1-in. diameter 

fasteners 

7” CIP 21.2 90 5.1 5.6 5.6 7.0 N/A 

N2B-2 

Bolted: 

¾-in. diameter 

fasteners 

12” Precast 

Beam-Slab 
21.4 90 5.6 5.7 5.2 7.1 N/A 

N2B-3 

Welded: 

#4 straight bar 

ASTM A706  

7” CIP 21.2 90 5.3 5.8 5.8 7.4 

⅛-in. crack along top 

edge of channel,  

concrete spalling 

N2B-4 

Welded: 

#5 U-bar 

ASTM A615 

7” CIP 21.5 90 5.2 5.8 5.9 7.5 N/A 

Longitudinal Impacts with 12-in. Impact Height 

N2B-5 

Bolted: 

¾-in. diameter 

fasteners 

12” Precast 

Beam-Slab 
20.2 0 4.8 4.3 4.0 10.3 N/A 

N2B-6 

Welded: 

#4 straight bar 

ASTM A615 

7” CIP 21.6 0 4.9 4.5 4.1 9.4 N/A 
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Figure 50. Strong Axis, 90-Degree Impacts, Force vs. Deflection Comparison 
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Figure 51. Strong Axis, 90-Degree Impacts, Energy vs Displacement Comparison  
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Figure 52. Weak Axis, 0-Degree Impacts, Force vs. Deflection Comparison
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Figure 53. Weak Axis, 0-Degree Impacts, Energy vs Displacement Comparison 



 

67 

September 3, 2020  

MwRSF Report No. TRP-03-407-20 

5 DESIGN DETAILS 

5.1 Selection of Critical System Configurations for Testing 

The new TL-2 bridge railing was to be compatible with both CIP and precast, beam-slab 

decks. After reviewing both deck types, a 7-in. thick CIP deck was identified as the thinnest and 

weakest of the bridge decks, which made it more susceptible to damage and anchor pullout than 

the thicker and stronger decks. Thus, a simulated 7-in. thick CIP deck was selected for use in full-

scale crash testing. Component testing demonstrated the ability of the new coupling nut and 

threaded anchor attachment design to directly transfer impact loads to the interior of the deck and 

prevent damage to the edge of the deck, even with short channel segments at post locations. Thus, 

a continuous C7x9.8 channel was installed along the edge of the simulated bridge deck to represent 

the most common configuration for 7-in. thick decks. Note, a C7x9.8 represented the thinnest and 

weakest of the standard 7-in. C-channels, so use of any other 7-in. channel would also be 

acceptable. 

As mentioned previously, CIP bridges on rural roads in Nebraska are typically constructed 

with the side channel located directly above the exterior bridge girders.  In fact, the channels are 

often tack welded to the steel girders and used as formwork for pouring the deck. In recognition 

of this design characteristic, the full-scale test installation was constructed without a deck 

overhang. Instead, the edge of the simulated bridge deck was installed on a small concrete grade 

beam meant to represent a bridge girder. Bridges utilizing precast beam-slabs would not be directly 

supported at the edges the bridge. However, the increased thickness and reinforcement of precast 

beam-slabs results in significantly higher bending, shear, torsion, and anchor breakout strength 

compared to the thinner CIP decks. Therefore, precast beam-slabs would be expected to have the 

strength to support the new bridge rail as well.  

Component testing of the bolted attachments on 7-in. CIP decks utilized 1-in. diameter 

bolts and threaded rods. However, an analysis of the loads observed during the component tests 

and the attachment design revealed that smaller ⅞-in. diameter hardware was strong enough to 

resist the impact loads.  Subsequently, the attachment design was modified to use ⅞-in. diameter 

bolts, threaded rods, and coupling nuts. 

5.2 Test Installation Details 

A 75-ft long section of the new bridge railing was placed in the middle of a 182 ft – 3½ in. 

long MGS test installation, which included guardrail anchorages at both ends, as shown in Figures 

54 through 81. The bridge railing consisted of 31-in. tall, 12-gauge, W-beam guardrail supported 

by S3x5.7 posts spaced at 75 in. on–center. A 5/16-in. diameter hex bolt and a 1¾-in. square washer 

were used to attach the guardrail to the posts. The side-mounted posts were inserted into socket 

assemblies consisting of HSS4x4x⅜ tube sockets and a 10-in. x 7-in. mounting plate. Standoff 

plates were welded to the bottom of the posts to create a tighter fit between the post and the socket 

and force the posts to stand vertical after installation. A 1-in. wide steel strap was welded to the 

bottom of each socket to prevent the post from falling through the socket during installation. A ⅝-

in. diameter keeper bolt was used to prevent the post from pulling out of the socket during impact 

events.  
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The socket assemblies were attached to the deck using two 7/8-in. diameter bolts that 

threaded into coupling nuts embedded into the side of the bridge deck. All-thread steel rods were 

threaded into the opposite side of the coupling nuts and extended into the simulated deck where 

they were secured to a ¼-in. thick plate washer. The mounting plates of the socket assembly 

contained vertical slots to allow for slight height adjustments to the system during installation.  

The simulated 7-in. thick, CIP bridge deck was 75 ft long, 36 in. wide, and was reinforced 

with #4 rebar in both the lateral and longitudinal directions for both the upper and lower steel mats. 

A C7x9.8 steel channel was cast into the outer edge of the deck. The channel assembly contained 

#4 rebar welded to the inside of its web that extended into the deck and tied into the upper and 

lower steel mats. The edge of the deck was supported by an unreinforced 8-in. x 12-in. grade beam 

meant to replicate an exterior bridge girder. The interior of the bridge deck was anchored to the 

existing tarmac by #4 rebar dowels. The concrete deck was constructed with a targeted minimum 

compressive strength of 6,000 psi. The concrete’s actual 29-day compressive strength was 5,795 

psi. 

Standard MGS, consisting of 31-in. tall W-beam guardrail and W6x8.5 posts spaced at 75 

in. on-center, was installed on both sides of the bridge railing. The systems were connected with 

adjacent S3x5.7 bridge posts and W6x8.5 MGS posts spaced 75 in. apart. Thus, a constant post 

spacing was used throughout the entire test installation.  

A guardrail anchorage system typically utilized as a trailing end terminal was utilized to 

anchor the upstream end of the test installation. The guardrail anchorage system was originally 

designed to simulate the strength of other crashworthy end terminals. The anchorage system 

consisted of timber posts, foundation tubes, anchor cables, bearing plates, rail brackets, and 

channel struts, which closely resembled the hardware used in the Modified BCT system. The 

guardrail anchorage system has been MASH TL-3 crash tested as a downstream trailing end 

terminal [9-12]. Material specifications, mill certifications, and certificates of conformity for the 

full-scale test installation are shown in Appendix C.  

The original design intent was for 12-in. backup plates to be installed behind the W-beam 

at every bridge post location, as shown in Figures 55 and 75. Due to an oversight, these backup 

plates were not installed within the test installation. Although the test was conducted without 

backup plates, it is still recommended they be utilized in non-blocked, weak-post guardrail systems 

to prevent the rail tearing observed in other full-scale crash tests on similar systems [4-5, 13].  
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Figure 54. Test Installation Layout, Test No. N2BR-1 
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Figure 55. Bridge Deck Cross Section, Test No. N2BR-1 
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Figure 56. Concrete Deck Assembly Details, Test No. N2BR-1 
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Figure 57. Concrete Deck Reinforcement, Test No. N2BR-1 
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Figure 58. C-Channel and Post Socket Component Details, Test No. N2BR-1 
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Figure 59. C-Channel Assembly Details, Test No. N2BR-1 
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Figure 60. Deck C-Channel, Test No. N2BR-1 
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Figure 61. Deck Reinforcement, Test No. N2BR-1 
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Figure 62. Post Socket Assembly, Test No. N2BR-1 
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Figure 63. Plate Washer and Post Socket Components, Test No. N2BR-1 
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Figure 64. Bridge Post Assembly and Components, Test No. N2BR-1 
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Figure 65. Splice and Post Detail, Test No. N2BR-1 
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Figure 66. End Section Details, Test No. N2BR-1 
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Figure 67. BCT Anchor Details, Test No. N2BR-1 
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Figure 68. Line Post Components, Test No. N2BR-1 
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Figure 69. Foundation Tube and BCT Timber Post Details, Test No. N2BR-1 
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Figure 70. BCT Anchor Cable and Load Cell Detail, Test No. N2BR-1 
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Figure 71. Modified BCT Anchor Cable, Test No. N2BR-1 
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Figure 72. Shackle and Eye Nut Detail, Test No. N2BR-1 
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Figure 73. BCT Post Components and Anchor Bracket, Test No. N2BR-1 
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Figure 74. Ground Strut and Bearing Plate, Test No. N2BR-1 
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Figure 75. Rail Section Details, Test No. N2BR-1 
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Figure 76. System Hardware, Test No. N2BR-1 
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Figure 77. System Hardware, Test No. N2BR-1 
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Figure 78. Bill of Materials, Test No. N2BR-1 



 

 

S
ep

tem
b

er 3
, 2

0
2

0
  

M
w

R
S

F
 R

ep
o

rt N
o
. T

R
P

-0
3

-4
0
7
-2

0
 

9
4
 

 
Figure 79. Bill of Materials, Test No. N2BR-1 
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Figure 80. Bill of Materials, Test No. N2BR-1 
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Figure 81. Test Installation Photographs, Test No. N2BR-1 
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6 TEST REQUIREMENTS AND EVALUATION CRITERIA 

6.1 Test Requirements 

Longitudinal barrier systems, such as bridge rails, must satisfy impact safety standards in 

order to be declared eligible for federal reimbursement by the Federal Highway Administration 

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

standards consist of the guidelines and procedures published in MASH 2016 [1]. Note that there 

are no differences between MASH 2009 and MASH 2016 for longitudinal barriers, such as the 

bridge rail developed herein, except that additional occupant compartment deformation 

measurements, photographs, and documentation are required by MASH 2016. According to TL-2 

of MASH 2016, longitudinal barrier systems must be subjected to two full-scale vehicle crash 

tests, as summarized in Table 3.  

Table 3. MASH 2016 TL-2 Crash Test Conditions for Longitudinal Barriers 

Test Article 

Test 

Designation 

No. 

Test 

Vehicle 

Vehicle 

Weight  

lb 

Impact Conditions 
Evaluation 

Criteria 1 
Speed, 

mph 

Angle, 

deg. 

Longitudinal 

Barrier 

2-10 1100C 2,425 44 25 A,D,F,H,I 

2-11 2270P 5,000 44 25 A,D,F,H,I 
1 Evaluation Criteria Explained in Table 4 

 

Although MASH requires two full-scale crash tests, testing with the 1100C test vehicle 

was not deemed critical for the evaluation of the new bridge rail. Previous MASH crash testing 

has been conducted with both the 2270P and the 1100C vehicles on the MGS Bridge Rail and the 

TxDOT T631 bridge rail [3-5]. Similar to the NDOT TL-2 Bridge Rail developed herein, both of 

these previous bridge rails consist of 31-in. tall, 12-gauge, W-beam guardrail supported by S3x5.7 

posts. Further, all three bridge rails were designed to absorb impact energy through bending of the 

weak S3x5.7 posts while the attachment of the post to the deck remains rigid and intact. The 

TxDOT T631 bridge rail was successfully tested to MASH test designation nos. 2-10 and 2-11 

with a 75-in. post spacing, which is the same as the new NDOT TL-2 bridge rail. Additionally, the 

MGS Bridge Rail was successfully tested to MASH test designation nos. 3-10 and 3-11 with a 

37.5-in. post spacing utilizing the same post assembly and HSS4x4x⅜ steel sockets incorporated 

into the new NDOT TL-2 bridge rail. Thus, if the socket assembly remained undamaged and intact 

throughout an impact event, the new TL-2 bridge rail would be expected to perform very similarly 

to the TL-2 version of the TxDOT T631. The increased mass of the 2270P test vehicle results in a 

higher impact severity, higher impact loads, and higher system deflections than observed during 

tests with the 1100C test vehicle. Therefore, MASH test designation no. 2-11 was deemed 

necessary to evaluate the post-to-deck connection strength of the new system, and MASH test 

designation no. 2-10 was determined to be non-critical. Should future knowledge gained from 

testing of this bridge rail or similar systems raise concerns regarding the new bridge railing’s 

performance with small cars, it may become necessary to evaluate the bridge rail with the MASH 

1100C vehicle. 
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6.2 Evaluation Criteria 

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

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

structural adequacy are intended to evaluate the ability of the 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 4 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. 

Table 4. 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. 

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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6.3 Soil Strength Requirements 

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

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

dependent system, W6x16 posts are installed near the impact region utilizing the same installation 

procedures as the system. Prior to full-scale testing, a dynamic impact test must be conducted to 

verify a minimum dynamic soil resistance of 7.5 kips at post deflections between 5 and 20 in. 

measured at a height of 25 in. If dynamic testing near the system is not desired, MASH 2016 

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

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

static baseline test at deflections of 5, 10, and 15 in. Further details can be found in Appendix B 

of MASH 2016. 
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7 TEST CONDITIONS 

7.1 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. 

7.2 Vehicle Tow and Guidance System 

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

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

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

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

A vehicle guidance system developed by Hinch [14] 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. 

7.3 Test Vehicles 

For test no. N2BR-1, a 2011 Dodge Ram 1500 was used as the test vehicle. The curb, test 

inertial, and gross static vehicle weights were 5,111 lb, 4,999 lb, and 5,160 lb, respectively. The 

test vehicle is shown in Figures 82 and 83, and vehicle dimensions are shown in Figure 84. Note 

that the test vehicle was within six model years of the 2017 research project contract date. 

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

measured axle weights. The Suspension Method [15] was used to determine the vertical 

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

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

was suspended successively in three positions, and the respective planes containing the c.g. were 

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

condition. The location of the final c.g. is shown in Figures 84 and 85. Data used to calculate the 

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

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

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

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

the roof of the vehicle. 
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Figure 82. Test Vehicle, Test No. N2BR-1 
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Figure 83. Vehicle Floor Pan and Undercarriage Prior to Test No. N2BR-1 



September 3, 2020  
MwRSF Report No. TRP-03-407-20 

103 

 

Figure 84. Vehicle Dimensions, Test No. N2BR-1 
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Figure 85. Target Geometry, Test No. N2BR-1 

Date: 4/12/2018 Test Name: 2NBR-1 VIN:

Year: 2011 Make: Dodge Model:

I:

G:

H: 60 7/8

B:

70 7/8 (1800)

39 (991)

C:

D:

1D7RB1DG4BS514230

Ram 1500

71 1/2

29 3/8

(1816)

28 1/4(1610)

J:

K:

E:

F:

TARGET GEOMETRY-- in. (mm)

(746)

(1608)63 5/16A:

(1943)

(991)39

(1119)44 1/16

63 3/8

42 1/4

(718)

61

L:

M:(1546) (1549)

(1073)

76 1/2
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The front wheels of the test vehicle were aligned to vehicle standards except the toe-in 

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

flash bulb was mounted under the vehicle’s right-side windshield wiper and was fired by a 

retroreflective optic speed trap mounted at the impact corner of the bumper. The flash bulb was 

fired upon initial impact with the test article to create a visual indicator of the precise time of 

impact on the high-speed digital videos. A radio-controlled brake system was installed in the test 

vehicle so the vehicle could be brought safely to a stop after the test. 

7.4 Simulated Occupant 

For test no. N2BR-1, 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 159 lb. As recommended by MASH 2016, the simulated 

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

7.5 Data Acquisition Systems 

7.5.1 Accelerometers 

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

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

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

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

to the SAE J211/1 specifications [8]. 

The primary system, the SLICE-1 unit, was a modular data acquisition system 

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

SLICE-1 unit was designated as the primary system. The acceleration sensors were mounted inside 

the body of a custom-built, SLICE 6DX event data recorder and recorded data at 10,000 Hz to the 

onboard microprocessor. The 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 second accelerometer system, the DTS unit, was a two-arm piezoresistive 

accelerometer system manufactured by Endevco of San Juan Capistrano, California. Three 

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 DTS 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 8 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. 
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7.5.2 Rate Transducers 

An angular rate sensor system mounted inside the body of the SLICE-event data recorder 

was used to measure the rates of rotation of the test vehicle. Each SLICE MICRO Triax ARS had 

a range of 1,500 degrees/sec in each of the three directions (roll, pitch, and yaw) and recorded data 

at 10,000 Hz to the onboard microprocessors. The raw data measurements were then downloaded, 

converted to the proper Euler angles for analysis, and plotted. The “SLICEWare” computer 

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

angular rate sensor data.  

A second angular rate sensor, the DTS ARS-1500, with a range of 1,500 degrees/sec in 

each of the three directions (roll, pitch, and yaw) was used to measure the rates of rotation of the 

test vehicles. The angular rate sensor was mounted on an aluminum block inside the test vehicle 

near the c.g. 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. 

7.5.3 Retroreflective Optic Speed Trap 

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

before impact. Five retroreflective targets, spaced at approximately 18 in. intervals, were applied 

to the side of the vehicle. When the emitted beam of light was reflected by the targets and returned 

to the Emitter/Receiver, a signal was sent to the data acquisition computer, recording at 10,000 

Hz, as well as the external LED box activating the LED flashes. The speed was then calculated 

using the spacing between the retroreflective targets and the time between the signals. LED lights 

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

cannot be determined from the electronic data. 

7.5.4 Load Cells and String Potentiometers 

Load cells were installed in the upstream and downstream anchor cables for test no. 

N2BR-1 but did not record data due to technical difficulties. The load cells were Transducer 

Techniques model no. TLL-50K with a load range up to 50 kips. During testing, output voltage 

signals were sent from the transducers to a National Instruments PCI-6071E data acquisition board, 

acquired with LabView software, and stored on a personal computer at a sample rate of 10,000 

Hz.  

7.5.5 Digital Photography 

Six high-speed AOS digital video cameras, ten GoPro digital video cameras, and three JVC 

digital video cameras were utilized to film test no. N2BR-1. Camera details, camera operating 

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

in Figure 86 and Table 5. 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 of the system and vehicle. 
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Figure 86. Camera Location Diagram, Test No. N2BR-1 
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Table 5. Camera Locations, Speeds, and Lens Settings, Test No. N2BR-1 

No. Type 
Operating Speed 

frames/sec 
Lens Lens Setting 

AOS-2 AOS Vitcam CTM 500 Kowa 16 mm Fixed - 

AOS-5 AOS Vitcam CTM 500 Telesar 135 mm Fixed - 

AOS-6 AOS X PRI Gigabit 500 Fujinon 50 mm Fixed - 

AOS-7 AOS X-PRI Gigabit 500 Sigma 28-70 #2 35 

AOS-8 AOS S-VIT 1531 500 Sigma 28-70 #1 28 

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

GP-5 GoPro Hero 3+ 120   

GP-6 GoPro Hero 3+ 120   

GP-7 GoPro Hero 4 120   

GP-8 GoPro Hero 4 240   

GP-9 GoPro Hero 4 120   

GP-10 GoPro Hero 4 240   

GP-15 GoPro Hero 4 120   

GP-16 GoPro Hero 4 120   

GP-17 GoPro Hero 4 120   

GP-18 GoPro Hero 4 120   

JVC-2 JVC 2 29   

JVC-3 JVC 3 29   

JVC-4 JVC 4 29   
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8 FULL-SCALE CRASH TEST NO. N2BR-1  

8.1 Static Soil Test 

Before full-scale crash test no. N2BR-1 was conducted, the strength of the foundation soil 

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

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

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

8.2 Weather Conditions 

Test no. N2BR-1 was conducted on April 12, 2018 at approximately 1:15 p.m. The weather 

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

were reported and are shown in Table 6. 

Table 6. Weather Conditions, Test No. N2BR-1 

Temperature 70° F 

Humidity 37% 

Wind Speed 16 mph 

Wind Direction 90° 

Sky Conditions Windy Partly Cloudy 

Visibility 10.0 Statute Miles 

Pavement Surface Dry 

Previous 3-Day Precipitation  0 in. 

Previous 7-Day Precipitation  0.2 in. 

 

8.3 Test Description 

Initial vehicle impact was to occur 123 in. upstream from the centerline of the splice 

between post nos. 14 and 15, as shown in Figure 87. This impact point was selected using the CIP 

plots found in Section 2.3 of MASH 2016. The 4,999-lb pickup truck impacted the new TL-2 

bridge rail at a speed of 44.2 mph and at an angle of 25.5 degrees. The actual point of impact was 

2.6 in. downstream from the targeted location. During the impact event, the bridge railing 

contained the pickup truck and smoothly redirected it back onto the bridge. The vehicle’s right-

front tire extended over the edge of the deck, but the vehicle remained stable with minimal roll. 

The front-right tire snagged on the socket supporting post no. 17, causing the wheel to disengage. 

The tire snag resulted in about a 10-g longitudinal acceleration pulse, which remained well within 

the MASH limits, and only minor pitch and roll displacements. After exiting the system, the brakes 

were applied, and the vehicle veered back toward the system and impacted the MGS downstream 

of the bridge rail. The vehicle came to rest adjacent to the downstream anchorage 104 ft – 5 in. 

downstream from the initial impact point after brakes were applied.  

A detailed description of the sequential impact events is contained in Table 7. Sequential 

photographs are shown in Figures 88 and 89. Documentary photographs of the crash test are shown 

in Figure 90. The vehicle trajectory and final position are shown in Figure 91. 
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Figure 87. Impact Location, Test No. N2BR-1 
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Table 7. Sequential Description of Impact Events, Test No. N2BR-1 

TIME 

sec 
EVENT 

0.000 
Vehicle’s front bumper impacted the system 120.4 in. upstream from the 

centerline of the splice between post nos. 14 and 15 at 44.2 mph.  

0.006 System began to deflect backward. 

0.016 Vehicle’s right-front tire contacted system. 

0.030 
Vehicle’s hood began to deform and post nos. 13 and 14 began to deflect 

backward. 

0.038 Post no. 15 began to deflect backward. 

0.060 Vehicle pitched downward. 

0.080 Vehicle’s right-front tire passed over the edge of the bridge deck. 

0.108 Vehicle’s bumper impacted post no. 14 and bent it downstream. 

0.162 Post no. 16 began to deflect backward. 

0.172 Post no. 17 began to deflect backward. 

0.206 Vehicle’s bumper impacted post no. 15 and bent it downstream. 

0.218 Vehicle began to roll toward system. 

0.290 Rear of vehicle impacted rail near post no. 13. 

0.310 Vehicle’s right-rear tire passed over the edge of the bridge deck. 

0.336 Vehicle’s bumper impacted post no. 16 and bent it downstream. 

0.349 Vehicle was parallel to the system at a velocity of 31.2 mph.  

0.380 
Vehicle reached maximum positive roll value of 12.1 degrees and began to roll 

away from the system. 

0.510 Vehicle’s right-front tire impacted the socket supporting post no. 17. 

0.548 Vehicle’s right-front tire detached from vehicle. 

0.680 Vehicle’s right-front tire was on top of post no. 17, which was bent downstream. 

0.723 Vehicle reached maximum negative roll of -11.2 degrees. 

0.846 Vehicle’s left-front tire became airborne. 

0.860 Vehicle became airborne. 

0.952 Vehicle exited system at a velocity of 19.7 mph. 

0.970 Vehicle’s right-front tire impacted post and socket no. 18 and bounced backward. 

1.064 Vehicle’s right-rear tire contacted ground. 

1.120 Vehicle’s left-front tire returned to the ground. 

1.270 Vehicle’s right-front corner impacted ground. 

1.710 Vehicle began to yaw and veer toward system. 

1.840 Vehicle’s right-front fender contacted system between post nos. 23 and 24. 

1.996 Vehicle yawed away from system. 

2.710 Vehicle exited system again traveling nearly parallel to rail. 

3.400 Vehicle contacted rail near downstream anchorage 

5.340 Vehicle came to a stop. 
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Figure 88. Sequential Photographs, Test No. N2BR-1 
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Figure 89. Additional Sequential Photographs, Test No. N2BR-1 
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Figure 90. Documentary Photographs, Test No. N2BR-1 
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Figure 91. Vehicle Trajectory Marks and Final Position, Test No. N2BR-1 
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8.4 Barrier Damage 

Damage to the barrier was moderate, as shown in Figures 92 through 95. Barrier damage 

consisted of contact marks extending from post nos. 13 to 17, as well as rail deformations, post 

bending and tearing, and guardrail bolt release. The length of vehicle contact along the barrier was 

approximately 27 ft which spanned from 6½ in. upstream from the impact point to 5 in. 

downstream from post no. 17. Guardrail scrapes and deformations in the form of kinking and 

flattening were observed throughout the contact region. Four additional kinks were observed 

downstream from post no. 17, outside of the contact region. Guardrail bolt fracture occurred in 

post nos. 13 through 17.  

Post no. 12 was bent slightly backward and post no. 13 was bent backward and 

downstream. Post nos. 14 through 17 were bent downstream approximately 90 degrees, and the 

upstream flanges of these posts were torn adjacent to the welded post standoffs. Tears extended 

through the upstream edge of the flange and through the web, with tears in post nos. 14 through 

16 extending 1¼ in., and the tear in post no. 17 extending 2 in. Scrapes were located on the 

upstream edge of the flange and front face of the flange on post nos. 13 through 17, beginning near 

the base of the post and extending upward.  

Little to no damage occurred to the post socket assemblies. Only very minor deformations 

on the top edges were found on the sockets at post nos. 14 through 17. The sockets at post nos. 14 

through 17 were rotated downstream, but not damaged. The tolerance provided by the vertical slots 

in the mounting plate allowed for the small rotations of these socket assemblies. The attachment 

bolts and the bridge deck were undamaged. Damage to the test installation due to the secondary 

impacts was negligible, consisting mostly of contact marks. 

The maximum lateral permanent set of the barrier system was 20 in., which occurred on 

the guardrail located at mid-span between post nos. 14 and 15, as measured in the field. The 

maximum lateral dynamic barrier deflection was 32.6 in. measured on the guardrail at mid-span 

between post nos. 14 and 15, as determined from high-speed digital video analysis. The working 

width of the system was found to be 38.4 in., also determined from high-speed digital video 

analysis.  
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Overall System Damage, Upstream View 

 
Overall System Damage, Upstream Behind View 

 
Overall System Damage, Front View 

 
Overall System Damage, Downstream Behind View 

 

Figure 92. System Damage, Test No. N2BR-1 
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Post Nos. 13 and 14 Damage 

 
Post Nos. 15 and 16 Damage 

 
Post Nos. 14 and 15 Damage 

 
Post Nos 16 and 17 Damage 

 

Figure 93. System Damage, Front-Side Views, Test No. N2BR-1 
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Post Nos. 13 and 14 Rear Damage 

 
Post Nos. 15 and 16 Rear Damage 

 
Post Nos. 14 and 15 Rear Damage 

 
Post Nos. 16 and 17 Rear Damage 

 

Figure 94. System Damage, Back-Side Views, Test No. N2BR-1 
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Post No. 14 Tearing

 
Post No. 16 Tearing 

 
Post No. 15 Tearing 

 
Post No. 17 Tearing 

 

Figure 95. System Damage, Post Bending and Tearing, Test No. N2BR-1 
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8.5 Vehicle Damage 

The damage to the vehicle was moderate, as shown in Figures 96 through 98. The 

maximum occupant compartment deformations are listed in Table 8 along with the intrusion limits 

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

compartment and vehicle deformations and the corresponding locations are provided in Appendix 

F. MASH 2016 defines intrusion or deformation as the occupant compartment being deformed and 

reduced in size with no observed penetration. There were no penetrations into the occupant 

compartment and none of the established MASH 2016 deformation limits were violated. Outward 

deformations, which are denoted as negative numbers in Appendix F, are not considered crush 

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

The majority of the damage was concentrated on the right-front corner of the vehicle where 

the impact had occurred. The right-front bumper and fender were crushed inward. The right-front 

tire and right-front headlight were disengaged from the vehicle, and the bumper bent back and 

under the vehicle. Scraping was observed along the vehicle’s entire right side. Denting was 

observed on the right-rear fender. Scraps and minor dents were observed to undercarriage 

components on the right side of the vehicle. Damage to the suspension consisted of scrapes to the 

right front and right rear shocks, as well as to the lower control arm. The steering knuckle 

assemblies, tie rod, and lower control arm all disengaged from the right side of the vehicle. Damage 

to the chassis consisted of minor scrapes on the lower rear end shock mount. The drive train 

remained undamaged. 
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Figure 96. Vehicle Damage, Test No. N2BR-1 
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Figure 97. Vehicle Undercarriage Damage, Test No. N2BR-1 
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Figure 98. Vehicle Interior Damage, Test No.  N2BR-1 
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Table 8. Maximum Occupant Compartment Deformations by Location, Test No. N2BR-1 

LOCATION 

MAXIMUM 

INTRUSION 

in. 

MASH  2016 ALLOWABLE 

INTRUSION 

in. 

Wheel Well & Toe Pan 0.1 ≤ 9 

Floor Pan & Transmission Tunnel -0.2 ≤ 12 

A-Pillar 0.1 ≤ 5 

A-Pillar (Lateral) 0.1 ≤ 3 

B-Pillar 0.4 ≤ 5 

B-Pillar (Lateral) 0.4 ≤ 3 

Side Front Panel (in Front of A-Pillar) 0.2 ≤ 12 

Side Door (Above Seat) 0.3 ≤ 9 

Side Door (Below Seat) 0.4 ≤ 12 

Roof 0 ≤ 4 

Windshield 0 ≤ 3 

Side Window Intact  
No shattering resulting from contact 

with structural member of test article 

Dash 0.3 N/A 

Note: Negative values denote outward deformation 

N/A – No MASH 2016 criteria exist for this location 

8.6 Occupant Risk 

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

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

in Table 9. 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 9. The recorded data 

from the accelerometers and the rate transducers are shown graphically in Appendix G.  
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Table 9. Summary of OIV, ORA, THIV, PHD, and ASI Values, Test No. N2BR-1 

Evaluation Criteria 

Transducer 
MASH 2016 

Limits SLICE-1 

(primary) 
DTS 

OIV 

ft/s 

Longitudinal -11.52 -12.50 ±40 

Lateral -11.55 -10.53 ±40 

ORA 

g’s 

Longitudinal -10.98 -10.34 ±20.49 

Lateral 5.74 -4.93 ±20.49 

MAX. 

ANGULAR 

DISPL. 

deg. 

Roll 12.1 -11.2 ±75 

Pitch 1.9 3.2 ±75 

Yaw -32.3 -32.4 not required 

THIV 

ft/s 
15.58 15.55 not required 

PHD 

g’s 
11.66 10.74 not required 

ASI 0.48 0.49 not required 

 

 

8.7 Discussion 

The analysis of the test results for test no. N2BR-1 showed that the bridge rail adequately 

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

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 ride over the barrier 

and remained upright during and after the collision. Vehicle roll, pitch, and yaw angular 

displacements, as shown in Appendix G, were deemed acceptable because they did not adversely 

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

of -1.0 degrees, and its trajectory did not violate the bounds of the exit box. Therefore, test no. 

N2BR-1 was determined to be acceptable according to the MASH 2016 safety performance criteria 

for test designation no. 2-11. A summary of the test results and sequential photographs are shown 

in Figure 99. 
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• Test Agency .........................................................................................................MwRSF 

• Test Number .........................................................................................................N2BR-1 

• Date ................................................................................................................... 4/12/2018 

• MASH 2016 Test Designation No. ............................................................................. 2-11 

• Test Article.......................................................... Test-Level 2 Side Mounted Bridge Rail 

• Total Length  .............................................................................................. 182 ft – 3½ in. 

• Key Component - Rail 

Length ............................................................................................................... 225 ft 
Thickness ..................................................................................................... 12 Gauge 

• Key Component – Bridge Rail Post 

Length ............................................................................................................... 39 in. 

Type................................................................................................................. S3x5.7 

Spacing .............................................................................................................. 75 in. 

• Deck Type ......................................................................................... 7-in. thick CIP deck 

• Vehicle Make /Model ................................................................... 2011 Dodge Ram 1500 

Curb ............................................................................................................... 5,111 lb 

Test Inertial.................................................................................................... 4,999 lb 

Gross Static.................................................................................................... 5,160 lb 

• Impact Conditions 

Speed ........................................................................................................... 44.2 mph 
Angle ........................................................................................................... 25.5 deg. 

Impact Location ............ 120.4 in. upstream from splice between post nos. 14 and 15 

• Impact Severity (IS) ................................. 60.5 kip-ft > 51 kip-ft limit from MASH 2016 

• Exit Conditions 

Speed ........................................................................................................... 19.7 mph 
Angle  ........................................................................................................... -1.0 deg. 

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

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

• Vehicle Stopping Distance ............................................................................ 104 ft – 5 in. 

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

VDS [16]  ..................................................................................................... 1-RFQ-3 
CDC [17] .................................................................................................. 01-RFME1 

Maximum Interior Deformation ....................................................................... 0.4 in. 

 

 
 

 

 
 

 

 

• Test Article Damage .......................................................................................... Moderate 

• Maximum Test Article Deflections 

Permanent Set ................................................................................................... 20 in. 

Dynamic ......................................................................................................... 32.6 in. 
Working Width............................................................................................... 38.4 in. 

• Transducer Data 

Evaluation Criteria 

Transducer 

MASH 2016 Limit SLICE-1 

(primary) 
DTS 

OIV 
ft/s  

Longitudinal -11.52  -12.50  ±40 

Lateral -11.55  -10.53  ±40 

ORA 

g’s 

Longitudinal -10.98 -10.34 ±20.49 

Lateral 5.74 -4.93 ±20.49 

MAX 

ANGULAR 
DISP. 

deg. 

Roll 12.1 -11.2 ±75 

Pitch 1.9 3.2 ±75 

Yaw -32.2 -32.4 Not required 

THIV – ft/s 15.7 15.4 Not required 

PHD – g’s 11.7 10.7 Not required 

ASI 0.48 0.49 Not required 

 

Figure 99. Summary of Test Results and Sequential Photographs, Test No. N2BR-1 

0.000 sec 0.250 sec 0.500 sec 

0 sec 

0.750 sec 1.000 sec 
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9 BRIDGE RAIL TRANSITION TO MGS 

9.1 Background and Scope 

Barrier transitions are often required to safely connect longitudinal barrier systems of 

different components and/or lateral stiffnesses. The new TL-2 bridge rail developed herein utilizes 

the same guardrail, barrier height, and post spacing as standard MGS. However, the difference 

between the S3x5.7 bridge rail post and the W6x8.5/W6x9 of the MGS results in a different lateral 

stiffness. Thus, the connection between the two guardrail systems was required. 

To evaluate if a transition was necessary between the MGS and the new TL-2 bridge rail, 

vehicle crash test simulations were performed with BARRIER VII. BARRIER VII is a computer 

program used extensively to model and analyze vehicle crashes into guardrail systems [18-19]. In 

this program, the barrier and vehicle are idealized as two-dimensional structures in the horizontal 

plane, meaning that vertical displacements of the barrier or the vehicle are not considered. 

BARRIER VII models post and beam systems using a rail that yields at nodal locations and elastic, 

perfectly-plastic posts. Thus, component models of W6x9 posts, S3x5.7 posts, anchor posts, and 

12-gauge W-beam guardrail were required to perform the analysis. The vehicle was idealized as a 

rigid body of prescribed shape surrounded by a cushion of discrete springs.  

The primary purpose of the transition analysis was to evaluate guardrail pocketing angles 

at the transition from the weaker S3x5.7 TL-2 bridge rail posts to stiffer W6x9 MGS posts. Large 

guardrail pocketing angles in front of an impacting vehicle have been associated with vehicle 

instabilities, vehicle snag, excessive decelerations, high rail loads, and even rail rupture. Pocketing 

angles less than 30 degrees are typically considered safe for guardrail systems, while pocketing 

angles greater than 30 degrees run a higher risk of failure [3]. Barrier deflections and forces were 

also determined through the analysis. 

9.2 BARRIER VII Model 

To simulate test no. N2BR-1, a BARRIER VII model with a system length of 225 ft was 

used, consisting of 75 ft of MGS upstream and downstream from a 75-ft section of the TL-2 bridge 

rail. The upstream and downstream portions of the MGS were intentionally made longer than the 

full-scale crash test because it was not desired to significantly load the anchor posts due to 

BARRIER VII’s limitations in accurately depicting their behavior. The barrier consisted of a 

updated 12-gauge W-beam rail model, which spanned the entire length of the system, and four 

different post sections: 1) a simulated strong anchor post, 2) a second BCT post at upstream and 

downstream ends of the system, 3) W6x9 posts for the MGS, and 4) S3x5.7 posts for the bridge 

rail.  

Initially, properties for the posts and W-beam were obtained from previous BARRIER VII 

studies and from nominal cross-section properties of the components. However, after conducting 

initial simulations and comparing the result to full-scale crash tests, the properties were modified 

to provide more accurate results. These modifications are described in the following sections. 
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9.2.1 Post Models 

Force versus deflection characteristics observed from previous bogie tests provided the 

basis for the post models. Data obtained from bogie testing of the S3x5.7 posts determined the 

initial bending moments about the strong and weak axis at the base of the post were 142.9 and 46.9 

kips/in., respectively. These strengths were reduced by a factor of 0.7 to 32.8 and 100 kips/in., 

respectively, to account for rail twisting commonly observed in guardrail tests, including test no. 

N2BR-1. Bending strengths for the W6x9 posts were obtained in a similar manner with guidance 

from previous BARRIER VII models evaluating the MGS. A deflection of 15 in. was established 

as the failure limit for both posts. Calibrated post parameters for the W6x9 and S3x5.7 posts used 

in the BARRIER VII simulations are shown in Table 10. 

Table 10. BARRIER VII Post Input Parameters 

  BARRIER VII Parameters 
W6x9 Input 

Values 

S3x5.7 Input 

Values 

  KB - Post Stiffness Along B (strong axis) kip/in. 5.0 2.5 

  KA - Post Stiffness Along A (weak axis) kip/in. 3.0 2.5 

  MA - Moment About A (strong axis) kip-in. 180.0 100.0 

  MB - Moment About B (weak axis) kip-in. 92.0 32.8 

  A - Failure Displacement Along B in. 15 15 

  B - Failure Displacement Along B in. 15 15 

 

9.2.2 Anchor Models 

Two modified BCT posts were utilized within the guardrail anchorages positioned at each 

end of the test installations. These posts were inserted into 6-ft long steel foundation tubes, and a 

ground line strut was positioned between the anchor posts, and a cable anchor was attached 

between the end post and the guardrail section.  

In BARRIER VII, the ground line strut and cable were not modeled for simplicity. To 

accommodate for this, the two end anchor posts were modeled with significantly stiffer post 

parameters to compensate for the lack of the ground line strut and cable [20-21]. Calibrated post 

parameters for the anchor and BCT posts used in the BARRIER VII simulations are shown in 

Table 11 
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Table 11. BARRIER VII Anchor Post Input Parameters 

  BARRIER VII Parameters 
Strong Anchor 

Post Values 

Second BCT Post 

Input Values 

  KB - Post Stiffness Along B (strong axis) kip/in. 6.0 3.0 

  KA - Post Stiffness Along A (weak axis) kip/in. 6.0 3.0 

  MA - Moment About A (strong axis) kip-in. 180.0 225.0 

  MB - Moment About B (weak axis) kip-in. 92.0 150 

  F - Failure Displacement Along B in. 15 15 

 

9.2.3 W-Beam Guardrail Model 

Previous W-beam guardrail models were based on the material and geometrical properties 

of undamaged guardrail. However, these nominal values were believed to be the source of error in 

the simulations. During an impact event, W-beam guardrail is flattened and stretched. Flattened 

W-beam sections have much less bending strength than undamaged rail due to the change in the 

cross-section shape. BARRIER VII is incapable of altering the cross-sectional properties of a 

component during a simulation. As such, the cross section and bending strength of the W-beam in 

BARRIER VII had to be reduced from the nominal values to better replicate reality. Further, tensile 

loads in guardrail systems result in the W-beam segments shifting relative to one another at splice 

locations, effectively elongating the guardrail. BARRIER VII does not model splices, so the cross-

sectional area of the W-beam had to be reduced to allow the rail to elongate during impacts. The 

nominal and adjusted properties for the W-beam guardrail in BARRIER VII are shown in Table 

12. 

Table 12. Adjusted W-beam Properties in BARRIER VII 

Property Nominal W-beam Value Adjusted W-beam Value 

Rail Ix 2.29 in.4 0.75 in.4 

Rail Py 99.5 kip 99.5 kip 

Rail My 68.5 kip-in. 17 kip-in. 

Rail A 1.99 in.2 0.5 in.2 

 

A uniform mesh density was used across the entire length of the guardrail. A node spacing 

of 9⅜ in. was used, requiring 289 nodes for the 225-ft long system.  

9.2.4 Coefficient of Friction 

Contact interfaces between the vehicle and barrier were defined within BARRIER VII with 

a coefficient of friction. This global coefficient of friction was utilized to account for vehicle-rail 

friction, vehicle-post friction, and wheel snag during the impact event. The kinetic friction value 
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was calibrated according to the physical test’s exit time, parallel time, and length of contact in 

order to provide the most accurate results. The selected coefficient of friction was 0.27. 

9.3 TL-2 Bridge Rail Model Verification 

Validation of the BARRIER VII model was conducted through comparison of BARRIER 

VII results to that of full-scale crash test no. N2BR-1. The simulated 2270P vehicle was given the 

same impact speed, impact angle, and impact point as the full-scale test. The model was evaluated 

on a number of parameters, including vehicle time to parallel, vehicle speed at parallel, maximum 

displacement, and maximum pocketing angle. Pocketing angles for both the simulation and the 

physical test where calculated over a 37.5-in. distance, or half post spacing. A comparison of the 

results in shown in Table 13. 

Table 13. Comparison of BARRIER VII Results to Test No. N2BR-1 

Parameter Test No. N2BR-1 BARRIER VII Model 

Vehicle Parallel  

       Time 

       Speed 

 

0.349 sec 

31.16 mph 

 

0.357 sec 

32.1 mph 

Displacement 

       Maximum 

       Location  

       Tim e 

 

32.1 in. 

Post 15 

0.290 sec 

 

32.2 in. 

Post 15 

0.250 sec 

Pocketing Angle 

       Max. Angle 

       Location 

       Time 

 

17° 

Mid-span Post 15-16 

0.300 sec 

 

15° 

Mid-span Post 15-16 

0.280 sec 

 

The BARRIER VII simulation matched the results of the full-scale crash test rather well 

over the first 0.400 sec of the impact.  The vehicle parallel time and speed where very similar, the 

system displacements were nearly identical, and the maximum pocketing angles were within 2 

degrees. Post failure was defined in the BARRIER VII simulations as post displacements greater 

than 15 in. BARRIER VII determined 4 posts failed according to this failure criteria, and post nos. 

14 through 17 had bent completely over in the physical test. A graphical comparison of the 

simulation to the physical test is shown in Figures 100 through 106. After approximately 0.400 s, 

the model began to deviate from the full-scale test. BARRIER VII is known for having difficulties 

simulating system rebound and restoration forces. As such, the results do not match up as well as 

the vehicle exits the system. Fortunately, all the evaluation metrics for the simulations (e.g., 

maximum displacements and pocketing angles) occur before the vehicle reaches parallel and starts 

to exit the system. Therefore, based on the comparison to the physical test described herein, the 

model of the new TL-2 bridge rail was considered validated. 
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Figure 100. Sequential Figures from BARRIER VII Simulation and Test No. N2BR-1 
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Figure 101. Sequential Figures from BARRIER VII Simulation and Test No. N2BR-1 
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Figure 102. Sequential Figures from BARRIER VII Simulation and Test No. N2BR-1 
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Figure 103. Sequential Figures from BARRIER VII Simulation and Test No. N2BR-1 
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Figure 104. Sequential Figures from BARRIER VII Simulation and Test No. N2BR-1 
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Figure 105. Sequential Figures from BARRIER VII Simulation and Test No. N2BR-1 
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Figure 106. Sequential Figures from BARRIER VII Simulation and Test No. N2BR-1 
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9.4 MGS Model Validation 

At the time of this study, there had not been a MASH TL-2 test conducted on a standard 

MGS installation. Thus, the BARRIER VII MGS model was validated against a TL-3 crash test, 

test no. ILT-1, which evaluated the MGS placed in front of a breakaway luminaire pole [22]. 

Additionally, to evaluate the new W-beam properties in a more rigorous test, the new BARRIER 

VII model components were also validated against test no. MGSMP-1, which was an MGS system 

with a missing post [23] 

9.4.1 Simulation of MGS at TL-3 

Test no. ILT-1 was conducted to evaluate the performance of the MGS when a breakaway 

light pole is placed behind the guardrail [22]. The BARRIER VII model to replicate test no. ILT-

1 consisted of 175 ft of W-beam guardrail comprised of 225 nodes spaced at 9⅜ in. The model 

had 25 W6x9 posts spaced at 75 in. and was anchored on both ends by two simulated strong BCT 

anchor posts. All guardrail and anchor post properties used in the validation of the new TL-2 bridge 

rail remained the same, even the coefficient of friction of 0.27.  

The simulation was conducted with the 2270P vehicle impacting the system with the same 

impact speed, impact angle, and impact point as test no. ILT-1. A comparison of the BARRIER 

VII results to the physical test is shown in Table 16. Parallel times, pocketing angles, and the 

locations of the pocketing angle were very similar. The maximum system displacement was also 

similar, though the location of the displacement and the time of displacement were slightly 

different. Overall, the simulation results matched well with the crash test. 

Table 14. Comparison of BARRIER VII Results to Test No. ILT-1 

Parameter Test No. ILT-1 BARRIER VII Model 

Vehicle Parallel  

       Time 

       Speed 

 

0.323 sec 

37.9 mph 

 

0.308 sec 

44.5 mph 

Displacement 

       Maximum 

       Location  

       Time 

 

44.1 in. 

Post 14 

0.300 sec 

 

42.2 in. 

Mid-span Post 13-14 

0.250 sec 

Pocketing Angle 

       Max. Angle 

       Location 

       Time 

 

21.2° 

Mid-span Post 14-15 

0.230 sec 

 

19.6° 

Mid-span Post 14-15 

0.270 sec 

 

9.4.2 Simulation of MGS with Missing Post at TL-3 

Test no. MGSMP-1 was conducted to evaluate the performance of the MGS when one post 

is not installed at a given point, leaving a 150-in. gap between two posts [23]. The BARRIER VII 

model used to replicate test no. MGSMP-1 was identical to the model used for replicating test no. 

ILT-1, except a single post was removed from the model. The simulation was conducted with the 
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2270P vehicle impacting the system at the same speed, angle, and impact point as the physical test. 

A comparison of the BARRIER VII results to the physical test is shown in Table 17. Parallel times, 

pocketing angles, and the locations of the pocketing angle were very similar. The maximum system 

displacements did not match as well but were still less than 8 percent different. Overall, the 

simulation results matched well with the crash test. 

Table 15. Comparison of BARRIER VII Results to Test no. MGSMP-1 

Parameter Test No. MGSMP-1 BARRIER VII Model 

Vehicle Parallel  

       Time 

       Speed 

 

0.310 sec 

43.1 mph 

 

0.298 sec 

46 mph 

Displacement 

       Maximum 

       Location  

       Time 

 

49 in. 

Post 14 

0.330 sec 

 

45.3 in. 

Mid-span Post 13-14 

0.350 sec 

Pocketing Angle 

       Max. Angle 

       Location 

       Time 

 

23.8° 

Mid-span Post 14-15 

0.270 sec 

 

21.3° 

Mid-span Post 14-15 

0.290 sec 

 

9.5 Baseline TL-2 MGS Simulations 

For comparison purposes, baseline simulations were conducted on the validated BARRIER 

VII models of both the new bridge rail and the standard MGS with the prescribed MASH TL-2 

impact conditions. The baseline models were both impacted at the mid span of the guardrail at a 

speed of 44 mph and an impact angle of 25 degrees. The TL-2 bridge rail had a maximum 

deflection of 31.01 in., while the MGS only had a deflection of 20.4 in. The MGS baseline 

produced a maximum pocketing angle of 16.6 degrees between post nos. 14 and 15 at 200 ms, and 

the TL-2 bridge rail baseline produced a maximum pocketing angle of 15.8 degrees between post 

nos. 15 and 16. Parallel time in the MGS baseline simulation occurred at 354 ms when the vehicle 

was traveling at 31.4 mph, and occurred at 326 ms when the vehicle was traveling at 31.1 mph. 

9.6 Simulation of Transition from MGS to TL-2 Bridge Rail 

Once the BARRIER VII model was validated, simulations were run to evaluate the 

connection of the new TL-2 bridge rail to standard MGS. Similar to the crash test, the model had 

a 75-in. spacing between adjacent bridge posts and MGS posts, thus maintaining a constant 75-in. 

post spacing through the system. A total of 25 impacts over an 18.75-ft long span were simulated 

with the vehicle impacting the system according to MASH TL-2 conditions. The 25 impact points 

correspond to nodes nos. 169 to 185 in the BARRIER VII model shown in Figures 107 through 

109. These nodes correspond to the mid-span between post nos. 21 and 22 to the midspan between 

post nos. 24 and 25, with post no. 25 being the first MGS post downstream of the bridge rail. Note, 

these post numbers do not correlate to the full-scale test installation as the model had a different 

system length than the test article. All node and post numbers discussed in this section refer only 

to the model.  
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The simulations were run with the vehicle impacting the bridge rail and traveling into the 

MGS. These impact points were chosen because the transition from the less rigid TL-2 bridge rail 

to the more rigid MGS is the most likely location for large pocketing angles to develop. The results 

of these simulations are summarized in Table 16.  

The pocketing angles do increase from the 15 to 17 degree baseline values to a maximum 

of 23.5 degrees. As expected, the majority of the maximum pocketing angles occurred just 

upstream of post no. 25, which is the first W6x9 post adjacent to the bridge rail. None of the 

pocketing angles in the simulations approached the 30-degree limit where concerns for vehicle 

snag and instabilities exist. Maximum displacements show a gradual decrease as the impacts are 

moved closer to and into the MGS region of the model, so system deflections were also deemed 

acceptable. Finally, the maximum rail tension loads were also documented, but the forces saw only 

a minimal increase through the 25 simulations. The maximum force of 49.4 kips was only half of 

the 99-kip tensile yield capacity of 12-gauge W-beam.  

As there were no concerns regarding the minor increases in pocketing angle and rail forces, 

the direct connection of the new TL-2 bridge rail to standard MGS was considered crashworthy. 

There is no need for a transition between the two systems, and a constant post spacing of 75 in. 

should be used throughout the installation.  

Table 16. BARRIER VII Maximum Pocketing Angles, Displacements, and Forces 

 

Maximum (deg.) Location (post no.) Maximum (in.) Location (node) Maximum Location (node)

TL-2 BR Baseline 15.75 20 31.01 142 42.65 129

165 19.73 25 32.27 179 47.55 174

166 21.32 25 32.34 180 48.18 173

167 21.23 25 29.9 180 46.71 177

168 22.15 25 29.8 181 47.69 175

169 22.92 25 30.05 182 49.11 177

170 23.3 25 30.63 183 49.42 172

171 22.72 25 29.95 184 49.42 172

172 22.73 25 30.13 185 49.17 174

173 23.04 25 30.29 186 49.35 175

174 23.04 25 29.94 186 47.9 175

175 22.52 25 27.82 187 48.88 180

176 22.56 25 28.44 188 48.22 181

177 22.84 25 27.73 189 48.11 182

178 22.72 25 27.04 190 46.75 181

179 23.17 25 27.65 191 47.42 181

180 23.51 25 27.71 192 46.1 185

181 23.48 25 27.82 193 44.51 184

182 22.22 25 25.2 194 42.73 187

183 21.28 25 25.36 195 40.6 188

184 19.93 27 25.5 196 40.04 187

185 19.61 27 25.93 198 39.28 189

186 19.43 27 26.05 199 38.72 193

187 18.9 27 25.52 200 37.32 187

188 18.07 26 22.12 200 37.85 195

189 17.84 27 21.99 200 38.68 196

MGS Baseline 16.62 18 20.4 22.82 46.4 130

Pocketing Angle Displacement Force
Impact Node
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Figure 107. Model of Test No. N2BR-1 Post Nos. 1 through 13 
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Figure 108. Model of Test No. N2BR-1 Post Nos. 13 through 25 
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Figure 109. Model of Test No. N2BR-1 Post Nos. 25 through 37 
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10 MINIMUM GUARDRAIL LENGTH 

10.1 Background and Scope 

For the new TL-2 bridge rail to function properly, additional guardrail and guardrail 

anchorage is needed adjacent to the bridge rail on both the upstream and downstream ends, similar 

to the as-tested configuration. Factors that should be considered to determine the minimum length 

of guardrail include the guardrail length of need required to shield the hazard, terminal stroke 

length, guardrail anchorage requirements, and the minimum length needed to resist compression 

forces from crashworthy end terminals. When determining the minimum length of guardrail 

required adjacent to the bridge rail, all four of the factors should be considered. Depending on the 

site conditions, any one factor may control the installation length. These factors are discussed 

independently in the following sections. 

10.2 Length of Need to Shield Roadside Hazards 

Roadside hazards within the clear zone require a certain length of guardrail upstream from 

the hazard to properly shield them from errant motorists. The AASHTO Roadside Design Guide 

(RDG) provides equations for determining the length of guardrail necessary to shield hazards [24]. 

In addition to these equations, the RDG also provides guidance to determine the variables required 

to calculate the required length of need, such as runout length and the lateral extent of the area of 

concern. If the guardrail installation is not sufficient in length, the hazard is not truly shielded and 

still poses a risk to motorists.  

10.3 Terminal Stroke Length 

Terminal stroke length is defined as the maximum longitudinal vehicle stopping distance 

during head-on impacts on the end terminal. Sufficient stroke length is necessary to ensure proper 

end terminal energy dissipation and that the vehicle comes to a stop before reaching the bridge, 

where it could roll off the edge of the deck. Terminal stroke length varies for each end terminal 

system. Roadside engineers should refer to manufacturer specifications to determine the required 

stroke length for the end terminal desired for installation. It is recommended that the TL-2 stroke 

length for the end terminal be used when evaluating system lengths in order to be consistent with 

the test level of the bridge rail system.  

Previously, 12.5 ft of standard guardrail has been recommended between a terminal and 

any MGS special applications, such as the new TL-2 bridge rail, to separate the different systems 

and ensure they do not negatively affect the performance of the other system. This 12.5 ft of 

separation guardrail has been recommended for both tangent and flared end terminals, as shown 

in Figure 110 [6]. However, the additional 12.5 ft of MGS is a conservative approach that may not 

be applicable in all cases. For example, the additional guardrail may not be cost effective for very 

low-volume roads where the risk of crashes is minimal and installation funds are limited. 
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Figure 110. Separation of Manufacturer Specified End Terminal Stroke Length and Bridge Rail 

10.4 Anchorage Requirements 

For the TL-2 bridge rail and the guardrail to function as intended, sufficient guardrail 

anchorage is required for the W-beam to develop the tensile forces required to redirect a vehicle. 

Typical guardrail installations are installed with terminals or trailing end anchorages, which 

typically consist of two anchorage posts that provide adequate tensile capacity for the rail. 

However, impacts too close to the guardrail ends will result in anchorage failure and, subsequently, 

the vehicle won’t be contained and redirected. Thus, one needs to consider the beginning and end 

of the length of need for the anchorages to remain effective.  

Under TL-3 conditions, the beginning of the length of need for end terminals is typically 

at the third post from the upstream end, and end of the length of need for a standard trailing end 

anchorage has been defined as the sixth post from the downstream end [9-10]. The beginning of 

length of need for TL-2 terminals is typically defined as the same point for a TL-3 installation, and 

the end of length of need for a TL-2 installation has not yet been evaluated. The length of need 

points are potentially closer to their respective ends for a TL-2 installation, but until further 

research is conducted, these points will remain unknown. As such, design should consider the third 

post from the end of an end terminal as the beginning of the redirective length of the system when 

designing the system length needed to shield the hazard unless the selected end terminal was crash 

tested with the beginning of length of need point upstream of the third post. On the downstream 

end of the bridge rail, it is recommended that a minimum of six posts, including the two anchorage 

posts, be used in order to develop adequate system anchorage and ensure that vehicle redirection 

is achieved throughout the entire length of the bridge rail. 

10.5 Compression Terminal Force Resistance 

Compression terminals require the guardrail to resist a certain amount of compressive 

forces as the vehicle is brought to a stop. After the guardrail anchorage is released at the beginning 

of an end-on impact, only the downstream support posts are left to provide resistance to the 

guardrail and prevent the entire installation (and vehicle) from translating downstream. Note, 

tension based end terminals would not require downstream posts to resist impact loads, so this 

concern only applies to compression terminals.  
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The resistance applied to the guardrail by a post can be defined as the minimum between 

the post’s longitudinal (weak-axis) bending strength, the post’s torsional strength, and the shear 

capacity of the guardrail attachment bolt. Weak-axis bending capacity was calculated based on a 

load application height, 𝐻, of 25 in. Post sockets and soil were assumed to act as a fixed end 

supports. The yield strength, 𝐹𝑦, of both posts was 50 ksi, and a strength reduction factor, φ, of 0.9 

was applied to the yield strength. The capacity of the posts, 𝑃, was determined using the equation 

𝑃 =  
𝜑𝐹𝑦𝑍𝑦

𝐻
 , where 𝑍𝑦 is the weak axis section modulus of the post. 

S3x5.7 posts utilized 5/16-in. diameter A307 Gr. A bolts, while W6x8.5 posts utilized ⅝-in. 

diameter A307 Gr. A bolts. The factored yield strength, 𝜑𝐹𝑛𝑣, of the bolts obtained from the AISC 

Steel Construction Manual was 20.3 ksi [25]. The force required to achieve bolt shear capacity, 𝑃, 

was calculated using the equation 𝑃 =  𝜑𝐹𝑛𝑣𝐴𝑏, where 𝐴𝑏 is the nominal cross sectional area of 

the bolt. 

The torsional capacity of the posts was determined by assuming the post sockets and soil 

would leave the posts unrestrained from warping and the posts would only be loaded in pure 

torsion. Load applied via the W-beam rail would have an eccentricity, 𝑙, equal to the blockout 

depth plus half of the post depth. Yield stress, 𝐹𝑦, for both posts was 50 ksi, and a strength reduction 

factor, φ, of 0.9 was applied to the yield strength. The force acting at the face of a post required to 

cause torsional yielding, 𝑃, was calculated by determining the applied load acting at the face of 

the post using the equation 𝑃 =  
𝜑𝐹𝑦𝐽

𝑡𝑓𝑙𝜃′
, where 𝜃′, which describes the rate of change of the angle of 

rotation about the longitudinal axis of the member, was obtained from AISC Design Guide 9 [26]. 

The term 𝑡𝑓 is defined as the flange thickness of the post, and 𝐽 is defined as the polar moment of 

inertia of the post. 

All three failure strengths were calculated for both the S3x5.7 bridge rail and a typical 

W6x8.5 MGS post and are shown in Table 17. The capacity of an S3x5.7 post was limited to 1.1 

kips through the shear capacity of the 5/16-in. diameter A307 Gr. A bolt, while the strength of a 

W6x8.5 was found to be 2.4 kips through torsion failure with a 12-in. blockout. For shorter 

blockouts, the capacity of a W6x8.5 post would be limited by its weak-axis bending capacity of 

2.8 kips. Posts used within the end terminals on the downstream side of an installation would also 

resist the compressive forces in the W-beam. However, many terminal posts are weakened or 

breakaway posts, so the capacity of these posts would require further analysis to determine their 

capacities. 

Table 17. TL-2 Bridge Rail and MGS Post Compressive Capacity Loads 

Post 
Weak Axis Bending Load 

kips 

Bolt Shear Load 

kips 

Post Torsion Load 

kips 

TL-2 Bridge Rail 

Posts (S3x5.7) 
1.2 1.5 6.75 

MGS Posts 

(W6x8.5) 
2.8 6.2 

2.4 (12-in. block) 

11.9 (no block) 
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The magnitude of the compressive forces applied to the guardrail varies by compression 

terminal due to the differences in energy absorbing mechanisms. Average compressive forces were 

previously determined through an analysis of full-scale crash testing, and are shown in Table 18 

[27]. Peak end terminal compressive forces have the potential to be greater than the average end 

terminal forces. Should the designer wish to design for the case of peak end terminal forces, a 

factor of safety may be utilized. 

Table 18. End Terminal Average Compressive Forces [27] 

End Terminal System 
Average Compressive Force 

kips 

BEST-350 18.-22.5 

ET-2000 12-21.3 

ET-2000 Plus 12-21.3 

FLEAT-350 13.5-16.7 

SKT-350 10.5-15.2 

SKT-MGS 10.5 

ET-Plus (27¾ in.) 15 

ET-Plus (31 in.)  12.7 

SGET 15.2 

MSKT 12.6 

 

The length of MGS adjacent to the bridge required to resist the terminal compression force 

depends on multiple site-specific factors, such as the type of terminal and the length and number 

of posts in the bridge rail. However, for the guardrail installation to resist the compression loads 

of the terminal, the following equation must be satisfied; 

𝑁𝑠𝑃𝑠 + 𝑁𝑤𝑃𝑤 >  𝐶 

where 𝑁𝑆 is the number of S3x5.7 bridge rail posts, 𝑃𝑆 is the strength of an S3x5.7 post, 𝑁𝑤 is the 

number of W6x8.5 MGS posts, 𝑃𝑤 is the strength of a W6x8.5 post, and C is the compressive load 

for a given terminal. Values for the post strengths and terminal compression forces can be found 

in Tables 17 and 18, while the number of bridge rail posts will be site specific. The only remaining 

variable is the number of MGS posts, which can be solved for and translated into a required length 

of MGS by multiplying by a 75-in. spacing per post. Note, the posts within the upstream terminal’s 

stroke length should not be counted as part of 𝑁𝑤 or the guardrail resistance, as these posts would 

be overrun by the impacting vehicle and disengage from the rail. Example calculations are shown 

in Appendix H. 
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11 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

The objective of this project was to develop a new side-mounted, TL-2 bridge rail for low-

volume roads. The bridge railing was to utilize 31-in. W-beam guardrail and S3x5.7 posts, similar 

to previously developed bridge rails and guardrail systems attached to concrete culverts [3-7]. The 

bridge railing was to be completely side-mounted (i.e., no hardware on the deck surface) and 

incorporate a socketed post attachment for ease of installation and repair. Finally, the bridge railing 

was to be compatible with both 7-in. thick CIP decks and 12-in. thick precast beam-slab decks. 

Both deck types utilize steel channels along the deck edge that could be used as part of the post-

to-deck attachment. 

Two different types of socket-to-deck attachments were explored. Welded attachments 

involved the HSS4x4x⅜ steel tube sockets being welded directly to the steel channels along the 

edge of the deck. Welded attachments required the channels to be strongly anchored to the deck 

or the channels would be pried off during impact events. Thus, multiple channel anchorage designs 

were explored, including straight bars butt-welded to the inside surface of the channel, U-bars 

flare-bevel welded to the upper corner of the channel, and hooked rebar flare-bevel welded to 

gussets located in the upper corner of the channel. A bolted attachment involved a prefabricated 

socket assembly being bolted to the side the deck. The bolts were inserted through the steel 

channels and threaded into coupling nuts embedded into the deck. Threaded rods were threaded 

into the other end of the coupling nuts and extended into the interior of the deck. When loaded, the 

tensile loads in the bolts would be directly transferred through the coupling nuts to the threaded 

anchors. Thus, the channel was not directly loaded and the chance of damage to the edge of the 

deck was minimal. 

Six dynamic component tests were conducted on both welded and bolted attachment 

designs and on both CIP and precast beam-slab decks. Testing was also conducted in both the 

lateral and longitudinal directions to evaluate both loading conditions. During the tests, the novel 

bolt, coupling nut, and threaded rod anchorage design performed as intended. The posts were bent 

over while the socket assemblies, attachment hardware, and decks remained undamaged. Lateral 

testing of a welded attachment with the channel anchored by straight bars welded to the channel’s 

web resulted in the channel being pulled slightly off the deck edge. A ⅛-in. crack opened between 

the top of the channel and the concrete deck, and minor concrete spalling was observed adjacent 

to the channel. Testing of the U-bar channel anchorage proved strong enough to prevent the 

channel from prying away from the deck and prevented any damage to the socket and deck. Both 

the welded and bolted designs performed satisfactorily in longitudinal tests as the posts bent over 

and no damage was found to the deck or attachment hardware. 

Following a review of the component testing results, the bolted attachment with coupling 

nut and threaded rod anchors was selected for further evaluation though full-scale crash testing. 

Although MASH 2016 specifies two full-scale crash tests to satisfy TL-2 safety criteria, the greater 

mass of the 2270P pickup truck was expected to produce higher system deflections and anchorage 

loads than the 1100C small car. Additionally, two similar systems had previously been successfully 

crash tested with the 1100C vehicle [3-5]. Therefore, test designation no. 2-10 with the small car 

was not considered critical, and only test designation no. 2-11 was conducted to evaluate the 

MASH TL-2 bridge rail. 
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The test article for the full-scale crash test was built on a simulated 7-in. thick CIP, as this 

represented the weaker of the two deck options and was more susceptible to damage. A 75-ft long 

bridge rail installation was constructed in the middle of a 182-ft long MGS guardrail installation 

equipped with guardrail anchors on each end. During test no. N2BR-1 the 4,999-lb pickup truck 

impacted the TL-2 bridge rail at a speed of 44.2 mph and an angle of 25.5 degrees. The vehicle 

was successfully contained and smoothly redirected with moderate damage to vehicle. All vehicle 

decelerations, ORAs, and OIVs fell within the recommended safety limits established in MASH 

2016. Therefore, test no. N2BR-1 was successful according to the safety criteria of MASH 2016 

test designation no. 2-11. A summary of the test evaluation is shown in Table 19.  

Although MASH requires two full-scale crash tests, testing with the 1100C test vehicle 

was not deemed critical for the evaluation of the new bridge rail. Previous MASH crash testing 

has been conducted with both the 2270P and the 1100C vehicles on the MGS Bridge Rail and the 

TxDOT T631 bridge rail [3-5]. Similar to the NDOT TL-2 Bridge Rail developed herein, both of 

these previous bridge rails consist of 31-in. tall, 12-gauge, W-beam guardrail supported by S3x5.7 

posts. Further, all three bridge rails were designed to absorb impact energy through bending of the 

weak S3x5.7 posts while the attachment of the post to the deck remains rigid and intact. The 

TxDOT T631 bridge rail was successfully tested to MASH test designation nos. 2-10 and 2-11 

with a 75-in. post spacing, which is the same as the new NDOT TL-2 bridge rail. Additionally, the 

MGS Bridge Rail was successfully tested to MASH test designation nos. 3-10 and 3-11 with a 

37.5-in. post spacing utilizing the same post assembly and HSS4x4x⅜ steel sockets incorporated 

into the new NDOT TL-2 bridge rail. Since the socket assembly remained undamaged and intact 

throughout an impact event, the new TL-2 bridge rail would be expected to perform very similarly 

to the TL-2 version of the TxDOT T631 during a MASH 2-10 test. Therefore, MASH test 

designation no. 2-10 was determined to be non-critical, and the new, NDOT side-mounted bridge 

rail was considered crashworthy to MASH TL-2 criteria.  

The simulated bridge deck and all of the socket assemblies remained undamaged during 

test no. N2BR-1. A few of the socket assemblies rotated downstream during the test, but this was 

only due to the vertical slots in the mounting plate that were included to allow height adjustments 

during installation, and they could easily be straightened. None of the attachment bolts or coupling 

nuts were damaged. As such, repairs to the system would only include the removal and 

replacement of damaged W-beam and posts.  

The TL-2 bridge rail design included 12-in. backup plates to be installed behind the W-

beam at every bridge post location, as shown previously on Figures 55 and 75. Due to an oversight, 

these backup plates were not installed within the full-scale test installation. Although the test was 

conducted successfully without them, it is still recommended to utilize backup plates in non-

blocked, weak-post guardrail systems to prevent the rail tearing as observed in other full-scale 

crash tests on similar systems [4-5, 13]. 

Following the full-scale crash test, crash simulations were conducted to evaluate the 

connection between the TL-2 bridge rail and the standard MGS. BARRIER VII models were 

constructed and validated against the TL-2 full-scale crash test documented herein as well as TL-

3 impacts into the MGS and the MGS with an omitted post. The validated model was then 

subjected to 25 different crash tests with the vehicle impacting the TL-3 bridge rail and 

approaching the adjacent MGS. A 75-in. spacing was used between the outermost bridge rail post 

and the adjacent MGS post. All simulations were conducted with impact conditions in accordance 
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with MASH test designation no. 2-11. The BARRIER VII analysis showed only minor increases 

in the guardrail pocketing angles and tensile rail forces due to the transition from TL-2 bridge rail 

to MGS. Thus, the direct connection of the new TL-2 bridge rail to adjacent MGS while 

maintaining a consistent 75-in. post spacing was determined to be crashworthy under MASH TL-

2 conditions. 

The minimum length of MGS installed adjacent to the guardrail was also investigated. 

Factors to be considered when defining the minimum system length include guardrail length of 

need to shield the hazard, terminal stroke length, guardrail anchorage requirements, and the 

installation length necessary to resist the terminal compression forces. Guidance pertaining to these 

factors was provided in Chapter 10 and example calculations are provided in Appendix H. 

The new TL-2 bridge rail was designed to be compatible with both 7-in. thick CIP decks 

and 12-in. thick precast beam-slabs. The 7-in. CIP deck was selected as the critical deck for full-

scale crash testing due to its thinner and weaker structure. As such, details for attaching the bridge 

rail to a 7-in. CIP deck are shown in Chapter 5.  

Three different options were developed for attaching the bridge rail to 12-in. precast beam-

slabs. Option 1 includes keeping as many components as possible identical to the as-tested 

configuration with a 7-in. CIP deck. The socket assemblies, bolts, coupling nuts, threaded rods, 

and embedded plates would all remain the same. Holes in the C12x20.7 side channel would be 

centered 3.5 in. from the top to accommodate the unmodified socket assembly. The only different 

component would be the steel channel assembly, which would increase in size to match the deck 

thickness. Details for the Option 1 attachment of the bridge rail to a 12-in. precast beam-slab deck 

are shown in Figures 111 through 115. 

Option 2 was modeled after the configuration subjected to dynamic component testing as 

part of the early attachment development efforts (see attachment location G and channel assembly 

F). This configuration optimizes the attachment hardware by incorporating slightly smaller ¾-in. 

diameter bolts, coupling nuts, and threaded rods as compared to the ⅞-in. diameter hardware in 

the as-tested configuration. However, it also requires a longer socket assembly and longer posts. 

Details for the Option 2 attachment of the bridge rail to a 12-in. precast beam-slab deck are shown 

in Figures 116 through 120. 

Option 3 incorporates the same attachment hardware as the as-tested configuration and 

keeps the location of the hardware in the middle of the deck thickness. Like Option 2, this 

configuration requires an elongated socket assembly and post compared to the as-tested system. 

Details for the Option 3 attachment of the bridge rail to a 12-in precast beam-slab deck are shown 

in Figures 121 through 125. 

Although a continuous steel channels was used along the side of the simulated bridge deck 

in the full-scale crash test, some bridges are constructed with channels located only at post 

locations. Since the attachment bolts are directly linked to threaded anchors embedded in the deck, 

loading to the side-channels is minimal. Thus, implementing the new TL-2 bridge rail system on 

a deck with short segments of steel channels is not expected to affect the performance of the 

system.  The short channel segments should be at least 20 in. long to match the channel lengths 

tested during the component testing phase of this project. Details for short channel segments for 

both 7-in. CIP decks and 12-in. precast beam-slab decks are shown in Figures 126 and 127.  
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Bridge posts should not be placed too close to the upstream or downstream ends of a bridge 

deck as the attachment anchors may not be able to develop the required shear and/or tension loads. 

Thus, a post should be no closer than 10 in. from the ends of a deck, as measured to the center of 

the post. Note, this corresponds to half of the short channel segment length, so the short segments 

can be placed at the ends of the deck and the corresponding post would be 10 in. away. 

Finally, the bridge railing system developed herein utilizes the same 31-in. tall W-beam 

and S3x5.7 weak posts as two other MASH crash tested TL-3 bridge railings. Additionally, all 

three bridge rails perform the same way with post bending absorbing the impact energy while the 

deck and post-to-deck-attachment remain undamaged. The only difference between NDOT’s new 

TL-2 bridge rail and these other two MASH TL-3 railings is the post spacing for the TL-3 railings 

was reduced to 37.5 in. on-center. Therefore, if the post spacing of the new bridge railing 

developed herein were reduced to 37.5 in. on-center, the system would be expected to perform 

similarly to the other systems and be crashworthy to MASH TL-3 evaluation criteria. 
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Table 19. Summary of Safety Performance Evaluation  

Evaluation 

Factors 
Evaluation Criteria 

Test No. 

N2BR-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 

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

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

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

MASH 2016 for calculation procedure) should satisfy the following 

limits: 
S 

 Occupant Impact Velocity Limits 

S Component Preferred Maximum 

Longitudinal and Lateral 30 ft/s 40 ft/s 

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

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

satisfy the following limits: 
S 

 Occupant Ridedown Acceleration Limits  

S Component Preferred Maximum 

Longitudinal and Lateral 15.0 g’s 20.49 g’s 

MASH 2016 Test Designation No. 2-11 

Final Evaluation (Pass or Fail) Pass 

 S – Satisfactory  U – Unsatisfactory  NA - Not Applicable 
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Figure 111. System Details, TL-2 Bridge Rail Attachment to 12-in. Deck, Option 1, Cross Section 
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Figure 112. System Details, TL-2 Bridge Rail Attachment to 12-in. Deck, Option 1, Channel Assembly 
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Figure 113. System Details, TL-2 Bridge Rail Attachment to 12-in. Deck, Option 1, Embedded Anchorage 
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Figure 114. System Details, TL-2 Bridge Rail Attachment to 12-in. Deck, Option 1, Post Assembly 
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Figure 115. System Details, TL-2 Bridge Rail Attachment to 12-in. Deck, Option 1, Socket Assembly 
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Figure 116. System Details, TL-2 Bridge Rail Attachment to 12-in. Deck, Option 2, Cross Section 
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Figure 117. System Details, TL-2 Bridge Rail Attachment to 12-in. Deck, Option 2, Channel Assembly 
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Figure 118. System Details, TL-2 Bridge Rail Attachment to 12-in. Deck, Option 2, Embedded Anchorage 
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Figure 119. System Details, TL-2 Bridge Rail Attachment to 12-in. Deck, Option 2, Post Assembly 
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Figure 120. System Details, TL-2 Bridge Rail Attachment to 12-in. Deck, Option 2, Socket Assembly 
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Figure 121. System Details, TL-2 Bridge Rail Attachment to 12-in. Deck, Option 3, Cross Section 
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Figure 122. System Details, TL-2 Bridge Rail Attachment to 12-in. Deck, Option 3, Channel Assembly 
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Figure 123. System Details, TL-2 Bridge Rail Attachment to 12-in. Deck, Option 3, Embedded Anchorage 
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Figure 124. System Details, TL-2 Bridge Rail Attachment to 12-in. Deck, Option 3, Post Assembly 
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Figure 125. System Details, TL-2 Bridge Rail Attachment to 12-in. Deck, Option 3, Socket Assembly 
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Figure 126. Details for 20-in. Long C7x9.8 Channel Assembly for Use on 7-in. CIP decks 
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Figure 127. Details for 20-in. Long C12x20.7 Channel Assembly for Use on 12-in. CIP decks 
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Appendix A. Bogie Test Material Specifications
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Table A-1. Bill of Materials, Test Nos. N2B-1 through N2B-6 

Item No. Part Description Material Specification Reference No. 

a1 Concrete Min. f'c = 6,000 psi NE Mix 47BD R#2147369871 

b1 C7x9.8, 36" Long C-Channel ASTM A36 H#1047907 

b2 C7x9.8, 36" Long C-Channel ASTM A36 H#1047907 

b3 C7x12.25, 36" Long C-Channel ASTM A36 H#63142712 

b4 C12x20.7, 20" Long C-Channel ASTM A36 H#55049945 

b5 C12x20.7, 20" Long C-Channel ASTM A36 H#55049945 

b6 10"x2 3/4"x1/4" Plate Washer ASTM A36 H#B707407 

b7 2x2x1/4" Gusset ASTM A36 H#B707407 

c1 HSS4x4x3/8", 6 5/8" Long Square Tube ASTM A500 Gr. B H#W45369 

c2 HSS4x4x3/8", 11 5/8" Long Square Tube ASTM A500 Gr. B H#W45369 

c3 10"x7"x1/2" Steel Plate ASTM A572 Gr. 50 H#A7D898 

c4 12"x10"x1/2" Steel Plate ASTM A572 Gr. 50 H#A7D898 

c5 12"x10"x1/2" Steel Plate ASTM A572 Gr. 50 H#A7D898 

e1 S3x5.7, 39" Long Steel Post ASTM A992 H#59070748 

e2 S3x5.7, 44" Long Steel Post ASTM A992 H#59070748 

e3 2 3/4"x1"x1/4" Post Standoff ASTM A36 H#64055041 

f1 
5/8" Dia. UNC, 5" Long Heavy Hex Head Bolt 

and Nut 

Bolt - ASTM F3125 Gr. A325 Type 1                                                

Nut - ASTM A563DH 

BOLT: H#C20373  

NUT: H#C114376 

f2 3/4" Dia. UNC, 1 3/4" Long Heavy Hex Head Bolt ASTM A449 H#NF14204233 

f3 3/4" Dia. Heavy Hex Coupling Nut ASTM A563DH or A194 Gr. 2H H#NF16203911 

f4 3/4" Dia., 30" Long Threaded Rod ASTM A449 H#DL1610487601 
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Table A-2. Bill of Materials, Test Nos. N2B-1 through N2B-6, Cont. 

Item No. Part Description Material Specification Reference No. 

f5 7/8" Dia. UNC, 2" Long Heavy Hex Head Bolt ASTM A325 HVY HEX H#331704677 

f6 7/8" Dia. Hex Coupling Nut ASTM A563DH or A194 Gr. 2H H#NF14103504 

f7 7/8" Dia., 30" Long Threaded Rod ASTM A449 H#DL1610686802 

f8 1" Dia. UNC, 2" Long Heavy Hex Head Bolt ASTM A449 H#NF16103170 

f9 1" Dia. Heavy Hex Coupling Nut ASTM A563DH or A194 Gr. 2H H#NF14103504 

f10 1" Dia. Heavy Hex Nut ASTM A563DH or A194 Gr. 2H H#DL15105591 

f11 1" Dia., 24" Long Threaded Rod ASTM A449 H#A164782 

f12 1" Dia. Hardened Flat Washer ASTM F436 H#276190 

f13 7/8" Dia. Hardened Flat Washer ASTM F436 H#274703 

f14 3/4" Dia. Hardened Flat Washer ASTM F436 H#273699 

g1 #4 Bar, 287 1/2" Long ASTM A615 Gr. 60 H#58028860 

g2 #4 Bar, 251 1/2" Long ASTM A615 Gr. 60 H#58028860 

g3 #4 Bar. 200 1/2" Long ASTM A615 Gr. 60 H#58028860 

g4 #4 Bar, 63" Long ASTM A615 Gr. 60 H#58028860 

g5 #4 Bar, 48" Long ASTM A615 Gr. 60 H#58028860 

g6 #4 Bar, 32" Long ASTM A615 Gr. 60 H#58028860 

g7 #4 Bar, 20" Long ASTM A615 Gr. 60 H#58028860 

g8 #3 Bar, 86 7/8" Long Unbent ASTM A615 Gr. 60 H#587796 

g9 #4 Bar, 90 3/8" Long ASTM A615 Gr. 60 H#58028860 

g10 #8 Bar, 90 3/8" Long ASTM A615 Gr. 60 H#KN14104453 

g11 #4 Bar, 18"] Long ASTM A706 Gr. 60 H#53145629 

g12 #4 Bar, 23 11/16" Long Unbent ASTM A706 Gr. 60 H#53145629 

g13 #4 Bar, 40" Long Unbent ASTM A706 Gr. 60 H#53145629 

g14 #5 Bar, 52 3/16" Long Unbent ASTM A706 Gr. 60 H#53145629 

g15 #4 Bar, 18" Long ASTM A615 Gr. 60 H#58028860 
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Figure A-1. Concrete, Test Nos. N2B-1 through N2B-6 
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Figure A-2. C7x9.8, 36-in. Long C-Channel, Test Nos. N2B-1 through N2B-6 
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Figure A-3. C7x12.25, 36-in. Long C-Channel, Test Nos. N2B-1 through N2B-6 
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Figure A-4. C7x20.7, 36-in. Long C-Channel, Test Nos. N2B-1 through N2B-6 
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Figure A-5. 10-in. x 2¾-in. x ¼-in. Plate Washer, Test Nos. N2B-1 through N2B-6 
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Figure A-6. 2-in. x 2-in. x ¼-in. Gusset, Test Nos. N2B-1 through N2B-6 
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Figure A-7. HSS4x4x⅜ Square Tube, Test Nos. N2B-1 through N2B-6 
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Figure A-8. ½-in. Thick Steel Plate, Test Nos. N2B-1 through N2B-6 
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Figure A-9. S3x5.7 Steel Post, Test Nos. N2B-1 through N2B-6 
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Figure A-10. 2¾-in. x 1-in. x ¼-in. Post, Test Nos. N2B-1 through N2B-6 



September 3, 2020  

MwRSF Report No. TRP-03-407-20 

188 

 
Figure A-11. ⅝-in. Dia., 5-in. Long Heavy Hex Head Bolt, Test Nos. N2B-1 through N2B-6 
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Figure A-12. ⅝-in. Dia. 5-in. Long Heavy Hex Head Nut, Test Nos. N2B-1 through N2B-6 
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Figure A-13. ¾-in. Dia. 1¾-in. Long Heavy Hex Head Bolt, Test Nos. N2B-1 through N2B-6 
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Figure A-14. ¾-in. Dia. Heavy Hex Coupling Nut, Test Nos. N2B-1 through N2B-6 



September 3, 2020  

MwRSF Report No. TRP-03-407-20 

192 

 
Figure A-15. ¾-in. Dia. 30-in. Long Threaded Rod, Test Nos. N2B-1 through N2B-6 
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Figure A-16. ⅞-in. Dia. 2-in. Long Heavy Hex Head Bolt, Test Nos. N2B-1 through N2B-6 
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Figure A-17. ⅞-in. Dia. Hex Coupling Nut, Test Nos. N2B-1 through N2B-6 
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Figure A-18. ⅞-in. Dia. 30-in. Long Threaded Rod, Test Nos. N2B-1 through N2B-6 
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Figure A-19. 1-in. Dia. 2-in. Long Heavy Hex Head Bolt, Test Nos. N2B-1 through N2B-6 
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Figure A-20. 1-in. Dia. Heavy Hex Coupling Nut, Test Nos. N2B-1 through N2B-6 
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Figure A-21. 1-in. Dia. Heavy Hex Nut, Test Nos. N2B-1 through N2B-6 
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Figure A-22. 1-in. Dia. 24-in. Long Threaded Rod, Test Nos. N2B-1 through N2B-6 
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Figure A-23. 1-in. Dia. Hardened Flat Washer, Test Nos. N2B-1 through N2B-6 
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Figure A-24. ⅞-in. Dia. Hardened Flat Washer, Test Nos. N2B-1 through N2B-6 
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Figure A-25. ¾-in. Dia. Hardened Flat Washer, Test Nos. N2B-1 through N2B-6 
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Figure A-26. No. 4 Rebar Mill Certification, Test Nos. N2B-1 through N2B-6 
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Figure A-27. No. 3 Rebar Mill Certification, Test Nos. N2B-1 through N2B-6 
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Figure A-28. No. 8 Rebar Mill Certification, Test Nos. N2B-1 through N2B-6 
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Figure A-29. No. 4 Rebar Mill Certification, Test Nos. N2B-1 through N2B-6 
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Appendix B. Bogie Test Results 

 



September 3, 2020  

MwRSF Report No. TRP-03-407-20 

208 

 
 

Figure B-1. Test No. N2B-1 Results (SLICE-1)

Test Results Summary

Test Description: Event Duration: 0.0942  sec

Test Number: n2b-1 Max. Deflection: 30.2  in.

Test Date: 1/4/2018 Peak Force: 7.0  k

Failure Type: Initial Linear Stiffness: 0.7  k/in.

Total Energy: 139.0  k-in.

Post Properties
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Figure B-2. Test No. N2B-1 Results (SLICE-2) 

Test Results Summary

Test Description: Event Duration: 0.0942  sec

Test Number: n2b-1 Max. Deflection: 30.3  in.

Test Date: 1/4/2018 Peak Force: 6.8  k

Failure Type: Initial Linear Stiffness: 0.7  k/in.

Total Energy: 136.1  k-in.

Post Properties
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Gradation:
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Accelerometer:
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Figure B-3. Test no. N2B-2 Results (SLICE-1)

Test Results Summary

Test Description: Event Duration: 0.0900  sec

Test Number: n2b-2 Max. Deflection: 29.6  in.

Test Date: 1/4/2018 Peak Force: 7.1  k

Failure Type: Initial Linear Stiffness: 2.8  k/in.

Total Energy: 124.5  k-in.

Post Properties
Post Type: @ 5" @ 10" @ 15" @20"
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Embedment Depth:
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Gradation:

Moisture Content:
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Figure B-4. Test No. N2B-2 Results (SLICE-2)

Test Results Summary

Test Description: Event Duration: 0.0900  sec

Test Number: n2b-2 Max. Deflection: 29.8  in.

Test Date: 1/4/2018 Peak Force: 6.8  k

Failure Type: Initial Linear Stiffness: 2.6  k/in.

Total Energy: 120.6  k-in.

Post Properties
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Figure B-5. Test No. N2B-3 Results (SLICE-1) 

Test Results Summary

Test Description: Event Duration: 0.0967  sec

Test Number: n2b-3 Max. Deflection: 30.6  in.

Test Date: 1/4/2018 Peak Force: 7.4  k

Failure Type: Initial Linear Stiffness: 0.6  k/in.

Total Energy: 148.9  k-in.

Post Properties
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Figure B-6. Test No. N2B-3 Results (SLICE-2) 

Test Results Summary

Test Description: Event Duration: 0.0967  sec

Test Number: n2b-3 Max. Deflection: 30.7  in.

Test Date: 1/4/2018 Peak Force: 7.1  k

Failure Type: Initial Linear Stiffness: 0.6  k/in.

Total Energy: 146.2  k-in.

Post Properties
Post Type: @ 5" @ 10" @ 15" @20"

Post Size: 4.34 5.32 5.79 5.71

Post Length: 21.7 53.2 86.8 114.2
Embedment Depth:
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Impact Height:

Bogie Mass: 1786 lb
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Figure B-7. Test No. N2B-4 Results (SLICE-1) 

Test Results Summary

Test Description: Event Duration: 0.0959  sec

Test Number: n2b-4 Max. Deflection: 30.8  in.

Test Date: 1/5/2018 Peak Force: 7.5  k

Failure Type: Initial Linear Stiffness: 0.7  k/in.

Total Energy: 156.6  k-in.

Post Properties
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Figure B-8. Test No. N2B-4 Results (SLICE-2) 

Test Results Summary

Test Description: Event Duration: 0.0950  sec

Test Number: n2b-4 Max. Deflection: 30.7  in.

Test Date: 1/5/2018 Peak Force: 7.3  k

Failure Type: Initial Linear Stiffness: 0.7  k/in.

Total Energy: 154.0  k-in.

Post Properties
Post Type: @ 5" @ 10" @ 15" @20"

Post Size: 4.13 5.18 5.73 5.77

Post Length: 20.7 51.8 86.0 115.5
Embedment Depth:

Orientation:

Soil Properties

Gradation:

Moisture Content:

Compaction Method:

Impact Velocity: 21.51 mph (31.55 ft/s)

Impact Height:

Bogie Mass: 1786 lb

Accelerometer:

Camera Data:

Data Acquired

Average Force (k)

Energy (k-in.)

NA
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Figure B-9. Test No. N2B-5 Results (SLICE-1) 

Test Results Summary

Test Description: Event Duration: 0.1100  sec

Test Number: n2b-5 Max. Deflection: 34.0  in.

Test Date: 1/5/2018 Peak Force: 10.3  k

Failure Type: Initial Linear Stiffness: 5.7  k/in.

Total Energy: 100.5  k-in.

Post Properties
Post Type: @ 5" @ 10" @ 15" @20"

Post Size: 4.93 4.75 4.34 3.96

Post Length: 24.7 47.5 65.1 79.2
Embedment Depth:

Orientation:

Soil Properties

Gradation:

Moisture Content:

Compaction Method:

Impact Velocity: 20.19 mph (29.62 ft/s)

Impact Height:

Bogie Mass: 1690 lb

Accelerometer:

Camera Data: aos9, gp15, gp16, gp17

12 in.
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Figure B-10. Test No. N2B-5 Results (SLICE-2) 

Test Results Summary

Test Description: Event Duration: 0.1100  sec

Test Number: n2b-5 Max. Deflection: 34.2  in.

Test Date: 1/5/2018 Peak Force: 10.4  k

Failure Type: Initial Linear Stiffness: 5.3  k/in.

Total Energy: 96.6  k-in.

Post Properties
Post Type: @ 5" @ 10" @ 15" @20"

Post Size: 4.91 4.67 4.27 3.84

Post Length: 24.5 46.7 64.1 76.8
Embedment Depth:

Orientation:

Soil Properties

Gradation:

Moisture Content:

Compaction Method:

Impact Velocity: 20.19 mph (29.62 ft/s)

Impact Height:

Bogie Mass: 1690 lb

Accelerometer:

Camera Data:

Data Acquired

Average Force (k)

Energy (k-in.)
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aos9, gp15, gp16, gp17

12 in.
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Bogie Test Summary
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Test Information
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Figure B-11. Test No. N2B-6 Results (SLICE-1) 

Test Results Summary

Test Description: Event Duration: 0.1000  sec

Test Number: n2b-6 Max. Deflection: 33.6  in.

Test Date: 1/8/2018 Peak Force: 9.4  k

Failure Type: Initial Linear Stiffness: 3.0  k/in.

Total Energy: 103.7  k-in.

Post Properties
Post Type: @ 5" @ 10" @ 15" @20"

Post Size: 5.30 4.88 4.52 4.08

Post Length: 26.5 48.8 67.9 81.5
Embedment Depth:

Orientation:

Soil Properties

Gradation:

Moisture Content:

Compaction Method:

Impact Velocity: 21.58 mph (31.65 ft/s)

Impact Height:

Bogie Mass: 1690 lb

Accelerometer:

Camera Data: aos9, gp16, gp17

12 in.
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Figure B-12. Test No. N2B-6 Results (SLICE-2) 

Test Results Summary

Test Description: Event Duration: 0.1000  sec

Test Number: n2b-6 Max. Deflection: 33.8  in.

Test Date: 1/8/2018 Peak Force: 9.4  k

Failure Type: Initial Linear Stiffness: 3.3  k/in.

Total Energy: 97.2  k-in.

Post Properties
Post Type: @ 5" @ 10" @ 15" @20"

Post Size: 5.39 4.83 4.37 3.89

Post Length: 26.9 48.3 65.5 77.9
Embedment Depth:

Orientation:

Soil Properties

Gradation:

Moisture Content:

Compaction Method:

Impact Velocity: 21.58 mph (31.65 ft/s)

Impact Height:

Bogie Mass: 1690 lb

Accelerometer:

Camera Data: aos9, gp16, gp17

12 in.
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Appendix C. Full-Scale Test Material Specifications 
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Table C-1. Bill of Materials, Test No. N2BR-1 

Item 

No. 
Description Material Specification Reference No. 

a1 6'-3" 12-gauge W-Beam MGS Section AASHTO M180 HTCode#9760 H#31631800 

a2 12'-6" 12-gauge W-Beam MGS Section AASHTO M180 H#9411949 

a3 12'-6" 12-gauge W-Beam MGS End Section AASHTO M180 HTCode#1207 H#C84187  

b1 72" Long Foundation Tube ASTM A500 Gr. B HTCode#811T08220 

b2 BCT Timber Post - MGS Height 

SYP Grade No. 1 or better (No 

knots within 18" of ground on 

tension face) 

Charge#24096 

b3 W6x8.5 or W6x9, 72" Long Steel Post ASTM A992 Gr. 50 H#55048942 

b4 6"x12"x14 1/4" Timber Blockout for Steel Posts SYP Grade No.1 or better 
Ch#23888 LIGHT BLUE, 

White Paint Post#27, Post#25 

b5 2 3/4"x1"x1/4" Post Standoff ASTM A36 H#64055041/02 

b6 S3x5.7, 39" Long Steel Post ASTM A992 Gr. 50 H#59076269/02 

c1 10"x7"x1/2"  Steel Plate ASTM A572 Gr. 50 H#A7D898 

c2 10"x2 3/4"x1/4" Plate Washer ASTM A36 H#17126641 

c3 HSS4"x4"x3/8", 6 5/8" Long Square Tube ASTM A500 Gr. B H#W46930 

c4 3 1/2"x1"x1/8"  ASTM A36 H#62213 

c5 C7x9.8, 225" Long C-Channel ASTM A36 H#52080955/02 

c6 6 5/8"x2"x1/8" Shim Plate ASTM A36 H#1164312 

d1 #4 Bar, 896 1/2" Long ASTM A615 Gr. 60 H#5716646 

d2 #4 Bar, 32" Long ASTM A615 Gr. 60 H#57166635 

d3 #4 Bar, 16" Long ASTM A615 Gr. 60 H#17-00688 

d4 #4 Bar, 18" Long ASTM A706 Gr. 60 H#594643 

e1 5/8"-11 UNC, 14"] Long Guardrail Bolt and Nut 
Bolt - ASTM A307 Gr. A              

Nut - ASTM A563A 
H#100886654  

e2 5/8"-11 UNC, 10" Long Guardrail Bolt and Nut 
Bolt - ASTM A307 Gr. A               

Nut - ASTM A563A 
H#DL16102715 

e3 5/8"-11 UNC, 1 1/4" Long Guardrail Bolt and Nut 
Bolt - ASTM A307 Gr. A               

Nut - ASTM A563A 

Bolts: H#20455760  

Nuts: 20479830 
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Table C-2. Bill of Materials, Test No. N2BR-1, Cont. 

Item 

No. 
Description Material Specification Reference No. 

e4 5/8"-11 UNC, 5" Long Heavy Hex Head Bolt and Nut 

Bolt - ASTM F3125 Gr. A325 

Type 1                                                 

Nut - ASTM A563DH 

Bolt: H#CR10456700-41  

Nut: H#75068952 L#27160 

e5 7/8"-9 UNC, 24" Long Threaded Rod 
ASTM A449 or Equivalent 

COC says A449  
Job#542344 

e6 7/8"-9 UNC, 2"Long Heavy Hex Head Bolt 
ASTM A449 or Equivalent 

ASTM A325 

P#0129028BO C#180083637 

H#331313371 

e7 7/8" Dia. Heavy Hex Coupling Nut ASTM A563DH H#NF100884291 

e8 7/8" Dia. Heavy Hex Nut ASTM A563DH or Equivalent H#6214369204 

e9 1" Dia. Hex Nut ASTM A563A 
P#36119 C#110207371 

H#15306714-3  

e10 5/8"-11 UNC, 10" Long Hex Head Bolt and Nut 

Bolt - ASTM A307 Gr. A or 

Equivalent, Nut - ASTM 

A563A or Equivalent 

Bolts: H#DL16102715  

Nuts: P#36713 C#210101523 

e11 7/8"-9 UNC, 8" Long Hex Head Bolt and Nut 

Bolt - ASTM A307 Gr. A or 

Equivalent, Nut - ASTM 

A563A or Equivalent 

FASTENAL COC 

e12 5/8"-11 UNC, 1 1/2" Long Hex Head Bolt and Nut 

Bolt - ASTM A307 Gr. A or 

Equivalent, Nut - ASTM 

A563A or Equivalent 

Bolts: H#816070039  

Nuts: P#36713 C#210101523 

e13 5/16"-18 UNC, 1 1/4" Long Hex Head Bolt and Nut 

Bolt - ASTM A307 Gr. A or 

Equivalent, Nut - ASTM 

A563A or Equivalent 

Bolts: P#91830 C#120263056 

H#G4604921 

Nut: P#1136703 

C#120200536 H#183425  

e14 16D Double Head Nail - 
McMaster-Carr PO 

E000357170 

f1 1 3/4"x1 3/4"x1/8" Square Washer 
11GA A1011 -CS-TYB TEMP 

HS 
H#B707141 

f2 7/8" Dia. Plain Round Washer ASTM F844 FASTENAL COC 
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Table C-3. Bill of Materials, Test No. N2BR-1, Cont. 

Item 

No. 
Description Material Specification Reference No. 

f3 5/8" Dia. Plain Round Washer ASTM F844 N/A 

f4 7/8" Dia. Hardened Flat Washer ASTM F436 H#173583 

f5 1" Dia. Plain Round Washer ASTM F844 N/A 

g1 BCT Anchor Cable End Swaged Fitting 
Fitting - ASTM A576 Gr. 1035          

Stud - ASTM F568 Class C 
CGLP Order# 256284 

g2 3/4" Dia. 6x19, 24 1/2" Long IWRC IPS Wire Rope IPS CGLP Order# 256284 

g3 115-HT Mechanical Splice - 3/4"  Dia. As Supplied N/A 

g4 Crosby Heavy Duty HT - 3/4" Dia. Cable Thimble Stock No. 1037773 N/A 

g5 
Crosby G2130 or S2130 Bolt Type Shackle - 1¼" Dia. 

w/ thin head bolt, nut, and cotter pin, Grade A, Class 3 

Stock Nos. 1019597 and 

1019604 - As Supplied 
N/A 

g6 
Chicago Hardware Drop Forged Heavy Duty Eye Nut - 

Drilled and Tapped 1 1/2" Dia. - UNC 6  
Stock No. 107 - As Supplied N/A 

g7 TLL-50K-PTB Load Cell As Supplied N/A 

g8 8"x8"x5/8" Anchor Bearing Plate ASTM A36 H#4181496  

g9 2 3/8" O.D. x 6" Long BCT Post Sleeve ASTM A53 Gr. B Schedule 40 H#A79999 

h1 Anchor Bracket Assembly ASTM A36 
South: H#4153095  

North: R#17-282 

h2 Ground Strut Assembly ASTM A36 H#195070  

 Deck Concrete 
Min. f'c = 6,000 psi  

NE Mix 47BD 

Ticket#1222277, 1222285 

PC#485030000 

i1 Grade Beam Concrete Min f'c = 4,000 psi 
Ticket#4202504 

PC#470031PF 
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Figure C-1. 6-ft 3-in. 12-Gauge W-Beam MGS Section Material Certification, Test No. N2BR-1 
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Figure C-2. 12-ft 6-in. 12-Gauge W-Beam MGS Section Material Certification, Test No. N2BR-1
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Figure C-3. 12-ft 6-in. 12-Gauge W-Beam MGS End Section Material Certification, Test No. N2BR-1 
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Figure C-4. 72-in. Long Foundation Tube Material Certification, Test No. N2BR-1 
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Figure C-5. BCT Timber Post – MGS Height, Test No. N2BR-1 
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Figure C-6. W6x8.5, 72-in. Long Steel Post Certificate of Compliance, Test No. N2BR-1 
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Figure C-7. 6-in. x 12-in. x 14¼-in. Timber Blockouts for Steel Posts Certificates of 

Compliance, Test No. N2BR-1 
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Figure C-8. 2¾-in. x 1-in. x ¼-in. Post Standoff Mill Certification, Test No. N2BR-1 
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Figure C-9. S3x5.7 Post Mill Certification, Test No. N2BR-1 Mill Certification, Test No. N2BR-1 
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Figure C-10. 10-in. x 7-in. x ½-in. Steel Plate Mill Certification, Test No. N2BR-1 
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Figure C-11. 10-in. x 2¾-in. x ¼-in. Plate Washer Mill Certification, Test No. N2BR-1 
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Figure C-12. HSS4x4x⅜, 6⅝-in. Long Square Tube Mill Certification, Test No. N2BR-1 
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Figure C-13. 3½-in. x 1-in. x ⅛-in. Plate Mill Certification, Test No. N2BR-1 
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Figure C-14. C7x9.8, 225-in. Long C-Channel Mill Certification, Test No. N2BR-1 
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Figure C-15. 6⅝-in. x 2-in. x ⅛-in. Shim Plate Mill Certification, Test No. N2BR-1 
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Figure C-16. No. 4 Rebar Mill Certification, Test No. N2BR-1 



 

 

S
ep

tem
b

er 3
, 2

0
2

0
  

M
w

R
S

F
 R

ep
o

rt N
o
. T

R
P

-0
3

-4
0
7
-2

0
 

2
4
0
 

 
Figure C-17. No. 4 Rebar Mill Certification, Test No. N2BR-1 
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Figure C-18. No. 4 Rebar Mill Certification, Test No. N2BR-1 
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Figure C-19. No. 4 Rebar Mill Certification, Test No. N2BR-1
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Figure C-20. ⅝-in. Dia. 14-in. Long Bolt Mill Certification, Test No. N2BR-1 
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Figure C-21. ⅝-in. Dia. 10-in. Long Bolt Certificate of Compliance, Test No. N2BR-1
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Figure C-22. ⅝-in. Dia. 1¼-in. Long Heavy Hex Head Bolt Certificate of Conformance, Test No. 

N2BR-1 
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Figure C-23. ⅝-in. Dia. 1¼-in. Long Heavy Hex Head Nut Certificate of Conformance, Test No. 

N2BR-1
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Figure C-24. ⅝-in. Dia. 5-in. Long Heavy Hex Head Bolt Material Certification, Test No. 

N2BR-1 
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Figure C-25. ⅝-in. Dia. 5-in. Long Heavy Hex Head Nut Material Certification, Test No. N2BR-

1
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Figure C-26. ⅞-in. 24-in. Long Threaded Material Certification, Test No. N2BR-1
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Figure C-27. ⅞-in. Dia. 2-in. Long Heavy Hex Head Bolt Material Certification, Test No. 

N2BR-1
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Figure C-28. ⅞-in. Diameter Heavy Hex Coupling Nut Certificate of Conformance, Test No. 

N2BR-1
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Figure C-29. ⅞-in. Diameter Heavy Hex Nut Material Certification, Test No. N2BR-1 
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Figure C-30. 1-in. Diameter Hex Nut Material Certification, Test No. N2BR-1 
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Figure C-31. ⅝-in. Dia. Hex Nut Certificate of Conformance, Test No. N2BR-1 
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Figure C-32. ⅞-in. Dia. 8-in. Long Hex Head Bolt and Nut Certificate of Compliance, Test No. 

N2BR-1 
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Figure C-33. ⅝-in. Dia. 1½-in. Long Hex Head Bolt Certificate of Conformance, Test No. 

N2BR-1 
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Figure C-34. 5/16-in. 1¼-in. Long Hex Head Bolt Material Certification, Test No. N2BR-1 
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Figure C-35. 5/16-in. Hex Nut Material Certification, Test No. N2BR-1 
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Figure C-36. 16D Double Head Nail Certificate of Compliance, Test No. N2BR-1 
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Figure C-37. 1¾-in. x 1¾-in. x ⅛-in. Square Washer, Test No. N2BR-1 
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Figure C-38. ⅞-in. Diameter Plain Round Washer Certificate of Compliance, Test No. N2BR-1 
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Figure C-39. ⅞-in. Diameter Hardened Flat Washer Material Certification, Test No. N2BR-1 
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Figure C-40. BCT Anchor Cable End Swaged Fitting and ¾-in. Diameter 6x19 24½-in. Long 

IWRC IPS Wire Rope Material Certification, Test No. N2BR-1 
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Figure C-41. 8-in. x 8-in. x ⅝-in. Anchor Bearing Plate Material Certification, Test No. N2BR-1 
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Figure C-42. 2⅜-in. O.D. x 6-in. Long BCT Post Sleeve Material Certification, Test No. N2BR-

1 



 

 

S
ep

tem
b

er 3
, 2

0
2

0
  

M
w

R
S

F
 R

ep
o

rt N
o
. T

R
P

-0
3

-4
0
7
-2

0
 

2
6
6
 

 
 

Figure C-43. Anchor Bracket Assembly Material Certification, Test No. N2BR-1 
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Figure C-44. Ground Strut Assembly Material Certification, Test No. N2BR-1 
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Figure C-45. Concrete Deck Material, Test No. N2BR-1 
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Figure C-46. Concrete Deck Material, Test No. N2BR-1 
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Figure C-47. Grade Beam Concrete, Test No. N2BR-1 
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Figure C-48. Concrete Grade Beam Material Certification, Test No. N2BR-1 
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Figure C-49. Concrete Deck Material Certification, Test No. N2BR-1 
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Appendix D. Vehicle Center of Gravity Determination 
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Figure D-1. Vehicle Mass Distribution, Test No. N2BR-1 

Date: 4/12/2018 Test Name: 2NBR-1 VIN:

Year: 2011 Make: Dodge Model:

VEHICLE Equipment

Weight         

(lb.)

Vertical 

CG (in.)

Vertical M             

(lb.-in.)

+ Unballasted Truck (Curb) 5111 28 3/8 145053.13

+ Hub 19 15 285

+ Brake activation cylinder & frame 7 27 189

+ Pneumatic tank (Nitrogen) 28 26 728

+ Strobe/Brake Battery 5 25 125

+ Brake Receiver/Wires 5 51 255

+ CG Plate including DAS 38 24 912

- Battery -46 41 -1886

- Oil -13 19 -247

- Interior -87 32 -2784

- Fuel -166 20 -3320

- Coolant -11 31 -341

- Washer fluid 0 31 0

+ Water Ballast (In Fuel Tank) 63 17 1071

+ Onboard Supplemental Battery 12 26 312

+ Smart Barrier Stuff 10 25 250

+ TDAS 17 25 425

Note: (+) is added equipment to vehicle, (-) is removed equipment from vehicle 141027.13

Estimated Total Weight (lb.) 4992

Vertical CG Location (in.) 28.2506

Vehicle Dimensions for C.G. Calculations

Wheel Base: 140 3/8 in. Front Track Width: 67 3/4 in.

Rear Track Width: 67 3/4 in.

Test Inertial Difference

5000 ± 110 4999 -1.0

63 ± 4 60.878776 -2.12122

NA -0.386252 NA

28 or greater 28.25 0.25063

Note:  Long. CG is measured from front axle of test vehicle 

Note:  Lateral CG measured from centerline - positive to vehicle right (passenger) side

CURB WEIGHT (lb.) TEST INERTIAL WEIGHT (lb.)

Left Right Left Right

Front  1457 1437 Front 1451 1380

Rear 1123 1094 Rear 1077 1091

FRONT 2894 lb. FRONT 2831 lb.

REAR 2217 lb. REAR 2168 lb.

TOTAL 5111 lb. TOTAL 4999 lb.

2270P MASH TargetsCenter of Gravity 

Test Inertial Weight (lb.)

Longitudinal CG  (in.)

Lateral CG  (in.)

Vertical CG  (in.)

1D7RB1DG4BS514230

Ram 1500

 Vehicle CG Determination



September 3, 2020  

MwRSF Report No. TRP-03-407-20 

275 

Appendix E. Static Soil Tests
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Figure E-1.  Soil Strength, Initial Calibration Tests  
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Figure E-2. Static Soil Test, Test No. N2BR-1  
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Appendix F. Vehicle Deformation Records 
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Figure F-1. Floor Pan Deformation Data – Set 1, Test No. N2BR-1 
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Figure F-2. Floor Pan Deformation Data – Set 2, Test No. N2BR-1 



September 3, 2020  

MwRSF Report No. TRP-03-407-20 

281 

 
Figure F-3. Occupant Compartment Deformation Data – Set 1, Test No. N2BR-1 
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Figure F-4. Occupant Compartment Deformation Data – Set 2, Test No. N2BR-1 
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Figure F-5. Exterior Vehicle Crush (NASS) - Front, Test No. N2BR-1 

VIN:

Model:

in. (mm)

Distance from C.G. to reference line - LREF: 114 1/4 (2902)

Total Vehicle Width: 76 (1930)

Width of contact and induced crush - Field L: 54 (1372)

Crush measurement spacing interval (L/5) - I: 10 3/4 (273)

Distance from center of vehicle to center of Field L - DFL: 0 ()

Width of Contact Damage: 20 1/2 (521)

Distance from center of vehicle to center of contact damage - DC: 48 1/4 (1226)

NOTE:  Enter "NA" for crush measurement if distance can not be measured (i.e., side of vehicle has been pushed inward)

NOTE:  All values must be filled out above before crush measurements are filled out.

in. (mm) in. (mm) in. (mm) in. (mm) in. (mm)

C1 15 1/4 (387) -27 -(686) 7 1/2 (191) 9 1/4 (235) -1 1/2 -(38)

C2 14 1/4 (362) -16 1/4 -(413) 5 (127) 0 ()

C3 13 1/3 (338) -5 1/2 -(140) 4 1/8 (105) -0 -(2)

C4 13 1/4 (337) 5 1/4 (133) 4 1/8 (105) - 1/8 -(3)

C5 14 1/4 (362) 16 (406) 5 (127) 0 ()

C6 25 1/2 (648) 26 3/4 (679) 7 3/8 (187) 8 7/8 (225)

CMAX 25 1/2 (648) 26 3/4 (679) 7 3/8 (187) 8 7/8 (225)

Date: 4/12/2018 Test Name: 2NBR-1

Make: DodgeYear: 2011 Ram 1500

1D7RB1DG4BS514230

Lateral Location

Original Profile 

Measurement

Dist. Between Ref. 

Lines Actual Crush Crush Measurement
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Figure F-6. Exterior Vehicle Crush (NASS) - Side, Test No. N2BR-1 

VIN:

Model:

in. (mm)

Distance from centerline to reference line - LREF: 76 (1930)

Total Vehicle Length: 229 1/2 (5829)

Distance from vehicle c.g. to 1/2 of Vehicle total length: -7 1/8 -(181)

Width of contact and induced crush - Field L: 70 1/2 (1791)

Crush measurement spacing interval (L/5) - I: 14 1/8 (359)

Distance from vehicle c.g. to center of Field L - DFL: 66 1/4 (1683)

Width of Contact Damage: 64 1/2 (1638)

Distance from vehicle c.g. to center of contact damage - DC: 69 1/4 (1759)

NOTE:  Enter "NA" for crush measurement if distance can not be measured (i.e., front of vehicle has been pushed inward or tire has been removed)

NOTE:  All values must be filled out above before crush measurements are filled out.

in. (mm) in. (mm) in. (mm) in. (mm) in. (mm)

C1 35 3/4 (908) 31 (787) 5 1/8 (130) 32 (813) -1 3/8 -(35)

C2 na NA 45 1/8 (1146) 5 1/8 (130) NA NA

C3 na NA 59 1/4 (1505) 5 1/2 (140) NA NA

C4 45 3/4 (1162) 73 3/8 (1864) 5 7/8 (149) 7 7/8 (200)

C5 48 1/2 (1232) 87 1/2 (2223) 5 7/8 (149) 10 5/8 (270)

C6 57 1/4 (1454) 101 5/8 (2581) 12 1/2 (318) 12 3/4 (324)

CMAX 57 1/4 (1454) 101 5/8 (2581) 12 1/2 (318) 12 3/4 (324)

Ram 1500

1D7RB1DG4BS514230Date: 4/12/2018 Test Name: 2NBR-1

Make: DodgeYear: 2011

Dist. Between Ref. 

Lines Actual       Crush 

Longitudinal 

Location

Original Profile 

MeasurementCrush Measurement
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Appendix G. Accelerometer and Rate Transducer Data Plots, Test No. N2BR-1 
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Figure G-1. Longitudinal CFC-180 10-msec Extracted Average Acceleration (SLICE-1), Test No. N2BR-1 
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Figure G-2. Longitudinal Change in Velocity (SLICE-1), Test No. N2BR-1 
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Figure G-3. Longitudinal Change in Displacement (SLICE-1), Test No. N2BR-1 
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Figure G-4. Lateral CFC-180 10-msec Extracted Average Acceleration (SLICE-1), Test No. N2BR-1 
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Figure G-5. Lateral Change in Velocity (SLICE-1), Test No. N2BR-1 
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Figure G-6. Lateral Change in Displacement (SLICE-1), Test No. N2BR-1 
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Figure G-7. Vehicle Angular Displacements (SLICE-1), Test No. N2BR-1 
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Figure G-8. Acceleration Severity Index (SLICE-1), Test No. N2BR-1 
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Figure G-9. 10-ms Average Longitudinal Deceleration (DTS), Test No. N2BR-1 
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Figure G-10. Longitudinal Occupant Impact Velocity (DTS), Test No. N2BR-1 
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Figure G-11. Longitudinal Occupant Displacement (DTS), Test No. N2BR-1 
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Figure G-12. 10-ms Average Lateral Deceleration (DTS), Test No. N2BR-1 
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Figure G-13. Lateral Occupant Impact Velocity (DTS), Test No. N2BR-1 
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Figure G-14. Lateral Occupant Displacement (DTS), Test No. N2BR-1 
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Figure G-15. Vehicle Angular Displacements (DTS), Test No. N2BR-1 
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Figure G-16. Acceleration Severity Index (DTS), Test No. N2BR-1  
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Appendix H. Example Calculations for Minimum Installation Lengths 

 

The following pages contain a few example calculations for the length of MGS required adjacent 

to the bridge rail based on the forces applied to the W-beam guardrail by a compression terminal. 

Please note that these calculations are only for the resistance needed to support proper function 

of a compression and do not include consideration for the length of need required to shield the 

hazard, terminal stroke length, or guardrail anchorage requirements. All of these factors should 

be considered when determining the minimum MGS length adjacent to the bridge rail. 
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EXAMPLE #1 

 

 
• TL-2 installation 

• 25-ft bridge  

o 31.25 ft of bridge rail (between W6x8.5 posts) 

o (4) S3x5.7 bridge rail posts 

• MSKT on upstream end of guardrail 

o TL-2 stroke length of 25 ft 

• 25 ft of guardrail upstream of bridge rail 

• Downstream MGS posts to utilize 12-in. blockouts 

 

 

Compression load from Table 18 in Section 10.5: 

  For an MSKT, C = 12.6 kips 

 

Post capacities from Table 17 in Section 10.5: 

  S3x5.7 bridge posts, Ps = 1.2 kips 

  W6x8.5 MGS posts with 12” blockout, Pw = 2.4 kips 

 

 

Use equation from Section 10.5 to find minimum number of MGS posts downstream of bridge 

𝑁𝑠𝑃𝑠 + 𝑁𝑤𝑃𝑤 >  𝐶 

(4)(1.2) + 𝑁𝑤(2.4) >  12.6 

𝑁𝑤 > 3.25 𝑝𝑜𝑠𝑡𝑠 

 

TL-2 MSKT has a stroke length of 25 ft, so all of the posts on the upstream side of the bridge rail 

are within the stroke length and should not be counted as resisting the terminal compression 

force. Thus, four W6x8.5 MGS posts are required on the downstream end of the bridge rail to 

resist the terminal compression forces. This corresponds to 18.75-ft of MGS beginning at post 

no. 10 of the installation. 
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EXAMPLE #2 

 

 
 

• TL-2 installation 

• 45-ft bridge  

o 50 ft of bridge rail (between W6x8.5 posts) 

o (7) S3x5.7 bridge rail posts 

• MSKT on upstream end of guardrail 

o TL-2 stroke length of 25 ft 

• 37.5-ft of guardrail upstream of bridge rail 

• Downstream MGS posts to utilize 12-in. blockouts 

 

 

Compression load from Table 18 in Section 10.5: 

  For an MSKT, C = 12.6 kips 

 

Post capacities from Table 17 in Section 10.5: 

  S3x5.7 bridge posts, Ps = 1.2 kips 

  W6x8.5 MGS posts with 12” blockout, Pw = 2.4 kips 

 

 

Use equation from Section 10.5 to find minimum number of MGS posts downstream of bridge 

𝑁𝑠𝑃𝑠 + 𝑁𝑤𝑃𝑤 >  𝐶 

(7)(1.2) + 𝑁𝑤(2.4) >  12.6 

𝑁𝑤 > 1.75 𝑝𝑜𝑠𝑡𝑠 

 

TL-2 MSKT has a stroke length of 25 ft, so two of the posts on the upstream side of the bridge 

rail are outside the stroke length and would resist the terminal compression force. Thus, the 

additional 12.5-ft of MGS installed adjacent to the TL-2 MSKT and the 50-ft long bridge rail are 

sufficient to resist the terminal compression forces. No additional MGS is required on the 

downstream end to account for terminal compression forces, so the length of the MGS required 

on the downstream end would be likely be determined from anchorage requirements (see Section 

10.5). 
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EXAMPLE #3 

 

 
 

• TL-3 installation 

• 35-ft bridge  

o 37.5 ft of bridge rail (between W6x8.5 posts) 

o (9) S3x5.7 bridge rail posts 

• MSKT on upstream end of guardrail 

o TL-3 stroke length of 50 ft 

• 50-ft of guardrail upstream of bridge rail 

• Downstream MGS posts to utilize 12-in. blockouts 

 

 

Compression load from Table 18 in Section 10.5: 

  For an MSKT, C = 12.6 kips 

 

Post capacities from Table 17 in Section 10.5: 

  S3x5.7 bridge posts, Ps = 1.2 kips 

  W6x8.5 MGS posts with 12” blockout, Pw = 2.4 kips 

 

 

Use equation from Section 10.5 to find minimum number of MGS posts downstream of bridge 

𝑁𝑠𝑃𝑠 + 𝑁𝑤𝑃𝑤 >  𝐶 

(9)(1.2) + 𝑁𝑤(2.4) >  12.6 

𝑁𝑤 > 0.75 𝑝𝑜𝑠𝑡𝑠 

 

TL-3 MSKT has a stroke length of 50 ft, so all of the posts on the upstream side of the bridge rail 

are within the stroke length and should not be counted as resisting the terminal compression 

force. Thus, only one W6x8.5 MGS post is required on the downstream end to account for 

terminal compression forces. As such, the length of MGS required on the downstream end would 

be likely be determined from anchorage requirements (see Section 10.5). 
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EXAMPLE #4 

 

What length of bridge rail would be sufficient to resist the terminal compression forces of an 

MSKT?  In such an installation, the length of the MGS on downstream end of the installation 

would be determined by anchorage requirements only. 

 

𝑁𝑠𝑃𝑠 + 𝑁𝑤𝑃𝑤 >  𝐶 

𝑁𝑠(1.2) + (0)(2.4) >  12.6 

𝑁𝑠 > 10.5  𝑝𝑜𝑠𝑡𝑠 

 

Eleven posts spaced at 6.25 ft intervals would cover a distance of 62.5 ft.  Assuming there was at 

least 1 ft of distance between the outer posts and the ends of the bridge, any bridge longer than 

65 ft should have enough posts to resist the compression forces in an MSKT terminal.  
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