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

Symbol When You Know Multiply By To Find Symbol 

LENGTH 
in. inches 25.4 millimeters  mm 

ft feet 0.305 meters  m 

yd yards  0.914 meters  m 
mi miles  1.61 kilometers km 

AREA 
in2 square inches 645.2 square millimeters mm2 

ft2 square feet  0.093 square meters  m2 
yd2 square yard  0.836 square meters  m2 

ac acres  0.405 hectares  ha 

mi2 square miles  2.59 square kilometers  km2 

VOLUME 
fl oz fluid ounces 29.57 milliliters  mL 

gal gallons  3.785 liters  L 
ft3 cubic feet 0.028 cubic meters m3 

yd3 cubic yards 0.765 cubic meters m3 

NOTE: volumes greater than 1,000 L shall be shown in m3 
MASS 

oz ounces 28.35 grams  g 

lb pounds 0.454 kilograms kg 
T short ton (2,000 lb) 0.907 megagrams (or “metric ton”) Mg (or "t")  

TEMPERATURE (exact degrees) 

°F  Fahrenheit  
5(F-32)/9 

or (F-32)/1.8 
Celsius  °C  

ILLUMINATION 
fc foot-candles  10.76 lux lx 

fl foot-Lamberts 3.426 candela per square meter cd/m2 

FORCE & PRESSURE or STRESS 
lbf poundforce  4.45 newtons  N 

lbf/in2 poundforce per square inch 6.89 kilopascals  kPa 

APPROXIMATE CONVERSIONS FROM SI UNITS 
Symbol When You Know Multiply By To Find Symbol 

LENGTH 
mm millimeters  0.039 inches in. 

m meters  3.28 feet ft 
m meters  1.09 yards  yd 

km kilometers 0.621 miles  mi 

AREA 
mm2 square millimeters 0.0016 square inches in2 

m2 square meters  10.764 square feet  ft2 

m2 square meters  1.195 square yard  yd2 

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

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

m3 cubic meters 35.314 cubic feet ft3 

m3 cubic meters 1.307 cubic yards yd3 

MASS 
g grams  0.035 ounces oz 

kg kilograms 2.202 pounds lb 
Mg (or "t")  megagrams (or “metric ton”) 1.103 short ton (2,000 lb) T 

TEMPERATURE (exact degrees) 
°C  Celsius  1.8C+32 Fahrenheit  °F  

ILLUMINATION 
lx lux 0.0929 foot-candles  fc 

cd/m2 candela per square meter  0.2919 foot-Lamberts fl 

FORCE & PRESSURE or STRESS 
N newtons  0.225 poundforce  lbf 
kPa kilopascals  0.145 poundforce per square inch lbf/in2 

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

1.1 Background and Problem Statement 

Bridge rails have been used to contain and safely redirect errant vehicles and prevent 

motorists from traveling beyond the deck edge, where water hazards and/or vertical drop-offs are 

located. The majority of bridge rails consist of reinforced concrete parapets or steel beam-and-post 

systems, often mounted to the top of bridge decks. The use of top-mounted bridge rails requires 

that bridge engineers increase the overall width of the bridge structure in order to provide the 

necessary roadway and shoulder widths. Many steel beam-and-post bridge rails can also be side-

mounted on the outer vertical edges of the bridge deck, which minimizes the lateral extension of 

bridge rails above the deck structure and maximizes the traversable deck width. An example of a 

steel, side-mounted, beam-and-post, bridge rail is shown in Figure 1. 

 

Figure 1. Steel, Side-Mounted, Beam-and-Post, Bridge Rail [1] 

Over the past several decades, the Illinois and Ohio Departments of Transportation (DOTs) 

have often installed steel, side-mounted, beam-and-post, bridge rails to shield motorists from 

striking hazardous vertical drop-offs associated with elevated bridge superstructures. Steel beam-

and-post bridge rails often consist of multiple square or rectangular HSS steel tube rails attached 

to the front flanges of I-shaped steel posts. Many of these bridge rails have been configured without 

a lower curb to allow water to drain off the outer edges of the bridge deck. For many bridge rails, 

the front faces of the rails are positioned to be vertically flush with the exterior deck edge, which 

eliminated rail extension above the bridge deck and reduced overall deck width. 

More recently, bridge railings have been crash-tested and evaluated according to impact 

safety standards, which have evolved over the last 50 years. State Departments of Transportation 

have often sought system eligibility and federal reimbursement from the Federal Highway 

Administration for bridge rails utilized on the National Highway System (NHS). Although system 

eligibility and crash testing may not be required for all bridge railings found along local roads and 

non-NHS highways, state DOTs and other government agencies have been proactive in 
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determining the crashworthiness of most bridge railing systems and using systems with acceptable 

safety performance. 

In 1993, the Illinois DOT had a two-rail, beam-and-post, bridge rail subjected to full-scale 

crash testing, specifically the Illinois Side-Mounted, Bridge Railing [2-3]. The Illinois Side-

Mounted, Bridge Rail is shown in Figure 2. This bridge rail consisted of W6x25 (W150x 37.1) 

steel posts spaced at 6 ft – 3 in. (1,905 mm) centers, which supported a TS 8-in. x 4-in. x 5/16 -

in. (203-mm x 102-mm x 8-mm) top rail element and a TS 6-in. x 4-in. x ¼-in. (152-mm x 102-

mm x 6.4-mm) bottom rail element. Both rails were mounted to the front flange of the steel posts. 

Texas A&M Transportation Institute (TTI) researchers successfully crash tested this bridge rail 

using crash testing criteria published in the American Association of State Highway and 

Transportation Officials (AASHTO) 1989 Guide Specifications for Bridge Railings [2-4]. The 

Illinois Side-Mounted, Bridge Railing was crash tested under Performance Level 2 (PL-2), which 

involved an 1,800-lb (816-kg) passenger car with an impact speed of 60.0 mph (96.6 km/h) and an 

impact angle of 20 degrees, a 5,400-lb (2,449-kg) pickup truck with an impact speed of 60.0 mph 

(96.6 km/h) and an impact angle of 20 degrees, and a 18,000-lb (8,167-kg) single-unit truck (SUT) 

with an impact speed of 50.0 mph (80.5 km/h) and an impact angle of 15 degrees. All three crash 

tests met the required evaluation criteria [2-4]. AASHTO PL-2 criteria is considered equivalent to 

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

(NCHRP) Report 350 [5]. 

 

Figure 2. Illinois Side-Mounted, Bridge Rail [2] 
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In 1999, Ohio DOT started to implement a similar two-rail, beam-and-post, bridge rail [6]. 

The Ohio Twin Steel-Tube, Bridge Rail is shown in Figure 3. This bridge rail, the Ohio Twin 

Steel-Tube, Bridge Rail, adopted the W6x25 (W150x37.1) steel posts, and the TS 8-in. x 4-in. x 
5/16-in. (203-mm x 102-mm x 8-mm) top steel rail from the Illinois Side-Mounted, Bridge Rail was 

used for both rail sections. With the larger and stronger lower rail, the Ohio Twin Steel-Tube, 

Bridge Rail was deemed to be acceptable under the Test Level 4 (TL-4) safety criteria found in 

NCHRP Report 350 without further testing [5,7]. 

In 2009, AASHTO published a new guideline for crash testing and evaluating longitudinal 

barriers, such as bridge rails, specifically the Manual for Assessing Safety Hardware (MASH) [8]. 

MASH safety criteria supersedes those criteria published in NCHRP Report 350 for the crash 

testing and evaluation of roadside safety hardware devices. The second edition to MASH was 

published in 2016 [9].  

 

Figure 3. Ohio Twin Steel-Tube, Bridge Rail [6] 

In an effort to encourage state DOTs to advance hardware designs, the Federal Highway 

Administration (FHWA) and AASHTO established a MASH implementation policy, which 

included sunset dates for existing roadside safety hardware based on hardware category [10]. The 

implementation policy indicated that all modifications to NCHRP Report 350 crash-tested devices 

required testing under MASH in order to receive a Federal-aid eligibility letter from FHWA. For 

road projects involving bridge rails, transitions, and other longitudinal barriers installed on the 

NHS after December 31, 2019, only safety hardware evaluated according to MASH 2016 would 
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be allowed for use on new permanent installations or as full replacements. Therefore, government 

agencies must use MASH 2016 crash-tested hardware on all projects after December 31, 2019. 

Through initial discussions between the Illinois DOT, Ohio DOT, and the Midwest 

Roadside Safety Facility (MwRSF), a prototype concept was created for a steel, side-mounted, 

beam-and-post, bridge rail that satisfies MASH 2016 TL-4 impact safety standards. The Illinois 

and Ohio MASH 2016 TL-4 Prototype Bridge Rail Concept was modified throughout the 

discussion process. The Illinois and Ohio MASH 2016 TL-4 Prototype Bridge Rail Concept is 

shown in Figure 4. The bridge rail concept consisted of three longitudinal steel tube rails attached 

to W6x15 (W150x22.5) steel posts, which are weaker than the W6x25 (W150x37.1) steel posts 

utilized in the two Illinois and Ohio bridge rails noted above, as well as in many MASH TL-4 

steel, beam-and-post, bridge rails. The W6x15 (W150x 22.5) steel posts were preferred to reduce 

high loading to the bridge deck and to mitigate bridge deck damage, while deforming after vehicle 

impact and absorbing much of the vehicle’s kinetic energy. The steel posts are mounted to the 

outer vertical edge of the bridge deck without a curb and with the front faces of the tubular rails 

positioned vertically flush with the exterior deck edge to eliminate rail extension above the bridge 

deck. Additionally, the Illinois and Ohio MASH 2016 TL-4 Prototype Bridge Rail Concept has an 

overall height of 39 in. (991 mm) above the bridge deck to meet the minimum 36-in. (914-mm) 

height for MASH 2016 TL-4 barriers after a future 3-in. roadway overlay is placed. Furthermore, 

it was anticipated that Illinois and Ohio bridge deck types would differ. Therefore, the bridge rail 

system would need to be adaptable to multiple bridge deck configurations utilized by the States of 

Illinois and Ohio.  
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Figure 4. Illinois and Ohio MASH 2016 TL-4 Prototype Bridge Rail Concept 

1.2 Objective 

The objective of this project was to develop and evaluate a new steel, side-mounted, beam-

and-post, bridge rail according to the MASH 2016 TL-4 safety performance criteria. The new steel, 

side-mounted, beam-and-post, bridge rail was designed to be adaptable to multiple bridge deck 

configurations utilized by the States of Illinois and Ohio. The system was configured to the 

minimum 36-in. (914-mm) height for MASH 2016 TL-4 barriers after a future 3-in. (76-mm) 

roadway overlay has been placed. The front faces of the steel rail tubes were approximately aligned 

with the exterior vertical edge of the concrete deck to eliminate rail extension above the bridge 

deck. No curb was utilized. It should be noted that W6x15 (W150x22.5) steel posts were used in 

lieu of W6x25 (W150x37.1) steel posts to lower the impact loads transferred to the deck, and 

consequently, reduce the potential for bridge deck damage. Further, adequate post-to-rail and rail-

to-rail connection designs were provided.  

Additionally, a transition was to be developed to safely connect the bridge rail to adjacent 

crashworthy thrie beam approach guardrail transition systems [11]. Both the bridge rail and the 
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transition were to be subjected to full-scale vehicle crash testing, as required by MASH 2016. The 

special transition was to be tested and evaluated according to MASH 2016 TL-3 safety 

performance criteria, while the bridge rail itself was to be tested and evaluated according to MASH 

2016 TL-4 safety performance criteria. Final guidance and implementation of the bridge rail will 

be provided separately [12]. 

1.3 Scope 

The development of the MASH 2016 TL-4 bridge rail and associated special transition 

were to be conducted through a two-phase research effort. Phase I focused on the development 

and testing of the steel, side-mounted, beam-and-post, bridge rail and the corresponding post-to-

deck anchorage connection and is discussed within this report. Phase II consisted of the design, 

simulation, and testing of the special transition [11]. The research effort described in this report 

focuses only on the design and full-scale crash testing of the new steel, side-mounted, beam-and-

post, bridge rail, as noted in Phase I. 

Phase I began with a literature review of previous crashworthy steel, beam-and-post, bridge 

rails that were tested and evaluated using different safety performance standards. The literature 

review included side-mounted and top-mounted PL-2, PL-3, TL-3, TL-4, and TL-5 bridge rails to 

study the contribution of posts, rails, post-to-rail connections, and rail-to-rail connections to the 

crashworthiness of the bridge rail system. Several design considerations, such as bridge rail 

geometric requirements, design impact loads, and critical deck configurations, were studied to 

limit the number of variables for the locations and sizes of the three steel rails of the Illinois and 

Ohio Bridge Rail Concept. Bridge rail design methodologies were investigated to identify a 

suitable design process for the new bridge rail. Bridge railing configurations that mitigate the 

potential for vehicle snag while providing adequate strength were developed. Post-to-rail and rail-

to-rail connection details were provided to the sponsors for review and comment. Subsequently, 

final design details were prepared for the new bridge rail.  

Although described in greater detail in another Phase I report, dynamic component testing 

was conducted to evaluate the performance of several post-to-deck connection concepts [13-14]. 

Six dynamic component tests were performed on individual posts mounted to the side of a pre-

stressed, prefabricated, concrete box beam to evaluate the impact behavior of posts, anchorages, 

and the deck, as well as to identify any damage that may be likely to occur during vehicular impact 

events. Only a very brief summary is provided herein on this significant effort. Once mounted to 

a simulated bridge deck or beam, the steel posts were laterally impacted with a bogie vehicle 

traveling approximately 25 mph (40 km/h). Since the posts and post-to-deck connection hardware 

may differ between different deck types, the component tests were also utilized to identify the 

critical configuration for use in the full-scale vehicle crash testing program. 

Finally, a steel, side-mounted, beam-and-post, bridge railing system was selected, 

configured with CAD details, constructed, and subjected to four full-scale vehicle crash tests under 

MASH 2016 TL-4 impact safety standards to evaluate the safety performance of the bridge rail. 

Complete conclusions, recommendations, and implementation guidance are provided in summary 

report [12].
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2 LITERATURE REVIEW 

2.1 Overview 

The first task of the research project consisted of a literature search in order to review and 

gain knowledge on (1) historical and current crash testing criteria, (2) relevant steel, side-mounted 

and top-mounted, beam-and-post, bridge rails, (3) prior NCHRP Report 350 TL-4 [5] as well as 

current MASH TL-4 [8-9] lateral design loading for barriers, and (4) prior and current NCHRP 

and MASH TL-4 minimum barrier heights. Few steel, beam-and-post, bridge rails have been tested 

to MASH TL-4 safety performance criteria. Therefore, it was also necessary to review relevant 

bridge rails that were crash tested and evaluated using safety performance criteria from 

AASHTO’s Guide Specifications for Bridge Railings [4] as well as NCHRP Report 230 [15] and 

350 [5].  Moreover, studies relevant to lateral and vertical design impact loads and minimum bridge 

rail heights corresponding to MASH TL-4 test conditions were reviewed.  

2.2 Historical and Current Crash Testing Criteria, Matrices, and Conditions 

Over the years, numerous documents have been published to provide guidance on the crash 

testing and evaluation of roadside safety hardware. In these roadside safety guidelines, test impact 

conditions were provided, including critical impact points, vehicle types, vehicle weights, impact 

speeds, and impact angles. Test impact conditions within MASH represent the worst practical 

conditions associated with real-world collisions.  

2.2.1 NCHRP Report No. 230 

In 1981, NCHRP published Report No. 230, one of the early safety standards that was 

widely used for the testing and evaluation of roadside barriers, such as bridge rails [15]. For 

NCHRP Report No. 230, the three primary crash tests for evaluating the length-of-need for 

longitudinal barriers corresponded to test designation nos. 10, 11, and 12, which were a 4,500-lb 

(2,041-kg) large sedan, a 2,250-lb (1,021-kg) sub-compact sedan, and a 1,800-lb (816-kg) mini-

compact sedan, respectively. The NCHRP Report No. 230 primary crash test conditions for 

longitudinal barriers are shown in Table 1. 

Table 1. NCHRP Report No. 230 Primary Crash Test Conditions for Longitudinal Barriers [15] 

Test  

Designation 

Vehicle  

Type 

Impact Speed 

(mph) 

Impact Angle 

(deg) 

Target Impact 

Severity  

(kip-ft ) 

10 4,500S 60 25 97 

11 2,250S 60 15 18 

12 1,800S 60 15 14 

 

 NCHRP Report No. 230 also provided several supplementary crash test conditions for 

evaluating the length-of-need of longitudinal barriers, including passenger vehicles as well as 

heavy vehicles. These heavy vehicles included a variety of buses (P), tractor/van truck trailers (A), 

and tractor/fluid tanker trucks (F). The supplementary test conditions were divided into three 
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multiple service levels (MSL-1, MSL-2, and MSL-3). Supplementary NCHRP Report No. 230 

multiple service levels are shown in Table 2. 

Table 2. NCHRP Report No. 230 Supplementary Crash Test Conditions for Longitudinal 

Barriers [15] 

Test 

Designation 

Multiple 

Service 

Level 

Vehicle   

Type 

Impact 

Speed 

(mph) 

Impact 

Angle 

(deg) 

Target Impact 

Severity  

(kip-ft) 

S13 MSL-1 1,800S 60 20 25 

S14 MSL-1 4,500S 60 15 36 

S15 MSL-3 40,000P 60 15 237 

S16 MSL-1 20,000P 45 7 14 

S17 MSL-2 20,000P 50 15 77 

S18 MSL-2 20,000P 60 15 111 

S19 MSL-3 32,000P 60 15 97 

S20 MSL-3 80,000A 50 15 (t) 

S21 MSL-3 80,000F 50 15 (t) 

(t) - Not appropriate for articulated vehicles 

2.2.2  AASHTO Guide Specifications for Bridge Railings 

In 1989, AASHTO published Guide Specifications for Bridge Railings to address the 

testing and evaluation of bridge railings [4]. This publication contained three crash test 

performance levels (PLs) for roadside safety hardware: PL-1, PL-2, and PL-3, which are shown in 

Table 3. 

Table 3. AASHTO Guide Specifications for Bridge Railings Testing Conditions [4] 

Performance 

Level 
Vehicle Type 

Vehicle 

Weight 

(lbs) 

Nominal 

Speed 

(mi/h) 

Nominal 

Angle 

(deg) 

Impact 

Severity

(kip-ft) 

PL-1 
Small Automobile 1,800 50  20 17.6 

Pickup Truck 5,400 45  20 42.8 

PL-2 

Small Automobile 1,800 60  20 25.3 

Pickup Truck 5,400 60  20 76.0 

Single-Unit Truck 18,000 50  15 100.8 

 

PL-3 

 

Small Automobile 1,800 60  20 25.3 

Pickup Truck 5,400 60  20 76.0 

Van-Type Tractor Trailer 50,000 50  15 279.9 
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2.2.3 NCHRP Report 350 

In 1993, NCHRP Report 350 [5] was published, superseding the previous crash testing 

guidelines from AASHTO, specifically the Guide Specifications for Bridge Railings. Six different 

test levels (TLs) were provided to develop a range of roadside safety hardware (i.e., bridge rails) 

that could be used for different purposes. Test Level 1 was used to evaluate features found in many 

work zones as well as along low-volume, low-speed, local streets and highways. Test Level 2 was 

used to evaluate features found on most local and collector roads and many work zones. Test Level 

3 was used as the basic level for devices found on high-speed arterial highways. Test Levels 4 

through 6 were used for scenarios with higher volumes of trucks and heavy vehicles as well as 

situations with consequences of penetration beyond the longitudinal barrier. Test Levels 1 through 

3 were focused on the impact performance of passenger vehicles varying by impact speed as the 

test level increased. Test Levels 4 through 6 included the previous passenger vehicles but 

additionally incorporated various sizes of trucks. Specifically, Test Level 4 involved a 1,808-lb 

(820-kg) small car impacting the barrier at 62.1 mph (100 km/h) at an impact angle of 20 degrees, 

a 4,409-lb (2,000-kg) pickup truck impacting the barrier at 62.1 mph (100 km/h) at an impact angle 

of 25 degrees, and a 17,637-lb (8,000-kg) SUT impacting the barrier at 49.7 mph (80 km/h) at an 

impact angle of 15 degrees. Test Levels 5 and 6 involved the same passenger vehicles as used in 

Test Levels 1 through 4, and a 79,366-lb (36,000-kg) van-type tractor trailer and a 79,366-lb 

(36,000-kg) tractor-tank trailer, respectively. The NCHRP Report 350 testing conditions for the 

six test levels are shown in Table 4.  

Table 4. NCHRP Report 350 Test Impact Conditions [5] 

Test 

Level 

Vehicle 

Type 

Vehicle Mass  

kg (lbs) 

Impact 

Speed  

km/h (mi/h) 

Nominal 

Angle 

(deg) 

Impact Severity  

kJ (kip-ft) 

1 
820C 820 (1,808) 50 (31.1) 20 9.3 (6.8) 

2000P 2,000 (4,409) 50 (31.1) 25 34.5 (25.4) 

2 
820C 820 (1,808) 70 (43.5) 20 18.1 (13.4) 

2000P 2,000 (4,409) 70 (43.5) 25 67.5 (49.8) 

3 
820C 820 (1,808) 100 (62.1) 20 37.0 (27.3) 

2000P 2,000 (4,409) 100 (62.1) 25 137.8 (101.6) 

4 

820C 820 (1,808) 100 (62.1) 20 37.0 (27.3) 

2000P 2,000 (4,409) 100 (62.1) 25 137.8 (101.6) 

8000S 8,000 (17,637) 80 (49.7) 15 132.3 (97.6) 

5 

820C 820 (1,808) 100 (62.1) 20 37.0 (27.3) 

2000P 2,000 (4,409) 100 (62.1) 25 137.8 (101.6) 

36000V 36,000 (79,366) 80 (49.7) 15 595.4 (439.2) 

6 

820C 820 (1,808) 100 (62.1) 20 37.0 (27.3) 

2000P 2,000 (4,409) 100 (62.1) 25 137.8 (101.6) 

36000T 36,000 (79,366) 80 (49.7) 15 595.4 (439.2) 

 

2.2.4 Crash Testing Equivalencies 

In a 1997 memorandum, the FHWA established crash test equivalencies amongst the 

NCHRP Report 350 and 230 test levels, and the AASHTO Guide Specifications for Bridge Rails 

performance levels [16]. No test level equivalencies have been determined for MASH test criteria. 
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The equivalencies set forth by the FHWA are summarized in Table 5. Some test levels from 

NCHRP Report 230 and the AASHTO Guide Specifications for Bridge Rails do not pertain to the 

testing criteria set forth in NCHRP Report 350 and are therefore not listed in the table.  

Table 5. FHWA Crash Test Equivalencies [16] 

Bridge Railing 

Testing Criteria 
Testing Level Equivalencies 

NCHRP Report 350 [5] TL-1 TL-2 TL-3 TL-4 TL-5 TL-6 

NCHRP Report 230 [15] N/A 
MSL-1 

MSL-2 
N/A N/A N/A N/A 

AASHTO Guide Spec. [4] N/A PL-1 N/A PL-2 PL-3 N/A 

N/A = No testing level equivalencies exist amongst standards 

2.2.5 Manual for Assessing Safety Hardware (MASH) 

In 2008, MwRSF performed NCHRP Project No. 22-14(2) Improvement of Procedures for 

the Safety-Performance Evaluation of Roadside Features [17], which updated the safety 

performance criteria found in NCHRP Report 350 [5]. The Project No. 22-14(2) research effort 

culminated in the 2009 Manual for Assessing Safety Hardware (MASH) [8] to supersede NCHRP 

Report 350 [5]. MASH included updated test vehicles to replicate those being produced recently. 

Test impact conditions were also modified to correct inconsistencies in impact severities. In 2016, 

the AASHTO Technical Committee on Roadside Safety updated the MASH 2009 safety 

performance guidelines, which added test matrices for cable barriers placed in sloped medians [9]. 

The changes to the test impact conditions from NCHRP Report 350 to MASH involved several 

vehicle weight modifications, including a small car increase from 1,808 lb (820 kg) to 2,420 lb 

(1,100 kg), a pickup truck increase from 4,409 lb (2,000 kg) to 5,000 lb (2,268 kg), and a SUT 

from 17,637 lb (8,000 kg) to 22,046 lb (10,000 kg). The TL-4 impact speed of the SUT increased 

from 50 mph (80 km/h) to 56 mph (90 km/h), and the impact angle of the small car increased from 

20 degrees to 25 degrees as well. 

The MASH testing conditions for the six test levels are shown in Table 6. As shown therein, 

the MASH TL-4 testing and evaluation criteria for longitudinal barriers consists of three full-scale 

vehicle crash tests (test nos. 4-10, 4-11, and 4-12). Crash test nos. 4-10 and 4-11 involve the 2,425-

lb (1,100-kg) small car and 5,000-lb (2,268-kg) pickup truck, both impacting the barrier system at 

a speed of 62 mph (100.0 km/h) and an impact angle of 25 degrees, respectively. Test designation 

no. 4-12 involves the 22,046-lb (10,000-kg) SUT impacting the barrier system at a speed of 56 

mph (90.0 km/h) and angle of 15 degrees. 
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Table 6. MASH 2016 Crash Test Conditions for Longitudinal Barriers [9] 

Test 

Level 

Vehicle 

Type 

Vehicle  

Mass  

lbs (kg) 

Impact  

Speed  

mi/h (km/h)  

Nominal 

Angle  

(deg) 

Impact  

Severity  

kip-ft (kJ) 

Evaluation 

Criteria 

1 
1100C 2,425 (1,100) 31 (50.0) 25 14.0 (18.9) A,D,F,H,I 

2270P 5,000 (2,268) 31 (50.0) 25 28.8 (39.1) A,D,F,H,I 

2 
1100C 2,425 (1,100) 44 (70.0) 25 27.4 (37.1) A,D,F,H,I 

2270P 5,000 (2,268) 44 (70.0) 25 56.5 (76.6) A,D,F,H,I 

3 
1100C 2,425 (1,100) 62 (100.0) 25 55.9 (75.8) A,D,F,H,I 

2270P 5,000 (2,268) 62 (100.0) 25 115.4 (156.4) A,D,F,H,I 

4 

1100C 2,425 (1,100) 62 (100.0) 25 55.9 (75.8) A,D,F,H,I 

2270P 5,000 (2,268) 62 (100.0) 25 115.4 (156.4) A,D,F,H,I 

10000S 22,046 (10,000) 56 (90.0) 15 154.4 (209.3) A,D,G 

5 

1100C 2,425 (1,100) 62 (100.0) 25 55.9 (75.8) A,D,F,H,I 

2270P 5,000 (2,268) 62 (100.0) 25 115.4 (156.4) A,D,F,H,I 

36000V 79,336 (36,000) 50 (80.0) 15 439.2 (595.4) A,D,G 

6 

1100C 2,425 (1,100) 62 (100.0) 25 55.9 (75.8) A,D,F,H,I 

2270P 5,000 (2,268) 62 (100.0) 25 115.4 (156.4) A,D,F,H,I 

36000T 79,336 (36,000) 50 (80.0) 15 439.2 (595.4) A,D,G 

 

MASH 2016 evaluation criteria for full-scale crash tests is based on three main areas: (1) 

structural adequacy; (2) occupant risk; and (3) vehicle trajectory after impact. Specific details for 

the MASH 2016 evaluation criteria are provided in Table 7. 

The evaluation of the structural adequacy determines the ability of the bridge rail to contain 

and redirect errant vehicles. Structural adequacy of roadside hardware, in general, consists of the 

barrier’s ability to contain and properly redirect impacting vehicles based on its strength and 

height. If a barrier is not strong enough, the impact vehicle can penetrate it, and if the bridge rail 

is not tall enough, the vehicle can override it or roll over.  

Occupant risk evaluates the level of risk to the occupants of the impacting vehicle, which 

is required for passenger vehicles and optional for heavier vehicles, such as MASH 2016 TL-4 

SUTs. The Post-Impact Head Deceleration (PHD), the Theoretical Head Impact Velocity (THIV), 

and the Acceleration Severity Index (ASI) are calculated and reported on the corresponding test 

summary sheet. Supplementary information of PHD, THIV, and ASI is also provided in MASH 

2016. The vehicle trajectory after impact is evaluated as the vehicle remains upright during and 

after collision. For this criterion, the maximum roll and pitch angles are not to exceed 75 degrees.
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Table 7. MASH 2016 Evaluation Criteria for Longitudinal Barriers [9] 

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 

B.      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 5.3 and Appendix E of MASH. 

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

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

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

and after collision 

H.      Occupant Impact Velocity (OIV) (see Appendix A, Section A5.3 of MASH 

for calculation procedure) should satisfy the following limits: 

 Occupant Impact Velocity Limits 

Component Preferred Maximum 

Longitudinal and 

Lateral 

30 ft/s 

(9.1 m/s) 

40 ft/s 

(12.2 m/s) 

I.      The Occupant Ridedown Acceleration (ORA) (see Appendix A, Section A5.3 

of MASH for calculation procedure) should satisfy the following limits: 

 Occupant Impact Velocity Limits 

Component Preferred Maximum 

Longitudinal and 

Lateral 
15.0 g’s 20.49 g’s 

 

2.2.6 Impact Severity 

The severity of an impact event is normally measured in terms of impact severity (IS) for 

crash tests involving longitudinal barriers [8-9]. Impact severity indicates the portion of the 

vehicle’s kinetic energy that is imparted perpendicular to the bridge rail’s longitudinal axis. Impact 

severity is found from the vehicle mass, impact velocity, and the impact angle. MASH 2016 

provides an equation to calculate the impact severity (IS) for each test impact condition which is 

defined in Equation 1. 

                                                       𝐼𝑆 =
1

2
𝑚(𝑣 𝑠𝑖𝑛𝜃)2                                                     (1) 

where: 

m = vehicle inertial mass (kg) 

v = impact velocity (m/s) 

θ = impact angle (deg) 

Using the test conditions, the impact severity for MASH TL-4 crashes are higher than those 

provided in NCHRP Report 350 TL-4 crashes. For the three test conditions, the impact severity 
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increased 105 percent for the small car, 14 percent for the pickup truck, and 58 percent for the 

SUT. These increases in impact severity for the three test conditions could be useful when 

examining lateral impact forces imparted to longitudinal barriers, subjected to both safety 

performance guidelines with barriers of similar stiffness, strength, and deformation behavior. For 

this specific scenario, one may expect proportional increases in lateral loading for corresponding 

increases in impact severity. 

2.3 Steel, Side-Mounted, Beam-and-Post, Bridge Rails 

For this research effort, a review of relevant steel, beam-and-post, bridge rails subjected to 

full-scale vehicle crash testing was performed. The literature review emphasized details and 

information pertaining to post and rail sections, post spacing, overall system heights, post-to rail 

connections, rail-to-rail connections, system deflections, vehicle impact performance, crash testing 

criteria conditions, design load, lateral barrier capacity, and overall crashworthiness of bridge rail 

systems. 

2.3.1 Illinois Side-Mounted Bridge Rail 

The Illinois Side-Mounted Bridge Rail consisted of two tubular steel tubes supported by a 

W6x25 (W150x37) posts spaced at 6 ft - 3 in. (1.91 m) centers, which were side-mounted to the 

edge of the reinforced concrete bridge deck [2-3]. The Illinois Side-Mounted Bridge Rail is shown 

in Figure 5. The top rail element consisted of a TS 8-in. x 4-in. x 5/16-in. (TS 203-mm x 102-mm 

x 7.9-mm) steel tube attached to the post with two staggered, horizontal ¾-in. (19-mm) diameter 

ASTM A307 round head bolts.  The bottom rail element consisted of a TS 6-in. x 4-in. x ¼-in. (TS 

152-mm x 102-mm x 6.4mm) steel tube attached to the post with two horizontal ¾-in. (19-mm) 

diameter ASTM A307 round head bolts. The overall height of the bridge rail was 32 in. (813 mm) 

from the top of the upper rail to the bridge deck overlay.   

In 1997, the Illinois Side-Mounted Bridge Rail was successfully crash-tested with a small 

automobile, a pickup truck, and a SUT under the AASHTO Performance Level 2 criteria published 

in the 1989 AASHTO Guide Specifications for Bridge Railings, which is considered equivalent to 

NCHRP Report 350 TL-4. Acceptable safety performance was demonstrated with a 1,800-lb (817-

kg) small car, a 5,400-lb (2452-kg) pickup truck, and an 18,000-lb (8,200-kg) SUT crash test. For 

this program, minimal to moderate barrier damage was observed in the post flanges at the upper 

post-to-deck connections.  
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Figure 5. Illinois Side-Mounted Bridge Rail [3] 

2.3.2 MwRSF STTR Bridge Rail 

In 2002, the MwRSF STTR Bridge Rail was developed for its use on transverse glue-

laminated (glulam) timber bridge decks [18-19]. The railing was a combination of a TS 8-in. x 3-

in. x 3/16-in. (TS 203-mm x 76-mm x 4.8-mm) steel top rail made of ASTM A500 Grade B steel, 

and a 10-gauge (3.43-mm) thrie-beam rail supported by ASTM A36 W6x15 (W150x22.5) 

structural wide-flange steel posts, as shown in Figure 6. The top tube rail sections were attached 

to a pair of ASTM A36 L 3½-in. x 3½-in. x 5/16-in. (L 89-mm x 89-mm x 8-mm) structural steel 

angles with eight ⅝-in. (16-mm) diameter button head bolts. The structural steel angles were 

connected to the top of each web for the ASTM A36 W6x15 (W152x22.3) steel spacer blockouts. 

The thrie beam was attached to the front flanges of each blockout with two ⅝-in. (16-mm) diameter 

button head bolts. The steel, beam-and-post, bridge rail had an overall height of 36 in. (0.91 m) 

and a post spacing of 8 ft (2.4 m). The tube rail sections were connected to one another at the ends 

using a fabricated steel splice tube, which was welded together with two vertical ¼-in. (6.4-mm) 

and two horizontal ⅜-in. (9.5-mm) thick ASTM A36 steel plates.  

Two crash tests were performed on the NCHRP Report 350 TL-4 steel bridge rail utilizing 

a pickup truck and a SUT. The 4,396-kg (1,994-kg) pickup truck impacted the system at 58.2 mph 

(93.7 km/h) and at an angle of 25.5 degrees to the rail, while the 17,785-lb (8,067-kg) SUT 

impacted the system at 47.5 mph (76.5 km/h) and at an angle of 14.6 degrees relative to the bridge 

rail. The bridge railing adequately contained and redirected the pickup truck with a maximum 

dynamic deflection of 5⅜ in. (137 mm). Minor deformations to the occupant compartment were 

found inside the pickup truck. The bridge rail also properly contained and redirected the SUT. The 
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system contained and redirected the SUT with a maximum deflection of 8 in. (203 mm). Minor 

deformations to the occupant compartment were found inside the SUT. 

 

Figure 6. MwRSF STTR Bridge Rail for Transverse, Glulam Timber Decks [18] 

2.3.3 California ST-70 Side-Mounted Bridge Rail 

The California ST-70, Side-Mounted, Bridge Rail was designed by California Department 

of Transportation (Caltrans) to fulfill the urgency to develop a MASH TL-4 side-mounted system 

that can be used in areas where the posted speed limit is greater than 45 mph (70 km/h) [20]. The 

California ST-70, Side-Mounted, Bridge Rail consisted of four rectangular steel rail elements 

supported by fabricated steel plate posts mounted to the vertical outer edge of the bridge deck. The 

posts were spaced on 10 ft (3.0 m) centers, as shown in Figure 7. The overall height of the bridge 

rail was 42 in. (1,067 mm), as measured between the top of upper rail and the concrete deck 

surface. The top and bottom rail elements are comprised of ASTM A500 TS 8-in. x 3-in. x 5/16 -

in. (TS 203-mm x 76-mm x 7.9-mm) steel tubes and the middle two rails consisted of ASTM A36 

TS 8-in. x 4-in. x 5/16-in. (TS 203-mm x 102-mm x 7.9-mm) steel tubes. Each rail element was 

attached to the front of the posts with two ¾-in. diameter stud bolts.  The steel posts consisted of 

two ASTM A36 ¾-in. (19-mm) thick by 5-ft (1.5-m) long plates spaced apart at 8 in. (203 mm) 

on center. The ends of the rails were connected to each other using ⅜-in. (9.5-mm) thick, 

customized, welded, rectangular splice tubes.  

The California ST-70, Side-Mounted, Bridge Rail was successfully crash-tested under the 

AASHTO MASH TL-4 safety performance criteria using small car, pickup truck, and SUT test 
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vehicles. The three full-scale vehicle crash tests resulted with minimal post and rail damage. The 

small car stayed in contact with the bridge rail for about 10 ft (3.0 m) for a maximum dynamic 

deflection of 0.9 in. (23 mm) and did not snag on the posts. The pickup truck contacted the railing 

for approximately 14 ft (4.3 m) with a maximum dynamic deflection of 1.6 in. (41 mm) without 

snagging on the posts. The SUT stayed in contact with the barrier for approximately 50 ft (15 m) 

for a maximum dynamic deflection of 2.4 in. (61 mm) and did not snag on the posts. 

 

 

Figure 7. California ST-70, Side-Mounted, Bridge Rail [20] 
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2.3.4 Verrazano-Narrows Bridge Rail 

The Verrazano Narrows Bridge Rail was successfully crash tested under the AASHTO 

MASH TL-5 safety criteria [21]. The bridge rail was designed for the Verrazano-Narrows Bridge 

in New York to accommodate large traffic volumes of SUTs and tractor-van trailers on this bridge. 

The Verrazano-Narrows Bridge Rail consisted of four rail elements mounted to the front faces of 

custom-welded, steel posts spaced on 8 ft – 3 in. (2.5 m) centers and side-mounted to the outer 

vertical edge of the bridge deck, as shown in Figure 8. The total height of the bridge rail was 42 

in. (1,067 mm), as measured from the top of the upper rail to the roadways surface on the bridge 

deck. The ASTM A500 Grade B top and bottom rail elements were comprised of HSS 5-in. x 3-

in. x ½-in. (HSS 127-mm x 76-mm x 13-mm) steel sections, and the two ASTM A500 Grade B 

middle rails were HSS 6-in. x 6-in. x ⅜-in. (HSS 152-mm x 152-mm x 10-mm) steel sections. The 

ASTM A572 Grade 50 steel posts were comprised of W8x28 (W200x41.7) structural steel sections 

welded to 1¾-in. (44.5-mm) thick steel baseplates, with the tops beveled 1¾-in. (44.5-mm) 

downward to the field side.  

 

Figure 8. Verrazano-Narrows Bridge Rail [21] 

The top rail element was attached to the post with two horizontal ⅞-in. (22-mm) diameter 

button head bolts. The upper middle rail was attached to the post using two staggered ⅞-in. (22-

mm) diameter ASTM A325 button head bolts. The lower middle rail was attached to the post with 

an L 5-in. x 5-in. x ⅜-in. (L 127-mm x 127-mm x 9.5-mm) steel shelf angle. Two vertical ¾-in. 
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(19-mm) diameter hex head bolts attached the rail with the shelf angle and two horizontal ¾-in. 

(19-mm) diameter hex bolts attached the shelf angle to the post. The bottom rail was attached to 

the post with two ⅞-in. (22-mm) button head bolts. The end sections of the rails were connected 

to each other using HSS 6-in. x 6-in. x ⅜-in. (HSS 152-mm x 152-mm x 10-mm) steel tubes for 

the two middle rails and HSS 5-in. x 3-in. x ½-in. (HSS 127-mm x 76-mm x 12-mm) steel tubes 

for the top and bottom rails.  

The bridge rail was found to have satisfactory performance according to the MASH TL-5 

safety performance criteria. The small vehicle impacted the bridge railing and resulted with a 

maximum dynamic deflection of 1.5 in. (38 mm) without vehicle snag nor pocketing. The pickup 

truck and the tractor trailer vehicles impacted the bridge railing and produced a maximum dynamic 

deflection of 2 in. (51 mm) without snag on the posts for both test vehicles.   

2.4 Steel, Top-Mounted, Beam-and-Post, Bridge Rails 

Top-mounted, beam and post, bridge rails relevant to this study were identified to examine 

their railing elements, geometric characteristics, and safety performance. Some of the noted bridge 

rails were installed on top of reinforced concrete curbs. Curbs minimize the vertical rail opening 

between the bottom rail and the roadway surface which can reduce the propensity for wheel 

snagging on posts. Nevertheless, these systems were included within the bridge railing 

investigation. 

2.4.1 TxDOT T131 Bridge Rail 

The TxDOT T131 Bridge Rail consisted of three steel tubular rail elements mounted to the 

front flanges of W6x20 (W150x29.8) steel posts spaced on 8 ft – 4 in. (2.54 m) centers [22], as 

shown in Figure 9. The overall height of the bridge rail was 33 in. (838 mm) above the concrete 

deck. The top rail element was comprised of an ASTM A500 Grade C HSS 10-in. x 6-in. x ¼-in. 

(HSS 254-mm x 152-mm x 6.4-mm) structural steel tube. The two lower rail elements were ASTM 

A500 Grade C HSS 4-in. x 4-in. x ¼-in. (HSS 102-mm x 102-mm x 6.4-mm) steel tubes. The top 

rail element was bolted to a ½-in. (13-mm) thick steel plate that was welded on the top of the posts. 

The ⅞-in. (22-mm) diameter A307 hex head vertical bolts were used to make the connection. The 

two lower rails were attached to the front flanges of the steel posts using two ⅝-in. (16-mm) 

diameter ASTM A307 button head bolts at each post location. The ends of the middle and bottom 

rails were attached to each other using ASTM A500 Grade C HSS 3-in. x 3-in. x ¼-in. (HSS 76-

mm x 76-mm x 6.4-mm) rectangular steel sections. The ends of the top rail sections were attached 

with ⅜-in. (10-mm) thick, welded steel tubes that were fabricated with two ASTM A572 Grade B 

bent steel plates.  
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Figure 9. TxDOT T131 Bridge Rail [22] 

The TxDOT T131 Bridge Rail was unsuccessfully crash-tested under the MASH TL-3 

criteria due to rollover of the 2270P vehicle when one post-to-deck connection gave away during 

MASH test designation no. 3-11. However, the bridge rail performed adequately according to the 

MASH test designation no. 3-10 criteria. The maximum deflections for the small car and pickup 

truck crash tests were 4.8 in. (122 mm) and 10.9 in. (277 mm), respectively. For MASH test no. 

3-10, the rails were noted to only have contact marks at the impact location, while the concrete 

deck was cracked around three posts. For MASH test no. 3-11 crash test, the rails were noted to 

have contact marks and scraps at the impact location. However, concrete spalling and cracking 

was observed in the deck near three posts. Consequently, the pickup truck was redirected out of 

the system but it later rolled over 135 degrees clockwise after loss of contact with the bridge railing. 

2.4.2 TxDOT C2P Bridge Rail 

The TxDOT C2P Bridge Rail consisted of three steel rails attached to customized steel 

posts spaced at 8 ft centers and mounted on top of a 9-in. tall concrete curb having an overall height 

of 42 in. (1,067 mm) [23], as shown in Figure 10. The upper rail elements were comprised of a 

ASTM A500 Grade B round HSS 4½-in. x 3/16-in. (HSS 114-mm x 4.8-mm) steel sections, and 

the middle and bottom rails conformed to ASTM A500 Grade B rectangular HSS 6-in. x 2-in. x 

¼-in. (HSS 152-mm x 51-mm x 6.4-mm) steel sections. The posts consisted of two ASTM A572 

PL 31¼-in. x 9-in. x ¾-in. (PL794-mm x 229-mm x 19-mm) steel vertical plates spaced at 12 in. 

(305 mm) centers. Each rail was attached to the front faces of the custom-built posts with two ½-

in. diameter ASTM A36 steel U-bolts. The rails were connected with internal splice tubes at the 
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ends of the sections. The splice connection for the top rail used a round HSS 4-in. x ¼-in. (HSS 

102-mm x 6.4-mm) steel section, and the splice connection for the lower rails used built-up tubes 

fabricated with two 3/16-in. (4.8-mm) thick bent plates.  

 

Figure 10. TxDOT C2P Bridge Rail [23] 

The TxDOT C2P Bridge Rail was successfully crash tested under MASH TL-4 using three 

vehicle impact conditions. TxDOT C2P Bridge Rail contained and redirected the three MASH TL-

4 vehicles, which did not penetrate, underride, or override the bridge rail installation. The 1100C 

and 2270P passenger vehicles remained upright during and after the collision event. The 10000S 

vehicle was properly contained and redirected after losing contact with the bridge rail, resulting in 

a maximum deflection during the test 11.4 in. (290 mm). For MASH test designation no. 4-12, the 

welds between the posts and base plates were not properly fabricated according to the design 

drawings. Consequently, these welds within the impact area immediately ruptured during the SUT 

impact event. 

2.4.3 Massachusetts S3 TL-4 Bridge Rail 

The bridge rail consisted of three rectangular steel rails attached to the front flanges of 

W6x25 (W150x37) steel posts spaced at 6 ft – 7½ in. (2.0 m) centers and mounted to the top of an 

8 in. (203 mm) tall, concrete curb [24], as shown in Figure 11. The upper rail element was 
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comprised of HSS 5-in. x 4-in. x ¼-in. (HSS 127-mm x 102-mm x 6.4-mm) steel tubes, while the 

lower two steel rails were comprised of HSS 5-in. x 5-in. x ¼-in. (HSS 127-mm x 127-mm x 6.4-

mm) steel tubes. The overall system height of the bridge rail was 40¼ inches (1,022 mm).     

 

Figure 11. Massachusetts S3-TL4 Bridge Railing [24] 

The Massachusetts S3-TL-4 Bridge Railing, which was mounted on a safety curb, met all 

criteria specified for NCHRP Report 350 test designations nos. 4-11 and 4-12. During test 

designation nos. 4-11 and 4-12, the vehicles were contained and safely redirected, remained 

upright during and after the collision, and resulted in a maximum dynamic deflection of 1½ in. (38 

mm) and 2⅛ in. (55 mm), respectively. 

2.4.4 Caltrans ST-10 Bridge Rail 

The ST-10 Bridge Rail was unsuccessfully crash tested by California Department of 

Transportation (Caltrans) under MASH test no. 3-11 vehicle impact conditions [25]. The Caltrans 

ST-10 Bridge Rail consisted of two TS 8-in. x 4-in. x 5/16-in. (TS 203-mm x 101-mm x 8-mm) 

rectangular steel rails that were mounted to built-up steel posts fabricated with two PL 26½-in. x 

10-in. x ⅝-in. (PL 673-mm x 254-mm x 16-mm) steel plates, which were spaced 8 in. (203 mm) 

apart on a baseplate, as shown in Figure 12. The post spacing was 10 ft (3 m) on centers. The posts 

were installed at the top of a 6-in. (152-mm) tall reinforced concrete curb.  



July 20, 2020  
MwRSF Report No. TRP-03-410-20 

22 

 

Figure 12. Caltrans ST-10 Bridge Rail [25] 

The pickup truck was redirected after impacting the bridge rail. However, after losing 

contact with the barrier, the pickup rolled onto its side. The crash test of the pickup truck resulted 

in a maximum roll of 118.5 degrees. Vehicle intrusion between the rails presumably caused the 

vehicular instability. 

2.4.5 PosBarrier-B Bridge Rail 

The PosBarrier-B bridge rail consisted of three steel rails attached to customized steel posts 

spaced at 9 ft – 10 in. (3.0 m) centers and mounted on top of an 11⅞-in. (302-mm) tall concrete 

curb [26], as shown in Figure 13. The overall height of the bridge rail was 56 in. (1.4 m). The top, 

middle, and bottom rail elements were formed from flat steel sheets to be 5½ in. (140 mm) deep 

with a round face on the traffic side and center heights of 53⅛ in. (1.35 m), 34½ in. (876 mm), and 

20½ in. (520 mm), respectively. These rails were bolted to hollow built-up posts, formed from a 

channel section welded to a front steel plate. 

The PosBarrier-B Bridge Rail was successfully crash tested under MASH TL-4 impact 

conditions the three MASH TL-4 vehicles. The crash tests of the small vehicle, pickup truck, and 

SUT resulted with a maximum dynamic deflection of 1.5 in. (38 mm), 2.25 in. (57 mm), and 3 in. 

(76 mm), respectively.  
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Figure 13. PosBarrier-B Bridge Rail [26] 

2.4.6 Caltrans ST-20 Bridge Rail 

The Caltrans ST-20 Bridge Rail consisted of four steel, rectangular rails and a steel, tubular 

handrail [27]. The top and bottom rail elements were ASTM A500 TS 6-in. x 3-in. x 5/16-in. (TS  

152-mm x 76-mm x 7.9-mm) steel sections, and the two middle rail elements were ASTM A500 

TS 6-in. x 4-in. x 5/16-in. (TS 152-mm x 102-mm x 7.9-mm) steel sections, as shown in Figure 14. 

The tubular handrail was comprised of a ASTM A500 TS 3-in. x 2-in. x 3/16-in. (TS 76-mm x 51-

mm  x 4.8-mm) steel sections. The built-up, steel posts were fabricated with two ASTM A36 Grade 

B PL 40¾-in. x 1113/16-in. x ⅝-in. (PL 1035-mm x 300-mm x 16-mm) steel plates, which were 

spaced 8 in. (203 mm) apart on a baseplate. Each of the four main rails were attached to the front 

faces of the built-up steel posts using two ¾-in. (19 mm) diameter ASTM A108 steel stud bolts.  

The post spacing along the system was 9 ft – 10 in. (3.0 m), and the overall height of the top rail 

element was 4611/16-in. (1,186 mm) above the concrete deck.  

The Caltrans ST-20 Bridge Rail was successfully crash tested by California Department of 

Transportation (Caltrans) under NCHRP Report 350 test no. 3-11 safety performance criteria. The 

2000P pickup truck was successfully contained and redirected with a maximum dynamic 

deflection of 1 in. (25 mm). 
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Figure 14. Caltrans ST-20 Bridge Rail [27] 

2.4.7 TxDOT T131RC Bridge Rail 

The TxDOT T131RC Bridge Rail consisted of two tubular rail elements mounted to the 

front flanges of W6x20 (W150x29.8) steel posts spaced on 5 ft (1.52 m) centers and mounted on 

top of an 8-in. (203-mm) tall reinforced concrete curb [28], as shown in Figure 15. Both rail 

elements were comprised of ASTM A500 Grade C HSS 6-in. x 6-in. x¼-in. (HSS 152-mm x 152-

mm x 6.4-mm) structural tubes. The overall height of the bridge rail was 36 in. (914 mm) above 

the concrete deck. The two rails were attached to the front flanges of the steel posts using two ⅝-

in. (16-mm) diameter ASTM A307 button head bolts at each post location. The ends of the top rail 

sections were attached with ⅜-in. (10-mm) thick, welded steel tubes that were fabricated with two 

ASTM A572 Grade B bent steel plates. The bridge railing adequately contained and redirected the 

pickup truck.  

The TxDOT T131RC Bridge Rail was successfully crash tested under MASH test 

designation no. 3-11 impact conditions. The bridge railing safely contained and redirected the 

2270P pickup truck. Although the maximum dynamic deflection was not obtainable, the maximum 

permanent set deflection was 6½ in. (165 mm).  
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Figure 15. TxDOT T131RC Bridge Rail [28] 

2.4.8 TxDOT Picket Bridge Rail 

The TxDOT Picket Bridge Rail consisted of three steel rails attached to the front faces of 

built-up posts, which were mounted to the top of a 9-in. (229-mm) tall reinforced concrete curb 

[29], as shown in Figure 16. The overall height of the bridge rail was 36 in. (914 mm) above the 

concrete deck surface, while the built-up posts were spaced on 8 ft (2.44 m) centers. The top rail 

element consisted of an ASTM A500 Grade B round HSS 4½-in. x 3/16-in. (HSS 114.3-mm x 4.8-

mm) steel tube. The lower two rail elements were comprised of ASTM A500 Grade B HSS 6-in. 

x 2-in. x ¼-in. (HSS 152-mm x 51-mm x 6.4-mm) rectangular steel tubes. The heights of the top, 

middle, and bottom steel rail elements were 36 in., 28 in., and 18 in. (914 mm, 711 mm, and 457 

mm), respectively, as measured to the top of the tubes. Each rail was attached to each post using a 

½-in. (12.7-mm) diameter ASTM A36 bent U-bolt. The built-up posts consisted of two ASTM 

A572 Grade 50 ¾-in. (19-mm) thick, 9-in. (229-mm) wide, and 26-in. (660-mm) tall steel plates 

spaced 12½-in. (317-mm) apart. The steel pickets were attached to the field side of the bridge 

railing and consisted of ASTM A36 ⅝-in. (15.9 mm) square steel bars located at 6 in. (152-mm) 

on centers. The ends of the rails were attached to each other with internal splice tubes. The top 

splice tube consisted of a ASTM A500 Grade B HSS 4-in. x ¼-in. (HSS 102-mm x 6.4-mm) round 

section, and the two lower splice tubes were ASTM A36 3/16-in. (4.8-mm) thick, welded steel 

sections that were fabricated with two bent steel plates.  
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Figure 16. TxDOT Picket Bridge Rail [29] 

Two crash tests were performed on the MASH TL-3 steel bridge rail utilizing a pickup 

truck and a small car. The TxDOT Picket Bridge Rail adequately contained and redirected the 

small car with a maximum dynamic deflection of 0.9 in. (23 mm). Minor deformations to the 

occupant compartment were found inside the small vehicle. The bridge rail also properly contained 

and redirected the pickup truck with a maximum dynamic deflection of 2.8 in. (71 mm). Minor 

deformations to the occupant compartment were found inside the pickup truck. 

2.5 Lateral and Vertical Impact Loading 

2.5.1 Overview 

To design longitudinal roadside barriers, such as the new MASH TL-4 steel, beam-and-

post, side-mounted, bridge rail, it was necessary to identify lateral and vertical impact loadings. 

Many research studies have investigated the magnitude of impact loading pertaining to TL-4 

impact safety standards. Researchers have identified different impact loads based on published 

design values, physical test results, and simulation results. Therefore, researchers have used 

different TL-4 design impact loads for the development of longitudinal roadside barriers, including 

bridge rails.  

For the development of the new steel, beam-and-post, side-mounted, bridge rail, lateral and 

vertical design impact loads were reviewed to configure the system to resist MASH TL-4 pickup 

truck and SUT impact events. 
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Design impact forces for configuring roadside barrier systems, including bridge rails, have 

been published in various editions of the AASHTO LRFD Bridge Design Specifications, including 

the 8th edition [30]. These impact loads were derived using data obtained from two crash testing 

studies using an instrumented, reinforced concrete wall, which was conducted by TTI researchers 

during the 1980’s [31-33]. The loads measured in these studies were obtained from impacts with 

rigid barriers, therefore, these load measurements would represent an upper bound of impact forces 

that would actually be observed in deformable roadside barriers, such as the new steel, side-

mounted, beam-and-post, bridge rail. 

2.5.2 42-in. Tall, Instrumented, Reinforced Concrete Wall 

 In 1981, the first impact load study involved a 42-in. (1,067-mm) tall, instrumented, 

reinforced concrete wall that was constructed and out-fitted with accelerometers and load cells 

[31]. The wall consisted of four 120-in. x 42-in. (2.9-m x 1.1-m) wall segments with load cells on 

all four corners and one accelerometer in the center of each wall segment. The instrumented wall 

was used to measure the impact forces associated with eight full-scale crash tests involving small 

vehicles, pickup trucks, and intercity buses. The target impact speed in all of the crash tests was 

60 mph (96.6 km/h). Each full-scale crash test was divided in two phases in order to provide the 

resultant loading at the frontal initial impact and the final rear impact or “tail-slap”. A summary of 

results from all the tests provided data for the initial and the final phases of the impact for each 

test. The summary of the results is shown in Table 8. 

Table 8. Distribution of Forces from the 42-in. (1,067-mm) Tall, Instrumented Tall [31] 

Test Conditions 

Impact  

Phase 

Resultant 

Vehicle 

Type 

Weight 

(lb) 

Speed 

(mph) 

Angle 

(deg) 

Height 

(in.) 

Magnitude 

(kips) 

Contact 

Height  

(ft) 

Contact 

Length 

(ft) 

Subcompact 

Sedan 
2,050 59.0 15.5 

Initial  17.0 18.4 2.33 5.0 

Final 18.7 8.4 2.58 7.6 

Subcompact 

Sedan 
2,090 58.5 21.0 

Initial  19.0 21.1 2.67 6.0 

Final 20.7 13.1 3.00 8.0 

Compact 

Sedan 
2,800 58.3 15.0 

Initial  18.1 18.5 2.50 5.0 

Final 15.3 13.9 2.08 10.8 

Compact 

Sedan 
2,830 56.0 18.5 

Initial  19.3 22.0 2.92 4.8 

Final 21.3 22.5 3.00 10.2 

Full-Sized 

Sedan 
4,680 52.9 15.0 

Initial  21.4 52.5 3.08 7.3 

Final 24.0 28.3 3.25 10.7 

Full-Sized 

Sedan 
4,740 59.9 24.0 

Initial  21.8 59.9 3.17 6.5 

Final 22.5 28.3 3.25 14.5 

School  

Bus 
20,030 57.6 15.0 

Initial  29.0 63.7 2.17 12.3 

Final 32.7 73.8 1.58 25.5 

Intercity  

Bus 
32,020 60.0 15.0 

Initial  26.3 85.0 2.58 6.3 

Final 28.4 211.0 2.25 15.0 
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2.5.3 90-in. Tall, Instrumented, Reinforced Concrete Wall 

In 1989, the second impact load study involved a 90-in. (2.3-m) tall, instrumented, 

reinforced concrete wall that was constructed and out-fitted with accelerometers and load cells 

[32-33]. The wall consisted of four 120-in. x 90-in. (2.9-m x 2.3-m) wall segments with load cells 

on all four corners and one accelerometer in the center of each wall segment. Ten vehicles, ranging 

from small cars and pickup trucks to tractor-van and tractor-tank trailers, were crashed into the 

barrier. A summary of results from all of the tests is shown in Table 9. 

Table 9. Distribution of Forces from the 90-in. (2,3-m) Tall, Instrumented Tall [32] 

Vehicle 

Type 

Vehicle 

Weight 

(lb) 

Impact Velocity 

(mph) 

Impact  

Angle 

(deg) 

Maximum 

Impact Force* 

(kips) 

Vertical Height 

of Resultant 

(in.) 

Automobile 4,500 61.8 25.6 56 19.0 

Intercity Bus 40,050 58.6 15.4 386 52.0 

Tractor Van-Trailer 80,080 55.0 15.3 220 70.0 

Tractor Tank-Trailer 79,900 54.8 16.0 408 56.0 

Pickup 5,409 65.8 19.9 45 22.5 

Pickup 5,432 46.8 19.0 32 23.0 

Suburban 5,400 64.1 19.7 51 20.0 

Suburban 5,350 44.7 19.5 28 25.0 

Tractor Van-Trailer 50,000 50.4 14.6 150 35.0 

Single Unit Truck 18,050 51.6 16.8 90 40.0 

*Forces shown are the maximum 0.050-sec average forces measured with the instrumented wall. 

 

2.5.4 AASHTO 1989 Guide Specifications for Bridge Rails - Design Loading 

The AASHTO 1989 Guide Specifications for Bridge Rails [4] provided a matrix of 

recommended design loads for the PL-1, PL-2, PL-3, PL-4, and PL-4T performance levels. A 

recommended design lateral load of 80 kips (356 kN) longitudinally distributed over 28 in. (711 

mm) at a height of 17 in. (432 mm) was specified for (PL-2) Performance Level, as shown in Table 

10. In addition, the recommended vertical design load was 15 kips (67 kN) downward and 5 kips 

(22 kN) upward. Details were provided for distributing lateral, vertical, and longitudinal loads to 

parapets, rails, and posts. 

Table 10. AASHTO 1989 Guide Specifications for Bridge Rails Bridge Railing Loads [4] 

Railing Performance 

Level 
PL-1 PL-2 PL-3 

Optimal  

PL-4 

Optimal  

PL-4T 

Horizontal  

Load 
30 kips 80 kips 140 kips 200 kips 200 kips 

Downward  

Load 
12 kips 15 kips 18 kips 18 kips 18 kips 

Upward  

Load 
4 kips 5 kips 6 kips 6 kips 6 kips 

Horizontal Load 

Height 
16 in. 17 in. 18 in. 19 in. 19 in. 

Horizontal Load 

Distributed Length 
24 in. 28 in. 32 in. 36 in. 36 in. 
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2.5.5 AASHTO LRFD Bridge Design Specifications - Design Loading 

The recommended design impact loads found in various editions of the AASHTO LRFD 

Bridge Design Specifications, including the 8th edition [30], are shown in Table 11. For the pickup 

truck, the lateral design impact load was 54 kips (240 kN) at 24 in. (610 mm) above ground level 

applied on a span of 4 ft (1.22 m), and the vertical impact load was found to be 4.5 kips (20 kN) 

over a 18-ft (5.5-m) span. For the SUT, the lateral design impact load was found to be 54 kips (240 

kN) at 32 in. (813 mm) applied on a span of 3.5 ft (1.06 m), and a vertical load of 18 kips (80 kN) 

over an 18-ft (5.5-m) span. 

Table 11. AASHTO LRFD Bridge Design Specifications Forces for Traffic Railings [30] 

Design Forces and 

Designation 

Railing Test Levels 

TL-1 TL-2 TL-3 TL-4 TL-5 TL-6 

Ft Transverse (kips) 13.5 27.0 54.0 54.0 124.0 175.0 

FL Longitudinal (kips) 4.5 9.0 18.0 18.0 41.0 58.0 

Fv Vertical (kips) 4.5 4.5 4.5 18.0 80.0 80.0 

Lt and LL (ft) 4.0 4.0 4.0 3.5 8.0 8.0 

Lv (ft) 18.0 18.0 18.0 18.0 40.0 40.0 

He (min) (in.) 18.0 20.0 24.0 32.0 42.0 56.0 

Minimum H Height of rail (in.) 27.0 27.0 27.0 32.0 42.0 90.0 

 

where: 

Ft = Transverse force applied perpendicular to the barrier 

FL = Longitudinal force applied by friction along barrier’s direction 

Fv = Vertical force applied downward on the top of the barrier 

LL = Length of the transverse force 

He = Height of the peak force from ground level 

 

2.5.6 32-in. Tall, Vertical, Rigid Barrier Finite Element Simulations 

In 2009, TTI researchers performed finite element simulations of a NCHRP Report 350 

TL-3 pickup truck impacting a 32-in. (813-mm) tall, vertical rigid barrier [34-35]. The average 

impact force on the rigid barrier was 55.8 kips (248 kN); similar to the 54-kip (240 kN) 

recommended lateral design impact load published in the current AASHTO LRFD Bridge Design 

Specifications. 
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Figure 17. NCHRP Report 350 TL-3 Pickup Truck Time History of Impact Force [34] 

TTI researchers also performed finite element simulations of the MASH pickup truck 

impacting the identical 32-in. (813-mm) tall, vertical rigid barrier. The maximum average force 

obtained from the MASH pickup truck was approximately 71 kips (316 kN) at a height of 19.5 in. 

(495 mm) [36]. The two different models of the MASH and NCHRP Report 350 pickup trucks are 

shown in Figure 18. 

 

Figure 18. MASH TL-3 Pickup Truck Time History of Impact Force [36] 
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2.5.7 NCHRP Project No. 22-20(2) 

Finite element simulations were conducted with a MASH SUT vehicle model impacting 

rigid vertical walls with heights of 36 in. (914 mm), 39 in. (991 mm), 42 in. (1.07 m), and 90 in. 

(2.23 m) [37]. The objective of this study was to obtain MASH TL-4 impact loads on barriers at 

different heights using finite element impact simulations. As shown in Table 12, as the height of 

the barrier increases, the applied force increases due to less vehicle roll. Moreover, the magnitude 

of the vertical forces applied on the barrier decreases as the barrier height increases due to the 

decrease of vehicle roll. 

Table 12. Summary of Resultant Impact Loads for MASH TL-4 Single-Unit Truck [37] 

Design Forces and 

Designations 

Barrier Height (in.) 

36 39 42 90 

Ft Transverse (kips) 67.2 72.3 79.1 93.3 

FL Longitudinal (kips) 21.6 23.6 26.8 27.5 

Fv Vertical (kips) 37.8 32.7 22 N/A 

LL (ft) 4 5 5 14 

He (in.) 25.1 28.7 30.2 45.5 

N/A = Not Applicable 

where: 

Ft = Transverse force applied perpendicular to the barrier 

FL = Longitudinal force applied by friction along barrier’s direction 

Fv = Vertical force applied downward on the top of the barrier 

LL = Length of the transverse force 

He = Height of the peak force from ground level 

 

NCHRP Report No. 22-20(2) divides MASH TL-4 recommended design impact loads in 

two sections according to the heights of the barrier [37]. TL-4-1 was associated with a 36-in. (915-

mm) tall, rigid vertical barrier and TL-4-2 correspond a 42-in. (635-mm) tall, rigid vertical barrier. 

However, TL-4-2 design impact loads were used for the design of longitudinal barriers with an 

overall height greater than 36 in. (915 mm).  

Table 13. Recommendation of Design Impact Loads for MASH TL-4 Traffic Barriers [37] 

Design Forces and 

Designations 
TL-4-1 TL-4-2 

Rail Height, H (in.) 36 >36 

Ft Transverse (kips) 70 80 

FL Longitudinal (kips) 22 27 

Fv Vertical (kips) 38 33 

LL (ft) 4 5 

Lv (ft) 18 18 

He (in.) 25 30 



July 20, 2020  
MwRSF Report No. TRP-03-410-20 

32 

where: 

Ft = Transverse force applied perpendicular to the barrier 

FL = Longitudinal force applied by friction along barrier’s direction 

Fv = Vertical force applied downward on the top of the barrier 

LL = Length of the transverse force 

He = Height of the peak force from ground level 

 Lv = Length of the vertical distributed design load 

The TL-4-1 design loads correspond to a rigid 36-in. (813-mm) tall barrier with a design 

lateral impact load of 70 kips (311 kN) at 25 in. (635 mm) above grade applied on a 4-ft (1.22-m) 

span and a design vertical impact load of 38 kips (169 kN) on a 18-ft (5.5-m) span. The TL-4-2 

design loads correspond to a barrier greater than 36 in. (914 mm) tall with a design lateral force of 

80 kips (356 kN) at 30 in. (762 mm) height applied on 18 ft (5.5 mm) and a design vertical load of 

33 kips (146 kN) on an 18-ft (5.5-m) span. 

The design load for MASH TL-3 impacts was updated from the recommended 54-kip (240 

kN) load obtained from an impact simulation of a NCHRP Report 350 TL-3 pickup truck 

impacting a 32-in. (813-mm) tall, vertical rigid barrier NCHRP Report No. 663 [34]. Finite 

element simulations of the MASH 2270P pickup truck impacting the same 32-in. (813-mm) tall, 

vertical rigid barrier indicated that a lateral load of 70 kips (311 kN) at 24 in. (610 mm) above 

grade applied on a 4-ft (1.22-m) span represented an upper bound of the lateral design impact load 

observed on simulation.      

2.5.8 36-in. Tall, Single-Slope, Rigid Concrete Barrier  

In 2011, TTI performed a satisfactory full-scale crash test of the MASH TL-4 10,000S 

SUT impacting a 36-in. (914-mm) tall, single-slope, rigid concrete barrier for MASH test 

designation no. 4-12 [38]. The objective of this study was to recommend a lateral design impact 

load and a minimum rail height under MASH TL-4 impact conditions. 

Impact LS-DYNA simulations were performed with barrier heights of 36, 37, 38, 39, and 

42 in. (914, 940, 965, 991, and 1,067 mm). As expected, the 42-in. (914-mm) tall barrier produced 

the greatest vehicular stability; however, this research was required to establish a minimum height 

for MASH TL-4 conditions. The 36-in. (914-mm) height was selected for a full-scale crash test. 

LS-DYNA simulations were also used to calculate lateral loads resulting from simulated SUT 

impacts into a rigid, single-slope barrier with various heights. The researchers based their 

recommendation for a lateral design impact load of a 42-in. (1.07-m) height to accommodate a 

broader range of MASH TL-4 heights. A design load of 80 kips (356 kN) was recommended for 

MASH TL-4 rails. 
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Figure 19. Lateral Impact Loads with Various Rail Heights [38] 

2.6 Minimum Bridge Rail Overall Heights 

The NCHRP Report 350 crash testing criteria have been used to determine acceptable 

overall heights for bridge rails, median barriers, and roadside barriers at most levels which allow 

vehicle capture and redirection without override. Due to the more intense MASH impact 

conditions for the pickup truck and SUT vehicle, further review was needed to identify minimum 

barrier heights that would meet MASH TL-4 impact conditions. 

2.6.1 Impact Simulations of 27, 28, and 29 in. Tall Rigid Barriers 

In 2017, an LS-DYNA simulation was performed by TTI researchers to determine 

minimum heights for MASH TL-3 impact conditions [36]. Finite element simulations of a pickup 

truck impacting rigid barriers were used to determine the minimum rail height for the MASH TL-

3 pickup truck. The height of the rigid barriers were progressively increased to obtain a minimum 

rail height depending on the vehicle kinematics and stability. The simulations were conducted with 

a vertical rigid barrier with heights of 27 in. (686 mm), 28 in. (711 mm), and 29 in. (737 mm). The 

simulation with the 27-in. (686-mm) tall rigid barrier resulted with rollover of the pickup truck. 

The simulation of the 28-in. (711-mm) tall rigid barrier did not rollover but experienced moderate 

roll. The simulation with the 29-in. (737-mm) tall rigid barrier showed adequate vehicle kinematics 

and remained fairly stable after the impact event. Therefore, based on the simulation results, the 

minimum recommended overall height for MASH TL-3 bridge rails was 29 in. (737 mm).  
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Figure 20. FE Simulations of MASH Pickup Truck Impacting a 27-in. (left), 28-in. (middle), and 

29-in. (right) Tall Rigid Barriers [36] 

2.6.2 32-in. Tall, Safety Shape, Concrete Barrier 

In 2004, TTI researchers performed a successful full-scale crash test of a NCHRP Report 

350 TL-4 SUT impacting a 32-in. (813-mm) tall New Jersey Safety Shape Bridge Rail [39]. The 

objective of this study was to determine if the 32-in. (813-mm) minimum height requirement for 

TL-4 vehicles from the AASHTO LRFD Bridge Design Specifications was adequate.  

 

Figure 21. 32-in. Tall NJ Safety Shape Barrier under NCHRP 350 Impact Conditions [39] 

However, in 2006, MwRSF researchers performed an unsuccessful full-scale crash test of 

an updated NCHRP Report 350 TL-4 single unit truck impacting the 32-in. tall New Jersey Safety 

Shape Bridge Rail [40]. The crash test conditions of this full-scale crash test resulted to be identical 

to the current MASH test designation 4-12 test conditions. During the impact, the SUT rolled over 

the top of the barrier and came to rest on its side behind the barrier.  

 

Figure 22. 32-in. Tall NJ Safety Shape Barrier under MASH Impact Conditions [40] 
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2.6.3 36-in. Tall, Single-Slope, Concrete Barrier 

In 2011, TTI researchers crash tested a 36-in. (914-mm) tall, Single-Slope, Traffic Rail 

with a MASH TL-4 SUT to identify a minimum barrier height for MASH TL-4 longitudinal 

barriers [38]. The barrier successfully contained and redirected the SUT. Therefore, a minimum 

barrier height of 36 in. (914 mm) was determined for MASH TL-4 impact conditions.  

 

Figure 23. 36-in. (914-mm) Tall, Single-Slope, Traffic Rail Bridge Rail under MASH TL-4 

Impact Conditions [38]
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3 DESIGN CRITERIA 

3.1 Overview 

Several design criteria were established for the development of the new steel, beam-and-

post, side-mounted, bridge rail. The configuration of the new bridge rail was designed to be 

adaptable to four different bridge deck types utilized by the States of Illinois and Ohio with or 

without the installation of future 3-in. (76-mm) thick pavement overlays. The configuration of the 

bridge rail was also designed to meet minimum rail heights for the three MASH TL-4 test vehicles 

to prevent vehicle rollover and instabilities. The bridge rail system was expected to safely contain 

and redirect MASH TL-4 vehicles as well as resist lateral and vertical design impact loadings from 

small cars, pickup trucks, and SUTs. Furthermore, in order to satisfy MASH TL-4 safety 

performance criteria, the bridge rail configuration was to mitigate vehicle snag into posts through 

identifying appropriate vertical clear openings, rail heights, and rail offsets away from posts. After 

consulting with the Illinois and Ohio DOTs, the sponsors provided design criteria to ease the 

fabrication and installation efforts for the bridge rail. 

3.2 Critical Deck Configuration 

The new steel, side-mounted, beam-and-post, bridge rail was designed to be adaptable to 

four concrete bridge deck configurations utilized by the Illinois and Ohio DOTs. Each 

configuration has post-to-deck connections that are comprised of a pair of tension and a pair 

compression steel anchor rods. This connection is used to attach the front flange of each steel post 

to the exterior vertical edge of the concrete deck.  

Four bridge deck configurations and post attachments were initially to be considered in this 

study, including: a reinforced concrete slab with posts anchored to the slab (Deck #1); a pre-

stressed box with a reinforced concrete slab on top with posts anchored to the pre-stressed box and 

upper slab (Deck #2); a pre-stressed box with a concrete slab on top with posts anchored to the 

pre-stressed box (Deck #3); and a pre-stressed box with a 2-in. (51-mm) thick asphalt wearing 

surface placed on top with posts anchored to the pre-stressed box (Deck #4), as shown in Figure 

24.  

Bridge deck configuration #2 featured a 6-in. (152-mm) thick concrete slab on top of the 

concrete pre-stressed box girder. Assuming cast-in-place 1¼-in. (32-mm) diameter tension anchor 

rods, the 6-in. (152-mm) thick concrete slab would have a clear cover of 1¼ in. (32 mm) to the 

bottom of the slab/top of pre-stressed box girder. This minimal clear cover posed risk for reduced 

concrete-anchor bond and an increased risk of anchor pullout for the tension anchor rods embedded 

in the concrete slab. Representatives from the Illinois and Ohio DOTs proceeded to eliminate side-

mount anchoring into deck configuration #2 and anchor solely into the bridge deck or into the box 

beam girders. Therefore, bridge deck configuration #2 was disregarded for post-to-deck 

attachment designs and for the design of the new bridge railing system. 
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Figure 24. Four Bridge Deck Configurations with Post Attachment: (a) Reinforced Concrete 

Slab; (b) Pre-Stressed Box with a Reinforced Concrete Slab on Top; (c) Pre-Stressed Box with a 

Reinforced Concrete Slab on Top; and (d) Pre-Stressed Box with a 2-in. Asphalt Wearing 

Surface 

As noted in Section 1.2, W6x15 (W150x22.5) steel posts were used in the Illinois and Ohio 

MASH 2016 TL-4 Prototype Bridge Rail to replace W6x25 (W150x37.5) steel posts found in the 

Illinois Side-Mounted Bridge Rail [3] to lower the impact loads transferred to the deck, and 

consequently, reduce the potential for bridge deck damage. Further, W6x15 (W150x22.5) posts 

were also utilized in the MwRSF STTR Bridge Rail [18], which was successfully crash tested 

under NCHRP Report 350 TL-4 test conditions. 

The W6x15 (W150x22.5) steel posts near the impact region were expected to result in 

plastic deformations in posts at an elevation near the tension anchor rods in the three MASH 2016 

TL-4 full-scale crash tests, as shown in Figure 25. Consequently, the plastic hinges at the elevation 

of the tension anchors would limit the magnitude of the load imparted to the bridge deck and the 

potential for concrete damage.  
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Figure 25. Steel Post Plastic Hinges at Elevation of Tension Anchor Rods 

The elevation of the tension anchor rods as well as the roadway pavement overlay dictate 

the moment arm between the plastic hinge location of the posts and the applied lateral load. The 

bridge deck configuration with the largest moment arm between the tension anchor rods (i.e., 

plastic hinge location) and the impact load height was determined to result in the weakest lateral 

post resistance as well as the largest bridge rail deflection. On the other hand, the bridge deck 

configuration with the smallest moment arm would result in the strongest lateral post resistance as 

well as smallest bridge rail deflection, assuming post and/or deck rupture do not occur. The 

targeted vertical position for the tension anchor rods within each of the four bridge deck 

configurations was determined with the assistance of Illinois and Ohio DOT personnel, as shown 

in Figure 26. 

As shown in Figure 26, bridge deck configuration #3 with the 3-in. pavement overlay was 

determined to be the weakest post resistance, and bridge deck configuration #1 without pavement 

overlay was determined to be the strongest post resistance, assuming post and/or deck rupture do 

not occur. 
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Figure 26. Preliminary Slab Decks and Post Configurations 

The MASH 2016 TL-4 full-scale vehicle crash tests were conducted to investigate the 

barrier’s ability to safely contain and redirect the test vehicles and to meet all occupant risk 

measures. However, the primary concern of the test designation no. 4-10 is vehicle stability and 

acceptable occupant risk. For test designation nos. 4-11 and 4-12, vehicle containment and stability 

are evaluated with pickup truck and the SUT, along with acceptable occupant risk with pickup 

truck. For test designation no. 4-10, the critical bridge deck configuration for full-scale crash 

testing was bridge deck configuration #1 without a pavement overlay. For test designation nos. 4-

11 and 4-12, the critical deck configuration was bridge deck configuration #3 with a 3-in. (76-mm) 

roadway asphalt overlay to maximize the lateral barrier deflections and the propensity of the 

pickup truck and the SUT to rollover and/or override the bridge rail. The critical deck 

configurations with post attachments for all three crash tests are depicted in Figure 27. 
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Figure 27. Critical Deck Configurations for Three MASH Crash Test Designations 

3.3 Lateral and Vertical Design Impact Loading 

As previously discussed in Section 2.5.7, NCHRP Report No. 22-20(2) provided two 

different design load categories for the MASH TL-4 SUT (TL-4-1 and TL-4-2) to recognize the 

effect of barrier height on the magnitude of the lateral and vertical loads [37]. TL-4-1 design loads 

were associated with the configuration of longitudinal barriers with a height of 36 in. (914 mm) 

and TL-4-2 design loads were applicable for configuring longitudinal barriers with a height greater 

than 36 in. (914 mm).  

The new steel, side-mounted, beam-and-post, bridge rail was configured with a future 3-

in. thick asphalt overlay and a resulting total effective height of 36 in. (914 mm) Thus, it was 

determined that the TL-4-2 lateral design load of 80 kips at a height of 30 in. (762 mm) and 

distributed over 5 ft (1.5 m) and the TL-4-1 vertical design load of 38 kips distributed over 18 ft 

(5.5 m) would both be used to create a conservative bridge railing system.  

For the MASH TL-3 pickup truck and as noted previously, finite element simulations of 

the MASH 2270P pickup truck impacting a 32-in. (813-mm) tall, vertical rigid barrier indicated 

that a lateral load of 70 kips at 24 in. (610 mm) above grade applied on a 4-ft (1.22-m) span 

represented an upper bound of the lateral design impact load observed on simulation [37]. This 

lateral design impact load was also used for the development of the new bridge rail discussed 

herein. 

3.4 Minimum Bridge Rail Heights  

The minimum bridge rail height of 36 in. (914 mm) was determined for MASH TL-4 rails 

based on a successful full-scale vehicle crash test on a 36-in. (914-mm) tall, single-slope, concrete 

barrier using a SUT [41]. Therefore, the IL/OH MASH 2016 TL-4 Bridge Rail Prototype Design 
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would need to be 39 in. (991 mm) tall before placement of a 3-in. (76-mm) thick asphalt overlay. 

On the other hand, the minimum barrier height for the MASH TL-3/TL-4 pickup truck was 

determined to be 29 in. (737 mm) based on finite element simulations of the MASH pickup truck 

impacting rigid barriers [35].  

The lateral design impact load of the pickup truck was determined to be 70 kips at a height 

of 24 in. (610 mm) based on a simulation of a 32-in. (813-mm) tall vertical rigid barrier [36], and 

the 1-in. top rail setback could decrease and/or eliminate direct loading imparted to the top rail by 

the pickup truck. Therefore, it was determined to disregard the top rail when considering pickup 

truck stability, even though the top rail would provide structural capacity to the bridge railing 

system under these impact scenarios. Thus, the middle rail needed to have a minimum height of 

29 in. (737 mm) to contain and redirect the pickup truck using the posts and only the middle and 

bottom rails. When full-scale crash testing the SUT and the pickup truck vehicles, bridge deck 

configuration #3 would be configured with a 3-in. (76-mm) thick roadway asphalt overlay. 

Therefore, a barrier height of 36 in. (914 mm) was recommended to evaluate the pickup truck so 

that the top of the middle rail would be located 29 in. (737 mm) above any overlay surface, as 

depicted in Figure 28. 

 

Figure 28. Minimum Rail Heights for the Three MASH TL-4 Test Designations 

3.5 Top Rail Setback  

From the MASH safety performance evaluation criteria, any bridge rail contact with the 

side windows and subsequent glass fracture for an impacting vehicle would result in a test failure.  

The TxDOT C2P Bridge Rail with a top rail height of 42 in. (1,067 mm) contained and redirected 

the MASH 1100C small vehicle [23], as shown in Figure 29. However, the head of the dummy in 

the driver’s side of the small car impacted and shattered the side window. The top rail may have 

also contributed to the shattering of the side window since the top rail contacted the bottom edge 

of the side window. 
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Figure 29. Profile and Crash Test Sequentials of MASH Test Designation No. 4-10 [23] 

Therefore, the bottom side window heights of the MASH TL-4 passenger vehicles were 

investigated to identify the potential for the upper railings of the bridge rail to contact and fracture 

the side windows. The heights of the bottom edge of the side windows for the MASH small car 

and pickup truck were approximately near 36¼ in. (196 mm) and 52¾ in. (1,340 mm), respectively. 

Therefore, the small car side window was only exposed to contact with the upper rail, which has a 

total height of 39 in. (991 mm) when no asphalt overlay existed for MASH test designation no. 4-

10. Thus, the upper rail was set back 1 in. (25 mm) to reduce concerns for side window contact 

with the top horizontal rail, as depicted in Figure 30. 

 

Figure 30. Top Rail Setback 

3.6 Potential for Vehicle Snag 

When errant vehicles impact a beam-and-post bridge rail, vehicle components, such as 

wheels, engine hood, and front bumper, may extend between the rails, or even below the bottom 

rail, and consequently, snag the vertical posts. Vehicle snag is a term used to describe a situation 

where a structural part of a vehicle contacts a barrier element and results in abrupt decelerations, 

thus potentially leading to vehicular instability, unsafe redirection or rollover, and/or significant 

loading to the occupants. The configuration and vertical location of the rails were essential in order 
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to reduce the propensity for MASH TL-4 vehicles to snag on the posts of the new steel, beam-and-

post, side-mounted, bridge rail. Therefore, the new bridge rail was configured using optimum rail 

sizes and vertical locations that would prevent, or at least greatly reduce, wheel snag against the 

posts under the bottom rail and bumper snag between the horizontal rails. The risk of engine hood 

and quarter panel snag on posts between the middle and upper rails would be minimized as best as 

possible with the use of a small vertical opening. 

3.6.1 AASHTO LRFD Bridge Design Specifications 

 The AASHTO LRFD Bridge Design Specifications [30] provided preferred geometric 

relationships for configuring beam-and-post bridge rails in order to reduce the potential for vehicle 

snag, which was based on data obtained from systems previously crash tested under NCHRP 

Report No. 230 impact conditions [15]. The geometric relationships included vertical rail 

openings, ratio of vertical rail contact surface to overall barrier height, and post setback distances 

for beam-and-post bridge rails. The potential for vehicle snag existed with the vehicle’s wheel, 

bumper, quarter panel, and engine hood, which correlated to the geometry of the railing.  

The risk for a vehicle’s wheel, bumper, quarter panel, or engine hood to snag on a post 

between and/or below rails is shown in Figures 31 and 32. The vertical clear opening, C, depicts 

acceptable rail openings for a beam-and-post bridge rail, which has often varied as a function of 

vertical position of rails, as noted in Figure 31. Larger openings have been accommodated below 

the bottom rail, while smaller openings have been used between rails. The propensity for a vehicle 

to snag on a post with respect to the summation of the depths of the vertical front faces of the rails 

and/or the depth of the concrete curbs, ƩAi/H, is depicted in Figure 32. The definition of post 

setback, S, pertains to the distance between the front face of the railings to the front face of the 

posts, as shown in Figures 31 and 32. 

 

Figure 31. AASHTO LRFD Potential Wheel, Bumper, Quarter Panel, and/or Engine Hood 

Impact with Post [30] 
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Figure 32. AASHTO LRFD Post Setback Criteria [30] 

The published vehicle snag geometric relationships have not been updated to include crash 

data corresponding with NCHRP Report 350 and MASH test vehicles and impact conditions. 

Therefore, a research effort was performed to update the two charts with the bridge rails found in 

the literature review as well as the IL/OH MASH 2016 TL-4 Bridge Rail Prototype Design to 

better predict potential snag risks with posts. 

 For each beam-and-post bridge rail, the vertical clear opening, post setback distance, and 

the ratio of vertical rail contact width to overall barrier height were determined and displayed in 

both plots. Bridge rails that were only crash tested with SUTs were disregarded as the smaller 

impact angle, deeper frontal bumpers, and larger wheel diameters as compared to MASH TL-4 

passenger vehicles did not represent a high potential for snag on the posts of the new bridge rail. 

The geometrics of the additional beam-and-post bridge rails are shown in Table 14. AASHTO 

guidance plots were updated for the bridge railing geometry and are shown in Figures 33 through 

36.
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Table 14. Literature Review Beam-and-Post Bridge Rail Geometrics 

Beam-and-Post Bridge 

Rail System 
Reference 

Post Setback 

Distance, S, 

(in.) 

Maximum 

Vertical Clear 

Opening, C, (in.) 

Ratio of Vertical 

Contact Width to 

Overall Barrier 

Height, ƩAi/H 

Illinois Side-Mounted 3 4.00 12.00 0.44 

MwRSF STTR 13 6.00 13.84 0.43 

California ST-70 15 6.00 8.00 0.33 

Verrazano-Narrows 16 6.00 6.00 0.43 

TxDOT T131 17 4.00 11.00 0.42 

TxDOT C2P 18 4.00 9.50 0.42 

Massachusetts S3 TL-

4 
19 5.00 8.00 0.57 

Caltrans ST-10 20 5.50 10.00 0.42 

PosBarrier-B 21 6.00 13.40 0.49 

Caltrans ST-20 22 3.50 8.27 0.44 

TxDOT T131RC 23 6.00 10.00 0.56 

TxDOT Picket Rail 24 3.50 8.00 0.47 

IL/OH Prototype 

Design 
- 4.00 11.00 0.41 
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Figure 33. AASHTO LRFD Potential Wheel, Bumper, Quarter Panel, and/or Engine Hood 

Impact with Post for Small Car 

 

Figure 34. Post Setback Criteria for Small Car 
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Figure 35. AASHTO LRFD Potential Wheel, Bumper, Quarter Panel, and/or Engine Hood 

Impact with Post for Pickup Truck 

 

Figure 36. Post Setback Criteria for Pickup Truck 
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For the “Potential Wheel, Bumper, and/or Engine Hood Impact with Post” and the “Post 

Setback Criteria” plots, all of the crash tested bridge rail configurations were located outside of 

the “potential zone” for vehicle snag. Thus, the development of the new bridge rail continued with 

the selection of a maximum vertical clear opening of 12 in. (305 mm) and a minimum post setback 

of 4 in. (102 mm), which were deemed appropriate using the “Potential Impact with Posts” plots. 

Further, a 12-in. (305-mm) vertical clear opening was found in the Illinois Side-Mounted Bridge 

Rail [3], which was successfully crash tested, and evaluated under AASHTO Guide Specifications 

for Bridge Railings Performance Level 2 (PL-2) impact conditions [4]. Furthermore, a minimum 

ratio of rail contact width to total height of 0.4 with a minimum post setback of 4 in. (102 mm) 

was established from the “Post Setback Criteria” plots. 

 

Figure 37. 12-in. Maximum Vertical Clear Opening and 4-in. Minimum Post Setback Based on 

AASHTO Specification Guidance Plots 

3.6.2 Bumper Rigid Body Configurations 

Vehicles impacting beam-and-post bridge rails may snag against the posts with their front 

bumpers extending between rails or getting stuck between rails, thus resulting in vehicle 

instabilities. Under oblique vehicular impacts, the bumper covers are easily deformed and crushed 

without providing significant load transfer to the chassis of the vehicle. Consequently, bumper 

covers may extend between rails and may contact the posts without much threat to the stability of 

impacting vehicles. As the bumper cover crushes or detaches away from the impacting vehicle, 

the structural components of the bumpers become exposed to contact with the rails or the posts, 

thus potentially causing vehicle instability that may lead to rollover or an unsafe vehicle 

redirection. The configurations of the structural components of the bumpers for the MASH TL-4 

vehicles are shown in Figure 38 and further detailed in Table 15. 
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Figure 38. MASH Small Car, Pickup Truck, and SUT Front Bumper Rigid Bodies 

Table 15. Typical Front Bumper Structural Component Heights 

Vehicle Type 

Description of 

Structural Components 

of Front Bumper   

Bumper Bottom 

Edge Height (in.) 

Bumper Top Edge 

Height (in.) 

Small Car 

(1100C) 

48-in. x 3⅞-in. x 2-in.  

Frame 
16.25 20.125 

Pickup Truck 

(2270P) 

Two 6-in. Square 

Mounting Brackets 
18.375 24.375 

Single-Unit Truck 

(10000S) 

38¼-in. x 10⅜-in. x 

4½-in. Frame  
23.125 33.5 

 

The geometries of the structural components of the front bumper from the three MASH 

TL-4 vehicles were plotted next to the IL/OH MASH 2016 TL-4 Prototype Bridge Rail with and 

without a 3-in. (76-mm) thick roadway overlay, as shown in Figure 39. The geometries and heights 

of the steel rails were analyzed regarding the potential of the vehicle to snag against the posts. 

 

Figure 39. Structural Components of Front Bumper Adjacent to IL/OH MASH 2016 TL-4 

Prototype Bridge Rail 
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As shown in Figure 39, the structural components of the front bumpers for the pickup truck 

and the SUT would not likely be fully exposed to the front face of the post. The front bumper of 

the small car would likely be exposed to contact the post of the IL/OH Prototype Bridge Rail 

between the lower two rails when no roadway overlay existed. Therefore, the geometries and 

locations of the steel rails were investigated to prevent bumper snag between the lower and middle 

rails. In order to avoid small car vehicle snag on the posts, the rail opening between the lower and 

the middle rails would likely need to range between 4 in. (102 mm) to 6 in. (152 mm).  

 

Figure 40. Preferred 4-in. to 6-in. Vertical Rail Opening for Small Car 

3.7 Design Criteria from Sponsors 

Personnel from the Illinois and Ohio DOTs provided several design criteria for use in the 

development of the new bridge rail in order to improve constructability, simplify acquisition of 

material, and reduce system cost. These design criteria would be used to modify the IL/OH 

Prototype Bridge Rail throughout the research and development effort.  

For the installation of the bridge rail, the steel rails would likely be the heaviest components 

of the system. Depending on rail length and post spacing, the steel rails could be heavy and difficult 

for workers to carry and install without the use of large machinery. Thus, personnel from the 

Illinois and Ohio DOTs established a maximum weight for each steel rail of 500 lb in order to not 

require large machinery on the bridge deck during bridge rail installation, which could pose risks 

to the structural integrity of the bridge deck. In order to maintain a maximum rail weight of 500 

lb, each rail element would likely be limited to one to three increments in the post spacing.  

Personnel from the Illinois and Ohio DOTs also requested that the middle and bottom steel 

rails utilize an identical cross section to standardize as much material as possible, which would 

simplify material acquisition. Further, the rail height options were 6 in. (152 mm), 7 in. (178 mm), 
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and 8 in. (203 mm), while the rail depths were 4 in. (102 mm), 5 in. (127 mm), and 6 in. (152 mm) 

to provide adequate post setback. The vertical opening snag potential between rails depend on the 

rail depths and heights of the horizontal tubes. The IL/OH Prototype Bridge Rail was exposed to 

vehicle snag with the rigid frame of the small car in the rail opening between the lower and middle 

rails. The Illinois and Ohio DOT personnel advised the research team to disregard steel rails with 

odd dimensions (i.e. 7 in. (178 mm) depth, 5 in. (127 mm) width). Therefore, the lower and middle 

rails were limited to a depth of 8 in. (203 mm) and widths of 4 in. (102 mm) and 6 in. (152 mm). 

A minimum rail thickness of ¼ in. (6.4 mm) was also specified for the three steel rails to 

prevent crushing of steel rails with thicknesses of 3/16 in. (4.8-mm) or less. The crushing of the 

steel rails could accentuate large plastic deformations that may lead to excessive vehicle 

instabilities and rollover. 

 
Figure 41. Summary of Design Criteria



July 20, 2020  
MwRSF Report No. TRP-03-410-20 

52 

4 DESIGN METHODOLOGY 

4.1 Introduction 

Historically, the two most common analysis methods for configuring steel, beam-and-post 

bridge rails are based on: (1) 2-D and/or 3-D nonlinear, finite element simulations of vehicle 

models impacting a barrier system and (2) an inelastic analysis of the collapse mechanism of a 

bridge rail under design impact loading. The design of the new steel, side-mounted, beam-and-

post, bridge rail was based on the plastic collapse mechanism of the bridge rail system. However, 

the two design methodologies were briefly examined to identify their applications for the 

development of crashworthy bridge rails.  

4.2 2-D and/or 3-D Nonlinear, Finite Element Computer Simulation 

Computer simulation with various codes, such as BARRIER VII [41-42] or LS-DYNA 

[43], have been used by roadside safety researchers to better understand the crashworthiness of 

bridge rails under impact events. The modeling of nonlinear, physical contact behavior requires 

great care in full-scale crash test simulations. Nonlinear physical behavior is very complicated, 

and capturing this behavior with mathematics is not an exact science [44]. However, nonlinear 

finite element computer simulation plays an important role in the development of roadside safety 

hardware. It serves as a research tool to identify critical failure modes, such as vehicle rollover, 

vehicle snag, vehicle pocketing, as well as component fracture, and material yielding. 

Researchers utilize computer simulation differently to study impact events with roadside 

safety hardware. Occasionally, dynamic component testing of bridge rail components are 

conducted to evaluate specific impact performance. When component test data is available, the 

researcher may use it to validate the computer model of the bridge rail. On the other hand, if no 

component test data exists, the researcher may use validated computer simulations from testing on 

a similar bridge rail to prepare a model for the new prototype to extrapolate system behavior with 

finite element analysis. If a bridge rail system was subjected to full-scale crash testing, computer 

simulations could be performed to develop a model that predicts similar behavior. Then, impact 

simulations could be conducted to evaluate design modifications, minimum rail height, propensity 

for vehicle snag, occupant risk, barrier deflection, working width, load distribution throughout 

barrier components, etc. 

In one recent example, LS-DYNA computer simulation was used to assist with the design 

of a combination bridge separation barrier [45]. For this study, Iowa DOT desired that MwRSF 

researchers design and crash test a combination bridge separation barrier according to the MASH 

TL-2 safety performance criteria. Nonlinear finite element simulations were performed to 

determine a recommended height for the vertical concrete parapet and to identify the impacting 

vehicle’s extent over the front face of the barrier to mitigate its interaction with the posts and rail 

as well as to properly place the rail away from the parapet face. For the model validation, a vertical 

concrete parapet model was created to match the crash testing details from a Texas A&M 

Transportation Institute study that was performed according to the MASH TL-3 safety criteria [46] 

as shown in Figure 42. With the validated model, simulations were conducted to observe vehicle 

and barrier performance at varying heights as well as later performance with the attached posts 

and rail. 
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Figure 42. Sample Validation Sequence from Computer Simulation and TTI Crash Test [46] 

4.3 Plastic Collapse Mechanism 

Historically, the development of steel beam-and-post bridge rails has followed guidance 

contained in various editions of the AASHTO LRFD Bridge Design Specifications [30]. Herein, 

steel beam-and-post bridge rails were analyzed and designed using an iterative process that 

determined the system capacity by examining multiple plastic collapse mechanisms for each 

combination of rail and post sections. The plastic collapse mechanism or inelastic analysis method 

was used to determine the bridge rail’s lateral resistance for each number of spans involved in 

plastic collapse. Upon review of the findings, the number of affected spans with the lowest lateral 

capacity was found to provide the critical or controlling bridge railing strength. This method has 

also been described in various publications from AUSTROADS [47] and TTI [48]. A one-span 

collapse mechanism involves plastic hinges at the midspan and end sections of the rails located 

above the two support posts but only in rails, as shown in Figure 43. A two-span collapse 

mechanism involves plastic hinges in the rails at the midspan of two spans (i.e., middle post) and 

at the end sections of the rails as well as at the base of the middle post, as depicted in Figure 43. A 

three-span collapse mechanism involves plastic hinges in the rails at the midspan of three spans 

and at the end sections of the rails as well as at the bases of the middle two posts, as shown in 

Figure 43. Note that a bridge railing system with more than three spans was also analyzed. 
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Figure 43. One-Span, Two-Span, and Three-Span Plastic Collapse Mechanisms [30, 33, 48] 

The lateral bridge rail resistance with the contribution of the steel rails and posts at a 

particular height should be taken at the least value determined from Equations 2 and 3. Note that 

sample units are provided below for the provided variables. 

For failure modes involving an odd number of rail spans [30]: 

R =
16MP RAILS + (N − 1)(N + 1)PPOSTL

2NL − LT
                                               (2) 

For failure modes involving an even number of rail spans [30]: 

R =
16MP RAILS + N2PPOSTL

2NL − LT
                                                        (3) 

where: 

N = number of rail spans; 

R = total lateral resistance of the rails and posts at effective height of rails, YRAILS (kips); 

MP RAILS = plastic moment capacity of all rails contributing to a plastic hinge (kip-in.); 

PPOST = shear force on a single post which corresponds to MP POST and located YRAILS above 

deck or at effective height of rails (kips);  

L = post spacing or single span (in.); and 

LT = distributed length of lateral design vehicle impact load (in.). 
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The plastic moment capacity for all rails, MP RAILS, is represented by the summation of the 

individual plastic moments of the rails, as determined in Equation 4 and shown in Figure 44. The 

individual plastic moment for each rail was determined by equation F7-1 of the AISC Steel 

Construction Manual [49]. A strength reduction factor, Ø, of 0.9 was used in order to account for 

uncertainty in material yield strength and cross-section geometries as well as less accurate method 

of analysis. The horizontal rails were specified to use ASTM A500 Grade C steel material. The 

specified minimum yield strength, FY, of the rails was 50 ksi [49-50]. The plastic section modulus, 

Z, of each rail was obtained from the AISC Steel Construction Manual [49] section properties, 

specifically, Table 1.11. For the posts, ASTM A992 Grade 50 steel material was specified [49], 

which pertained to a minimum yield strength of 50 ksi.  

 

MP RAILS = Ʃ [∅ FY Z]          (kip − in. )                              (4 ) 

where: 

 Ø = reduction factor, 0.9; 

FY = minimum specified yield stress, (ksi); and 

Z = plastic section modulus of rail, (in.3) 

 

Figure 44: Plastic Moment Capacities of Rails. 

The effective height of the rails, YRAILS, corresponds to the combined height for all rails 

depicted in Figure 45 using the plastic moment capacity of each rail at its corresponding height 

with regard to the plastic moment capacity for each rail, as stated in Equation 5. 

YRAILS =
Ʃ(MP𝑖 ∗ h𝑖)

MP RAILS
                                                                    (5) 

where: 

 MPi = plastic moment capacity of rail ith (kip-in.);  

 Hi = height of ith rail from location of plastic hinge (in.); and 

MP RAILS = plastic moment capacity of all rails combined (kip-in.). 
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Figure 45. Effective Height of Rails 

The shear force on a single post, PPOST, corresponds to the plastic moment capacity of the 

post, MP POST, divided by the effective height of the rails, YRAILS, as stated in Equation 6 and as 

shown in Figure 46.  

PPOST =
MP POST

YRAILS

                                                                          (6) 

where: 

 MP POST = plastic moment capacity of post section (kip-in.) and 

YRAILS = effective height of rails (in.). 

 

Figure 46. Shear Force on a Single Post 

The plastic moment capacity of each post, MP POST, corresponds to the minimum specified 

yield stress of the steel, FY, multiplied by the plastic section modulus of the rail, Z, and a reduction 

factor, Ø, of 0.9, as shown in Equation 7. 
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MP POST = Ø 𝐹𝑌 Z          (kip − in. )                              (7 ) 

where: 

 Ø = reduction factor, 0.9; 

FY = minimum specified yield stress, (ksi); and 

Z = plastic section modulus of rail, (in.3) 

Equations 2 and 3 were used to determine the lateral resistance of the bridge railing system 

consisting of rails and posts, R, at the effective height of the rails, YRAILS. However, it was also 

necessary to calculate the lateral resistance of the bridge rail at the height of the design impact 

load, HDESIGN, for critical vehicles such as the pickup truck and SUT. Since it was determined that 

the lateral capacity of the bridge rail was linearly proportional to the distance away from the post 

mounting or yield location, the lateral capacity of the bridge rail at a design impact load height, 

RDESIGN, is calculated using Equation 8 and shown in Figure 47. 

RDESIGN = R ∗
YRAILS

HDESIGN
                                                        (8) 

where: 

RDESIGN = lateral resistance of bridge railing system at design impact load height, 

HDESIGN, (kips); 

R = lateral resistance of bridge railing system (rails and posts) at the effective height of 

rails, YRAILS (kips); 

 YRAILS = effective height of rails, (in.); and 

 HDESIGN = design impact load height (in.). 

 

 

Figure 47. Lateral Resistance of Bridge Railing System at Height of Design Impact Load 
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5 BRIDGE RAIL ANALYSIS AND DESIGN 

5.1 Overview 

As noted in Section 4.3, the plastic collapse method or inelastic analysis was used for the 

analysis and design of steel, side-mounted, beam-and-post, bridge rail configurations capable of 

resisting MASH TL-4 SUT impact events. Chapter 5 was intended to explain the chronological 

process of the development of the bridge rail from the beginning of the project.  The design 

criterion defined in Chapter 3 were a product of the completion of the work described herein, 

which were produced by research findings and sponsor feedback. 

The design process for the bridge rail configurations started with the development of 

guidance plots, which specified the required plastic moment for all of the rails at the design impact 

load height and for three bridge deck types utilized by the Illinois and Ohio DOTs. These plots 

provided guidance to design preliminary bridge rail configurations. Improved bridge rail 

configurations were designed considering the critical bridge deck type for SUT impact events; 

bridge deck configuration #3 with a 3-in. (76-mm) thick asphalt overlay. 

For the development of final bridge rail configurations, an analysis of the lateral bending 

resistance of the two lower rails within a single span was performed for pickup truck impact events 

prior to post yielding and impact loading imparted to the top rail. Since the lower two railings were 

to be equal in size and thickness, this analysis resulted in rail sections that were unable to resist 

pickup truck design lateral loading within a single span.  

After the analysis of system weight per foot and preferences from representatives of Illinois 

and Ohio DOTs, the most efficient design for the new bridge rail in terms of weight per foot and 

constructability was identified and later prepared for full-scale crash testing and evaluation. 

5.2 Plastic Collapse Mechanism Method for IL/OH Bridge Rail Prototype Design 

Using a plastic collapse mechanism or inelastic analysis, the overall lateral resistance of 

the IL/OH MASH 2016 TL-4 Prototype Design was calculated. Since vehicular impacts transfer 

dynamic loading to the bridge rail system, a dynamic magnification factor (DMF) was used to 

account for actual yield strengths higher than nominal values and strain rate effects in select bridge 

rail components. A DMF of 1.5 has been typically used for posts utilized in steel, beam-and-post, 

bridge rails [5]. This factor is empirical, and it was based on observations of W6x9 (W150x 13.5) 

posts with a yield stress of 36 ksi (248 MPa) anchored to rigid foundations subjected to a cantilever 

load condition [5, 51]. Since the posts of the bridge rail were to be bolted or welded to the mounting 

brackets on the side of the concrete bridge deck, DMFs of 1.0 and 1.5 were considered for the 

posts when calculating the lateral redirective capacity of bridge rail configurations. The desired 

DMF was incorporated into Equation 7 to calculate the plastic moment capacity of a post, as 

depicted in Equation 18: 

MP POST = Ø ∗  𝐹𝑌 ∗  Z          (kip − in. )                                    (7) 

 

MP POST DMF = Ø ∗  𝐷𝑀𝐹 ∗  𝐹𝑌 ∗  Z          (kip − in. )                           (18) 
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where: 

 Ø = reduction factor, 0.9; 

 DMF = dynamic magnification factor (1.0, 1.5); 

FY = minimum specified yield strength, (ksi); and 

Z = plastic section modulus of rail, (in.3) 

The lateral resistances of the IL/OH MASH 2016 TL-4 Prototype Design with DMFs for 

the posts equal to 1.0 and 1.5 and no asphalt overlay were then calculated. These lateral barrier 

resistances were generated for comparison to the design impact loading of the pickup truck and 

the SUT, as specified in Section 3.5. Therefore, the SUT lateral design load of 80 kips (356 kN) at 

a height of 30 in. (762 mm) was distributed over 5 ft (1.5 m), and the pickup truck lateral design 

load of 70 kips (311 kN) at a height of 24 in. (610 mm) was distributed over 4 ft (1.2 m) [37].  

As stated in Section 3.4 and for design purposes, the top rail was disregarded when 

considering pickup truck stability due to the design impact load height of 24 in. (610 mm) and the 

1-in. (25-mm) top rail setback, even though the top rail would contribute to the structural capacity 

of the bridge rail system. Therefore, the lateral barrier resistances of the IL/OH Prototype Bridge 

Rail with DMFs equal to 1.0 and 1.5 were initially calculated using only the contribution of the 

lower two rails supported by posts. Later, the pickup truck analysis effort included both two and 

three horizontal rails for determining lateral barrier capacity.  

Examples of the analysis and design process using the plastic collapse mechanism or 

inelastic analysis on the IL/OH Prototype Bridge Rail Design for SUT impacts with the 

contribution of three rails and pickup truck impacts with the contribution of only the two lower 

rails as well as all three rails are shown in the following sections when using a DMF of 1.0. 

Microsoft Excel spreadsheets were also developed to utilize a plastic collapse mechanism to 

calculate the lateral barrier resistance of the MASH 2016 TL-4 Prototype Bridge Rail with DMFs 

of 1.0 and 1.5. For the prototype system, a post spacing of 6 ft - 3 in. (1.91 m) and an anchor 

location 4 in. (102 mm) below the deck’s surface were selected. The plastic collapse mechanism 

spreadsheets for these examples are shown in Table B-1 and Table B-2 in Appendix B. 
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5.2.1 Example Problem No. 1 – Estimate Barrier Capacity for IL/OH Prototype 

Bridge Rail for Single-Unit Trucks with Three Rails and DMF=1.0 

Step 1 - System information: 

L = 6.25 ft (post spacing) 

Top anchor depth = 4 in.  

LT = 5 ft (length of distributed load)  

DMF on posts = 1.0 

Post: W6x15     (ASTM A992)   ZX POST = 10.8 in. and FY = 50 ksi 

Top rail: HSS 10-in. x 4-in. x 5/16-in. (ASTM A500 Grade C) ZX TOP RAIL = 23.1 in.3 and FY = 50 ksi 

Middle rail: HSS 8-in. x 4-in. x 5/16-in.  (ASTM A500 Grade C) ZY MID RAIL = 9.91 in.3 and FY = 50 ksi 

Bottom rail: HSS 4-in. x 4-in. x 5/16-in.  (ASTM A500 Grade C) ZY BOT RAIL = 5.59 in.3 and FY = 50 ksi 
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Step 2 – Determine distance from center of rails to top anchor, YRAILS: 

YTOP RAIL = 37 in. + 4 in. = 41 in. 

YMID RAIL = 25 in. + 4 in. = 29 in. 

YBOT RAIL = 13 in. + 4 in. = 17 in. 

Step 3 – Determine plastic moment capacity of rails, ƩMP RAILS, and post, MP POST: 

MP TOP RAIL = Ø FY ZX = (0.9) (50 ksi) (23.1 in.3) = 1039.5 kip-in. 

MP MID RAIL = Ø FY ZY = (0.9) (50 ksi) (9.91 in.3) = 445.95 kip-in. 

MP BOT RAIL = Ø FY ZY= (0.9) (50 ksi) (5.59 in.3) = 251.55 kip-in. 

ƩMP RAILS = 1737.0 kip-in. 

MP POST = Ø DMF FY ZX = (0.9) (1.0) (50 ksi) (10.8 in.3) = 486.0 kip-in. 

Step 4 - Determine effective height, 𝐘RAILS, of combined rail plastic moment capacities: 

YRAILS = 
Ʃ(MP RAIL∗h)

ƩMP RAILS
 

YRAILS =
(1039.5 kip − in.  ∗ 41 in. ) + (445.95 kip − in.  ∗ 29 in. ) + (251.55 kip − in.  ∗ 17 in. )

1737.0 kip − in.
 

YRAILS = 34.44 in. 

Step 5 – Calculate shear force, PP, for single post corresponding to the effective height of 

rails, 𝒀𝑹𝑨𝑰𝑳𝑺: 

PP = 
MP POST

YRAILS
=

486.0 kip−in.
34.44 in.

 = 14.11 kips 
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Step 6 - Determine minimum strength of rails and posts, R, for multiple spans at effective 

height of rails, 𝒀𝑹𝑨𝑰𝑳𝑺: 

For failure modes involving an odd number of rail spans: R =
16MP RAILS+(N−1)(N+1)PPL

2NL−LT
 

For failure modes involving an even number of rail spans: R =
16MP RAILS+N2PPL

2NL−LT
 

1 Span: R = 
16 ∗ (1737 kip−in.) + (1+1) ∗ (1−1) ∗ 14.11 kips ∗ 75 in.

(2 ∗ 1 ∗ 75 in.) − 60 in.
 = 308.8 kips @ 34.44 in. 

2 Spans: R = 
16 ∗ (1737 kip−in.) + (22) ∗ 14.11 kips ∗ 75 in.

(2 ∗ 2 ∗ 75 in.) − 60 in.
 = 133.4 kips @ 34.44 in. 

3 Spans: R = 
16 ∗ (1737 kip−in.) + (3+1) ∗ (3−1) ∗ 14.11 kips ∗ 75 in.

(2 ∗ 3 ∗ 75 in.) − 60 in.
 = 93.0 kips @ 34.44 in. 

4 Spans: R = 
16 ∗ (1737 kip−in.) + (42) ∗ 14.11 kips ∗ 75 in.

(2 ∗ 4 ∗ 75 in.) − 60 in.
 = 82.8 kips @ 34.44 in. 

5 Spans: R = 
16 ∗ (1737 kip−in.) + (5+1) ∗ (5−1) ∗ 14.11 kips ∗ 75 in.

(2 ∗ 5 ∗ 75 in.) − 60 in.
 = 77.1 kips @ 34.44 in. Critical Value 

6 Spans: R = 
16 ∗ (1737 kip−in.) + (62) ∗ 14.11 kips ∗ 75 in.

(2 ∗ 6 ∗ 75 in.) − 60 in.
 = 78.4 kips @ 34.44 in.  

7 Spans: R = 
16 ∗ (1737 kip−in.) + (7+1) ∗ (7−1) ∗ 14.11 kips ∗ 75 in.

(2 ∗ 7 ∗ 75 in.) − 60 in.
 = 79.4 kips @ 34.44 in.  

8 Spans: R = 
16 ∗ (1737 kip−in.) + (82) ∗ 14.11 kips ∗ 75 in.

(2 ∗ 8 ∗ 75 in.) − 60 in.
 = 83.8 kips @ 34.44 in.  

Step 7 – Determine horizontal resistance, RDESIGN, for MASH TL-4 single-unit truck at 

design impact load height, HDESIGN: 

RDESIGN = R ∗
YRAILS

HDESIGN
 = 77.1 kips ∗

34.44 in.

30 in.+4 in.
 

RDESIGN = 78.1 kips at 34.0 in. < 80 kips 

Barrier inadequate for MASH single-unit truck loading of 80 kips distributed over 5 ft at a height 

of 30 in. above deck! 
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5.2.2 Example Problem No. 2 – Estimate Barrier Capacity for IL/OH Prototype 

Bridge Rail for Pickup Truck with Three Rails and DMF=1.0 

 

Step 1 - System information: 

L = 6.25 ft (post spacing) 

Top anchor depth = 4 in.  

LT = 4 ft (length of distributed load)  

DMF on posts = 1.0 

Post: W6x15     (ASTM A992)   ZXPOST = 10.8 in. and FY = 50 ksi 

Top rail: HSS 10-in. x 4-in. x 5/16-in. (ASTM A500 Grade C) ZX TOP RAIL = 23.1 in.3 and FY = 50 ksi 

Middle rail: HSS 8-in. x 4-in. x 5/16-in.  (ASTM A500 Grade C) ZY MID RAIL = 9.91 in.3 and FY = 50 ksi 

Bottom rail: HSS 4-in. x 4-in. x 5/16-in.  (ASTM A500 Grade C) ZY BOT RAIL = 5.59 in.3 and FY = 50 ksi 
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Step 2 – Determine distance from center of rails to top anchor, YRAILS: 

YTOP RAIL = 37 in. + 4 in. = 41 in. 

YMID RAIL = 25 in. + 4 in. = 29 in. 

YBOT RAIL = 13 in. + 4 in. = 17 in. 

Step 3 – Determine plastic moment capacity of rails, ƩMP RAILS, and post, MP POST: 

MP TOP RAIL = Ø FY ZX = (0.9) (50 ksi) (23.1 in.3) = 1039.5 kip-in. 

MP MID RAIL = Ø FY ZY = (0.9) (50 ksi) (9.91 in.3) = 445.95 kip-in. 

MP BOT RAIL = Ø FY ZY= (0.9) (50 ksi) (5.59 in.3) = 251.55 kip-in. 

ƩMP RAILS = 1737.0 kip-in. 

MP POST = Ø DMF FY ZX = (0.9) (1.0) (50 ksi) (10.8 in.3) = 486.0 kip-in. 

Step - 4 Determine effective height, 𝐘RAILS, of combined rail plastic moment capacities: 

YRAILS = 
Ʃ(MP RAIL∗h)

ƩMP RAILS
 

YRAILS =
(1039.5 kip − in.  ∗ 41 in. ) + (445.95 kip − in.  ∗ 29 in. ) + (251.55 kip − in.  ∗ 17 in. )

1737.0 kip − in.
 

YRAILS = 34.44 in. 

Step 5 – Calculate shear force, PP, for single post corresponding to the effective height of 

rails, 𝒀𝑹𝑨𝑰𝑳𝑺: 

PP = 
MP POST

YRAILS
=

486.0 kip−in.
34.44 in.

 = 14.11 kips 
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Step 6 - Determine minimum strength of rails and posts, R, for multiple spans at effective 

height of rails, 𝒀𝑹𝑨𝑰𝑳𝑺: 

For failure modes involving an odd number of rail spans: R =
16MP RAILS+(N−1)(N+1)PPL

2NL−LT
 

For failure modes involving an even number of rail spans: R =
16MP RAILS+N2PPL

2NL−LT
 

1 Span: R = 
16 ∗ (1737 kip−in.) + (1+1) ∗ (1−1) ∗ 14.11 kips ∗ 75 in.

(2 ∗ 1 ∗ 75 in.) − 48 in.
 = 272.5 kips @ 34.44 in. 

2 Spans: R = 
16 ∗ (1737 kip−in.) + (22) ∗ 14.11 kips ∗ 75 in.

(2 ∗ 2 ∗ 75 in.) − 48 in.
 = 127.1 kips @ 34.44 in. 

3 Spans: R = 
16 ∗ (1737 kip−in.) + (3+1) ∗ (3−1) ∗ 14.11 kips ∗ 75 in.

(2 ∗ 3 ∗ 75 in.) − 48 in.
 = 90.2 kips @ 34.44 in. 

4 Spans: R = 
16 ∗ (1737 kip−in.) + (42) ∗ 14.11 kips ∗ 75 in.

(2 ∗ 4 ∗ 75 in.) − 48 in.
 = 81.0 kips @ 34.44 in. 

5 Spans: R = 
16 ∗ (1737 kip−in.) + (5+1) ∗ (5−1) ∗ 14.11 kips ∗ 75 in.

(2 ∗ 5 ∗ 75 in.) − 48 in.
 = 75.8 kips @ 34.44 in. Critical Value 

6 Spans: R = 
16 ∗ (1737 kip−in.) + (62) ∗ 14.11 kips ∗ 75 in.

(2 ∗ 6 ∗ 75 in.) − 48 in.
 = 77.3 kips @ 34.44 in 

7 Spans: R = 
16 ∗ (1737 kip−in.) + (7+1) ∗ (7−1) ∗ 14.11 kips ∗ 75 in.

(2 ∗ 7 ∗ 75 in.) − 48 in.
 = 78.4 kips @ 34.44 in 

8 Spans: R = 
16 ∗ (1737 kip−in.) + (82) ∗ 14.11 kips ∗ 75 in.

(2 ∗ 8 ∗ 75 in.) − 48 in.
 = 82.9 kips @ 34.44 in 

Step 7 – Determine horizontal resistance, RDESIGN, for MASH TL-4 single-unit truck at 

design impact load height, HDESIGN: 

RDESIGN = R ∗
YRAILS

HDESIGN
 = 75.8 kips ∗

34.44 in.

24 in.+4 in.
 

RDESIGN = 93.2 kips at 28 in. > 70 kips 

Barrier adequate for MASH pickup truck loading of 70 kips distributed over 4 ft at a height of 24 

in. above deck when considering three rails!
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5.2.3 Example Problem No. 3 – Estimate Barrier Capacity for IL/OH Prototype 

Bridge Rail for Pickup Truck with Two Lower Rails and DMF=1.0 

 

Step 1 - System information: 

L = 6.25 ft (post spacing) 

Top anchor depth = 4 in.  

LT = 4 ft (length of distributed load)  

DMF on posts = 1.0 

Post: W6x15     (ASTM A992)   ZPOST = 10.8 in.  and FY = 50ksi 

Middle rail: HSS 8-in. x 4-in. x 5/16-in.  (ASTM A500 Grade C) ZY MID RAIL = 9.91 in.3 and FY = 50ksi 

Bottom rail: HSS 4-in. x 4-in. x 5/16-in.  (ASTM A500 Grade C) ZY BOT RAIL = 5.59 in.3 and FY = 50ksi 
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Step 2 – Determine distance from center of rails to top anchor, YRAILS: 

YMID RAIL = 25 in. + 4 in. = 29 in. 

YBOT RAIL = 13 in. + 4 in. = 17 in. 

Step 3 – Determine plastic moment capacity of rails, ƩMP RAILS, and post, MP POST: 

MP MID RAIL = Ø FY ZY = (0.9) (50 ksi) (9.91 in.3) = 445.95 kip-in. 

MP BOT RAIL = Ø FY ZY= (0.9) (50 ksi) (5.59 in.3) = 251.55 kip-in. 

ƩMP RAILS = 697.5 kip-in. 

MP POST = Ø DMF FY ZX = (0.9) (1.0) (50 ksi) (10.8 in.3) = 486.0 kip-in. 

Step - 4 Determine effective height, 𝐘RAILS, of combined rail plastic moment capacities: 

YRAILS = 
Ʃ(MP RAIL∗h)

ƩMP RAILS
 

YRAILS =
(445.95 kip − in.  ∗ 29 in. ) + (251.55 kip − in.  ∗ 17 in. )

697.5 kip − in.
 

YRAILS = 24.67 in. 

Step 5 – Calculate shear force, PP, for single post corresponding to the effective height of 

rails, 𝒀𝑹𝑨𝑰𝑳𝑺: 

PP = 
MP POST

YRAILS
=

486.0 kip−in.
24.67 in.

 = 19.7 kips 



July 20, 2020  
MwRSF Report No. TRP-03-410-20 

68 

Step 6 - Determine minimum strength of rails and posts, R, for multiple spans at effective 

height of rails, 𝒀𝑹𝑨𝑰𝑳𝑺: 

For failure modes involving an odd number of rail spans: R =
16MP RAILS+(N−1)(N+1)PPL

2NL−LT
 

For failure modes involving an even number of rail spans: R =
16MP RAILS+N2PPL

2NL−LT
 

1 Span: R = 
16 ∗ (697.5 kip−in.) + (1+1) ∗ (1−1) ∗ 19.7 kips ∗ 75 in.

(2 ∗ 1 ∗ 75 in.) − 48 in.
 = 109.4 kips @ 24.67 in. 

2 Spans: R = 
16 ∗ (697.5 kip−in.) + (22) ∗ 19.7 kips ∗ 75 in.

(2 ∗ 2 ∗ 75 in.) − 48 in.
 = 67.7 kips @ 24.67 in. 

3 Spans: R = 
16 ∗ (697.5 kip−in.) + (3+1) ∗ (3−1) ∗ 19.7 kips ∗ 75 in.

(2 ∗ 3 ∗ 75 in.) − 48 in.
 = 57.2 kips @ 24.67 in. Critical Value 

4 Spans: R = 
16 ∗ (697.5 kip−in.) + (42) ∗ 19.7 kips ∗ 75 in.

(2 ∗ 4 ∗ 75 in.) − 48 in.
 = 63.0 kips @ 24.67 in. 

5 Spans: R = 
16 ∗ (697.5 kip−in.) + (5+1) ∗ (5−1) ∗ 19.7 kips ∗ 75 in.

(2 ∗ 5 ∗ 75 in.) − 48 in.
 = 66.4 kips @ 24.67 in. 

6 Spans: R = 
16 ∗ (697.5 kip−in.) + (62) ∗ 19.7 kips ∗ 75 in.

(2 ∗ 6 ∗ 75 in.) − 48 in.
 = 75.5 kips @ 24.67 in 

7 Spans: R = 
16 ∗ (697.5 kip−in.) + (7+1) ∗ (7−1) ∗ 19.7kips ∗ 75 in.

(2 ∗ 7 ∗ 75 in.) − 48 in.
 = 81.9 kips @ 24.67 in 

8 Spans: R = 
16 ∗ (697.5 kip−in.) + (82) ∗ 19.7 kips ∗ 75 in.

(2 ∗ 8 ∗ 75 in.) − 48 in.
 = 91.8 kips @ 24.67 in 

Step 7 – Determine horizontal resistance, RDESIGN, for MASH TL-4 single-unit truck at 

design impact load height, HDESIGN 

RDESIGN = R ∗
YRAILS

HDESIGN
 = 57.2 kips ∗

24.67 in.

24 in.+4 in.
 

RDESIGN = 50.4 kips at 28 in. < 70 kips 

Barrier inadequate for MASH pickup truck loading of 70 kips distributed over 4 ft at a height of 

24 in. above deck when considering two lower rails!
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5.3 Example Problem Summary 

As shown in the previous examples and calculations provided in Section 5.2 as well as in 

Appendix B, the lateral barrier resistance of the IL/OH MASH 2016 TL-4 Prototype Bridge Rail 

with a 6 ft - 3 in. (1.91 m) post spacing and DMFs equal to 1.0 and 1.5 for the SUT scenario were 

calculated to be 78.1 kips (347 kN) for a three-span collapse and 96.7 kips (430 kN) for a five-

span collapse, respectively. The barrier lateral resistance of the IL/OH Prototype Bridge Rail when 

only considering the lower two rails with DMFs of 1.0 and 1.5 for the pickup truck scenario were 

calculated to be 50.4 kips (224 kN) for a three-span collapse and 63.3 kips (282 kN) for a five-

span collapse, respectively. The lateral barrier capacity of the IL/OH MASH 2016 TL-4 Prototype 

Bridge Rail when considering all three rails with DMFs of 1.0 and 1.5 for the pickup truck scenario 

were calculated as 93.2 kips (415 kN) for a three-span collapse and 115.5 kips (514 kN) for a five-

span collapse, respectively. These results are depicted in Table 16. Based on this analysis, further 

investigation was performed to configure acceptable systems with varied post spacing and to 

comply with other design criteria. 

Table 16. IL/OH Lateral Barrier Resistance 

Design Scenario 
No. of Rails 

Effective 

Lateral Barrier Capacity (kips) 
% Increase in 

Barrier Capacity DMF = 1.0 DMF = 1.5 

Single-Unit Truck 3 78.1 96.7 23.8 

Pickup Truck 
2  

(Lower & Middle) 
50.4 63.3 25.6 

Pickup Truck 3 93.2 115.5 23.9 

 

The lateral barrier resistance of the IL/OH Prototype Bridge Rail increased by 23.8%, 

25.6%, and 23.9% for the three impact scenarios when considering a DMF equal to 1.5 versus 1.0. 

Therefore, the lateral barrier resistance was expected to increase approximately 25% for future 

bridge rail configurations when using a DMF equal to 1.5 versus 1.0. 

5.4 Guidance Charts for Preliminary Bridge Rail Configurations 

A research effort was performed to identify the required plastic moment capacity for 

combined number of rails at the height of the selected design impact loading in order to resist both 

pickup truck and SUT impact events. These guidance plots were created using plastic collapse 

mechanism calculations with a modified effective height of the combined rails to be located at the 

same height as the design impact loading for all four bridge deck types generally used by the 

Illinois and Ohio DOTs, as previously discussed in Section 3.2. A W6x15 (W150x22.5) post 

section configured with ASTM A992 steel was used to create these guidance plots. An asphalt 

overlay of 3 in. (76 mm) was considered in order to maximize the moment arm between the heights 

of the design impact load and the tension anchor rods in the upper regions of the bridge deck or 

box slabs for both pickup truck and SUT impact events. The distances between the top of the 3 in. 

(76 mm) asphalt overlay to the tension anchor rods for the four bridge deck types are shown in 
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Figure 48. The moment arm between the pickup and SUT design loading and the tension anchor 

rod height are shown in Figure 49 and Figure 50, respectively.  

 

Figure 48. Preliminary Slab Decks and Post Configurations 

 

Figure 49. Moment Arm between Pickup Truck Design Impact Loading and Tension Anchor 

Rods 

 

Figure 50. Moment Arm between SUT Design Impact Loading and Tension Anchor Rods 

The guidance charts for pickup truck and SUT impact events, DMFs equal to 1.0 and 1.5, 

W6x15 (W150x22.5) posts, and four different concrete bridge decks commonly used by Illinois 

and Ohio DOTs, are shown in Tables 17 through 24. The bridge deck configuration, design impact 

loading, DMF applied to the posts, and post spacing, were required to proceed using guidance 

charts. The post spacing ranged between 4 ft (1.2 m) and 12 ft (3.7 m). Guidance charts were 

prepared for each deck type, which corresponded to a different effective height of rails, YRAILS. 

For a defined vehicular impact event scenario, an engineer could select a guidance chart with a 

known deck type and DMF. Then, the engineer would select a desired post spacing for the bridge 

rail system. Once in the table and using the appropriate column for post spacing, an engineer would 



July 20, 2020  
MwRSF Report No. TRP-03-410-20 

71 

find the green cell to determine the estimated lateral resistance of the barrier exceeding the design 

impact loading. Green cells represent acceptable lateral barrier resistance (kips) for a bridge rail 

configuration, while red cells represent unacceptable lateral barrier resistance (kips) for bridge rail 

configuration. Therefore, an end-user could start selecting railing sections to match the minimum 

required plastic moment capacity for the combined rails to design crashworthy bridge rail 

configurations for beam-and-post systems supported by W6x15 (W150x22.5) steel posts for a 

range of effective height of rails, YRAILS, and two DMFs. 

Table 17. Guidance Charts for Deck #1 and Pickup Truck Design Impact Loading with W6x15 

(W150x22.5) Steel Posts 

   

2800 129.1 113.6 103.1 101.0 88.7 78.1 71.1

2700 126.9 111.6 101.4 99.4 87.0 76.7 69.9

2600 124.6 109.5 99.8 97.8 85.2 75.3 68.8

2500 122.0 107.5 98.1 96.2 83.5 73.9 67.7

2400 119.4 105.5 96.4 94.6 81.7 72.5 66.5

2300 116.9 103.5 94.8 92.6 80.0 71.1 65.4

2200 114.3 101.5 92.7 90.3 78.2 69.7 64.2

2100 111.7 99.4 90.3 88.1 76.4 68.4 63.1

2000 109.2 97.4 87.9 85.8 74.7 67.0 61.3

1900 106.6 95.4 85.6 83.5 72.9 65.6 59.4

1800 104.0 93.1 83.2 81.2 71.2 64.2 57.4

1700 101.5 90.2 79.5 78.9 69.4 62.8 55.5

1600 98.9 87.3 78.4 76.7 67.7 60.5 53.5

1500 96.3 84.4 76.0 74.4 65.9 58.1 51.5

1400 93.7 81.5 73.6 72.1 64.2 55.7 49.6

1300 90.0 78.6 71.3 69.8 62.2 53.3 47.6

1200 86.3 75.7 68.9 67.5 59.2 51.0 45.7

1100 82.5 72.8 66.5 65.3 56.1 48.6 43.7

1000 78.8 69.9 64.1 63.0 53.1 46.2 41.7

900 75.1 67.0 61.0 59.2 50.1 43.8 39.8

800 71.4 64.1 56.8 55.2 47.0 41.4 37.8

700 67.7 60.0 52.7 51.3 44.0 39.1 35.9

600 64.0 54.9 48.5 47.3 41.0 36.7 33.9

500 58.4 49.8 44.3 43.3 38.0 34.3 31.9

400 51.8 44.6 40.2 39.3 34.9 31.9 26.7

300 45.1 39.5 36.0 35.3 31.9 25.0 20.0

200 38.4 34.4 31.8 31.4 22.2 16.7 13.3

100 31.8 22.2 16.7 15.7 11.1 8.3 6.7

48 60 72 75 96 120 144
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1900 133.1 116.4 105.7 103.6 91.8 78.8 70.5

1800 129.4 113.5 103.3 101.3 88.8 76.5 68.5

1700 125.7 110.6 99.5 99.0 85.7 74.1 66.5

1600 122.0 107.7 98.6 96.8 82.7 71.7 64.6

1500 118.3 104.8 96.2 94.5 79.7 69.3 62.6

1400 114.6 101.9 93.6 90.8 76.6 66.9 60.7

1300 110.9 99.0 89.4 86.8 73.6 64.5 58.7

1200 107.2 96.1 85.3 82.9 70.6 62.2 56.7

1100 103.5 92.6 81.1 78.9 67.5 59.8 54.8

1000 99.7 87.5 76.9 74.9 64.5 57.4 52.8

900 96.0 82.3 72.8 70.9 61.5 55.0 50.8

800 91.0 77.2 68.6 66.9 58.4 52.6 48.9

700 84.3 72.1 64.4 63.0 55.4 50.3 46.7

600 77.6 66.9 60.3 59.0 52.4 47.9 40.0

500 71.0 61.8 56.1 55.0 49.4 41.7 33.3

400 64.3 56.7 51.9 51.0 44.4 33.3 26.7

300 57.6 51.6 47.8 47.0 33.3 25.0 20.0

200 51.0 44.4 33.3 31.4 22.2 16.7 13.3

100 33.3 22.2 16.7 15.7 11.1 8.3 6.7

48 60 72 75 96 120 144

4 ft 5 ft 6 ft 6 ft - 3 in 8 ft 10 ft 12 ft

Deck #1, PICKUP

DMF=1.5

Post Spacing, L

31" Effective height of rails,  ȲRAILS
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Table 18. Guidance Charts for Deck #1 and Single-Unit Truck Design Impact Loading with 

W6x15 (W150x22.5) Steel Posts 

  

4200 151.9 130.7 117.0 114.3 99.5 88.2 80.8

4100 149.6 128.9 115.5 112.8 98.2 87.2 80.0

4000 147.4 127.2 114.0 111.4 97.0 86.2 79.1

3900 145.1 125.4 112.6 110.0 95.7 85.2 78.1

3800 142.9 123.6 111.1 108.6 94.5 84.2 77.0

3700 140.6 121.8 109.6 107.2 93.2 83.2 75.8

3600 138.3 120.0 108.2 105.8 92.0 82.3 74.6

3500 136.1 118.3 106.7 104.3 90.8 81.3 73.5

3400 133.8 116.5 105.2 102.7 89.5 80.3 72.3

3300 131.6 114.7 103.6 101.1 88.3 79.3 71.2

3200 129.3 112.9 101.9 99.5 87.0 78.1 70.0

3100 127.0 111.2 100.2 97.9 85.8 76.7 68.8

3000 124.8 109.4 98.5 96.2 84.5 75.3 67.7

2900 122.5 107.6 96.8 94.6 83.3 73.9 66.5

2800 120.3 105.8 95.1 93.0 82.0 72.5 65.4

2700 118.0 103.9 93.5 91.4 80.8 71.1 64.2

2600 115.8 101.8 91.8 89.8 79.5 69.7 63.0

2500 113.5 99.8 90.1 88.2 78.1 68.3 61.9

2400 111.2 97.7 88.4 86.6 76.3 66.9 60.7

2300 109.0 95.7 86.7 84.9 74.5 65.5 59.6

2200 106.7 93.6 85.0 83.3 72.7 64.1 58.4

2100 104.4 91.6 83.3 81.7 71.0 62.7 57.2

2000 101.7 89.5 81.6 80.1 69.2 61.3 56.1

1900 99.1 87.5 80.0 78.3 67.4 59.9 54.9

1800 96.5 85.4 78.0 76.0 65.6 58.4 53.8

1700 93.9 83.4 74.3 73.7 63.8 57.0 52.6

1600 91.3 81.3 73.2 71.4 62.1 55.6 50.7

1500 88.7 79.3 70.8 69.0 60.3 54.2 48.7

1400 86.1 76.5 68.3 66.7 58.5 52.8 46.7

1300 83.4 73.5 65.9 64.4 56.7 50.6 44.7

1200 80.8 70.6 63.5 62.1 55.0 48.2 42.7

1100 77.9 67.6 61.1 59.8 53.2 45.8 40.7

1000 74.1 64.7 58.6 57.5 50.6 43.3 38.7

900 70.3 61.7 56.2 55.1 47.5 40.9 36.7

800 66.5 58.7 53.8 52.8 44.4 38.5 34.7

700 62.7 55.8 50.4 48.9 41.3 36.1 32.8

600 58.9 52.8 46.1 44.8 38.2 33.7 30.8

500 55.1 47.7 41.8 40.7 35.1 31.2 28.8

400 50.2 42.3 37.5 36.6 32.0 28.8 26.8

300 43.2 37.0 33.2 32.5 28.9 26.4 21.1

200 36.2 31.7 28.9 28.4 24.2 17.8 14.0

100 29.1 26.3 19.0 17.8 12.1 8.9 7.0
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P
la

st
ic

 M
o

m
en

t 
C

ap
ac

it
y 

o
f 

R
ai

ls
, Ʃ

 M
P

 R
A

IL
S 

(k
ip

s 
- 

in
.)

2700 144.8 128.1 117.0 114.0 98.4 87.7 80.6

2600 142.1 126.1 114.6 111.7 96.7 86.3 79.5

2500 139.5 124.0 112.2 109.4 94.9 84.9 78.0

2400 136.9 122.0 109.8 107.1 93.1 83.5 76.0

2300 134.3 119.9 107.3 104.7 91.3 82.1 74.0

2200 131.7 117.7 104.9 102.4 89.6 80.7 72.0

2100 129.1 114.8 102.5 100.1 87.8 79.2 70.0

2000 126.5 111.8 100.1 97.8 86.0 77.1 68.0

1900 123.8 108.8 97.6 95.5 84.2 74.7 66.0

1800 121.2 105.9 95.2 93.1 82.4 72.3 64.1

1700 118.6 102.9 91.4 90.8 80.7 69.9 62.1

1600 115.0 99.9 90.4 88.5 78.9 67.4 60.1

1500 111.2 97.0 87.9 86.2 75.8 65.0 58.1

1400 107.4 94.0 85.5 83.9 72.7 62.6 56.1

1300 103.6 91.1 83.1 81.5 69.6 60.2 54.1

1200 99.8 88.1 80.7 79.2 66.5 57.7 52.1

1100 95.9 85.1 77.8 75.4 63.4 55.3 50.1

1000 92.1 82.2 73.5 71.3 60.3 52.9 48.1

900 88.3 79.2 69.2 67.2 57.2 50.5 46.1

800 84.5 74.2 64.9 63.1 54.1 48.1 44.2

700 80.7 68.9 60.6 59.0 51.0 45.6 42.2

600 75.3 63.5 56.3 54.9 47.9 43.2 40.2

500 68.3 58.2 52.0 50.8 44.8 40.8 35.1

400 61.3 52.9 47.7 46.7 41.7 35.6 28.1

300 54.2 47.5 43.4 42.6 36.4 26.7 21.1

200 47.2 42.2 38.1 35.6 24.2 17.8 14.0

100 40.2 26.7 19.0 17.8 12.1 8.9 7.0
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Table 19. Guidance Charts for Deck #2 and Pickup Truck Design Impact Loading with W6x15 

(W150x22.5) Steel Posts 

  

2800 128.3 112.9 102.4 100.4 88.3 77.6 70.6

2700 126.1 110.9 100.8 98.8 86.5 76.2 69.5

2600 123.9 108.9 99.1 97.2 84.7 74.8 68.3

2500 121.3 106.8 97.4 95.6 83.0 73.4 67.2

2400 118.7 104.8 95.8 94.0 81.2 72.1 66.0

2300 116.2 102.8 94.1 92.1 79.5 70.7 64.9

2200 113.6 100.8 92.2 89.9 77.7 69.3 63.7

2100 111.0 98.8 89.8 87.6 76.0 67.9 62.6

2000 108.5 96.7 87.5 85.3 74.2 66.5 61.1

1900 105.9 94.7 85.1 83.0 72.5 65.1 59.1

1800 103.3 92.6 82.7 80.7 70.7 63.7 57.2

1700 100.8 89.7 79.9 78.5 69.0 62.3 55.2

1600 98.2 86.8 77.9 76.2 67.2 60.2 53.2

1500 95.7 83.9 75.5 73.9 65.4 57.8 51.3

1400 93.1 81.0 73.2 71.6 63.7 55.5 49.3

1300 89.5 78.1 70.8 69.3 61.9 53.1 47.4

1200 85.8 75.2 68.4 67.1 58.9 50.7 45.4

1100 82.0 72.3 66.0 64.8 55.9 48.3 43.4

1000 78.3 69.4 63.6 62.5 52.8 45.9 41.5

900 74.6 66.5 60.7 58.9 49.8 43.6 39.5

800 70.9 63.6 56.6 55.0 46.8 41.2 37.6

700 67.2 59.7 52.4 51.0 43.7 38.8 35.6

600 63.5 54.6 48.2 47.0 40.7 36.4 33.6

500 58.1 49.5 44.1 43.0 37.7 34.0 31.7

400 51.5 44.3 39.9 39.0 34.7 31.7 26.7

300 44.8 39.2 35.7 35.1 31.6 25.0 20.0

200 38.1 34.1 31.6 31.1 22.2 16.7 13.3

100 31.5 22.2 16.7 15.7 11.1 8.3 6.7
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1900 132.3 115.7 105.0 102.9 91.4 78.4 70.1

1800 128.6 112.8 102.6 100.6 88.3 76.1 68.1

1700 124.9 109.9 100.0 98.3 85.3 73.7 66.1

1600 121.2 107.0 97.8 96.0 82.3 71.3 64.2

1500 117.5 104.1 95.5 93.8 79.3 68.9 62.2

1400 113.8 101.2 93.1 90.4 76.2 66.5 60.3

1300 110.1 98.3 89.0 86.4 73.2 64.1 58.3

1200 106.4 95.4 84.9 82.4 70.2 61.8 56.3

1100 102.7 92.2 80.7 78.5 67.1 59.4 54.4

1000 99.0 87.0 76.5 74.5 64.1 57.0 52.4

900 95.3 81.9 72.4 70.5 61.1 54.6 50.4

800 90.5 76.8 68.2 66.5 58.0 52.2 48.5

700 83.8 71.6 64.0 62.5 55.0 49.9 46.5

600 77.2 66.5 59.9 58.6 52.0 47.5 40.0

500 70.5 61.4 55.7 54.6 48.9 41.7 33.3

400 63.8 56.3 51.5 50.6 44.4 33.3 26.7

300 57.2 51.1 47.4 46.6 33.3 25.0 20.0

200 50.5 44.4 33.3 31.4 22.2 16.7 13.3

100 33.3 22.2 16.7 15.7 11.1 8.3 6.7
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Table 20. Guidance Charts for Deck #2 and Single-Unit Truck Design Impact Loading with 

W6x15 (W150x22.5) Steel Posts 

  

4200 151.3 130.1 116.4 113.7 99.0 87.7 80.3

4100 149.1 128.4 114.9 112.3 97.8 86.7 79.5

4000 146.8 126.6 113.5 110.9 96.5 85.7 78.7

3900 144.6 124.8 112.0 109.5 95.3 84.8 77.8

3800 142.3 123.0 110.5 108.1 94.0 83.8 76.6

3700 140.0 121.3 109.1 106.7 92.8 82.8 75.5

3600 137.8 119.5 107.6 105.3 91.5 81.8 74.3

3500 135.5 117.7 106.2 103.9 90.3 80.8 73.1

3400 133.3 115.9 104.7 102.2 89.0 79.8 72.0

3300 131.0 114.1 103.1 100.6 87.8 78.8 70.8

3200 128.7 112.4 101.4 99.0 86.5 77.8 69.7

3100 126.5 110.6 99.7 97.4 85.3 76.4 68.5

3000 124.2 108.8 98.0 95.8 84.0 75.0 67.3

2900 122.0 107.0 96.3 94.2 82.8 73.6 66.2

2800 119.7 105.3 94.7 92.5 81.6 72.1 65.0

2700 117.4 103.4 93.0 90.9 80.3 70.7 63.9

2600 115.2 101.3 91.3 89.3 79.1 69.3 62.7

2500 112.9 99.3 89.6 87.7 77.7 67.9 61.6

2400 110.7 97.2 87.9 86.1 76.0 66.5 60.4

2300 108.4 95.2 86.2 84.5 74.2 65.1 59.2

2200 106.1 93.1 84.5 82.8 72.4 63.7 58.1

2100 103.9 91.1 82.8 81.2 70.6 62.3 56.9

2000 101.2 89.0 81.2 79.6 68.8 60.9 55.8

1900 98.6 87.0 79.5 78.0 67.1 59.5 54.6

1800 96.0 84.9 77.7 75.7 65.3 58.1 53.4

1700 93.4 82.9 74.7 73.3 63.5 56.7 52.3

1600 90.8 80.8 72.8 71.0 61.7 55.3 50.5

1500 88.2 78.8 70.4 68.7 60.0 53.9 48.5

1400 85.6 76.2 68.0 66.4 58.2 52.5 46.5

1300 82.9 73.2 65.6 64.1 56.4 50.4 44.5

1200 80.3 70.2 63.1 61.7 54.6 48.0 42.5

1100 77.6 67.3 60.7 59.4 52.8 45.6 40.5

1000 73.8 64.3 58.3 57.1 50.4 43.2 38.5

900 70.0 61.3 55.9 54.8 47.3 40.7 36.5

800 66.1 58.4 53.4 52.5 44.2 38.3 34.6

700 62.3 55.4 50.2 48.7 41.1 35.9 32.6

600 58.5 52.5 45.9 44.6 38.0 33.5 30.6

500 54.7 47.5 41.6 40.5 34.9 31.0 28.6

400 50.0 42.1 37.3 36.4 31.8 28.6 26.6

300 43.0 36.8 33.0 32.3 28.7 26.2 21.1

200 35.9 31.5 28.7 28.2 24.2 17.8 14.0

100 28.9 26.1 19.0 17.8 12.1 8.9 7.0

48 60 72 75 96 120 144

4 ft 5 ft 6 ft 6 ft - 3 in 8 ft 10 ft 12 ft

Deck #2, SUT

DMF=1.0

Post Spacing, L

37.375" Effective height of rails,  ȲRAILS
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2700 144.0 127.4 116.5 113.5 97.9 87.2 80.2

2600 141.4 125.4 114.1 111.2 96.2 85.8 79.0

2500 138.8 123.3 111.7 108.9 94.4 84.4 77.7

2400 136.2 121.2 109.2 106.5 92.6 83.0 75.7

2300 133.6 119.2 106.8 104.2 90.8 81.6 73.7

2200 130.9 117.1 104.4 101.9 89.0 80.2 71.7

2100 128.3 114.2 102.0 99.6 87.3 78.7 69.7

2000 125.7 111.3 99.6 97.3 85.5 76.9 67.7

1900 123.1 108.3 97.1 94.9 83.7 74.4 65.8

1800 120.5 105.3 94.7 92.6 81.9 72.0 63.8

1700 117.9 102.4 91.8 90.3 80.2 69.6 61.8

1600 114.5 99.4 89.9 88.0 78.4 67.2 59.8

1500 110.6 96.5 87.4 85.7 75.5 64.7 57.8

1400 106.8 93.5 85.0 83.3 72.4 62.3 55.8

1300 103.0 90.5 82.6 81.0 69.3 59.9 53.8

1200 99.2 87.6 80.2 78.7 66.2 57.5 51.8

1100 95.4 84.6 77.5 75.1 63.1 55.0 49.8

1000 91.6 81.6 73.2 71.0 60.0 52.6 47.8

900 87.8 78.7 68.9 66.9 56.9 50.2 45.9

800 84.0 73.9 64.6 62.8 53.8 47.8 43.9

700 80.2 68.5 60.3 58.7 50.7 45.3 41.9

600 75.0 63.2 56.0 54.6 47.6 42.9 39.9

500 67.9 57.9 51.7 50.5 44.5 40.5 35.1

400 60.9 52.5 47.4 46.4 41.4 35.6 28.1

300 53.9 47.2 43.1 42.3 36.4 26.7 21.1

200 46.9 41.9 38.1 35.6 24.2 17.8 14.0

100 39.9 26.7 19.0 17.8 12.1 8.9 7.0
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P
la

st
ic

 M
o

m
en

t 
C

ap
ac

it
y 

o
f 

R
ai

ls
, Ʃ

 M
P

 R
A

IL
S 

(k
ip

s 
- 

in
.)



July 20, 2020  
MwRSF Report No. TRP-03-410-20 

75 

Table 21. Guidance Charts for Deck #3 and Pickup Truck Design Impact Loading with W6x15 

(W150x22.5) Steel Posts 

  

3200 128.7 113.0 101.9 99.6 87.5 78.2 70.3

3100 126.5 111.2 100.3 98.0 86.3 76.8 69.1

3000 124.3 109.5 98.6 96.4 85.0 75.4 68.0

2900 122.0 107.7 96.9 94.8 83.8 74.0 66.9

2800 119.8 105.7 95.3 93.2 82.6 72.6 65.7

2700 117.6 103.6 93.6 91.6 81.3 71.3 64.6

2600 115.4 101.6 91.9 90.0 79.7 69.9 63.4

2500 113.2 99.6 90.3 88.4 78.0 68.5 62.3

2400 110.9 97.6 88.6 86.8 76.2 67.1 61.1

2300 108.7 95.6 86.9 85.2 74.5 65.7 60.0

2200 106.3 93.5 85.3 83.6 72.7 64.3 58.8

2100 103.7 91.5 83.6 82.0 70.9 62.9 57.7

2000 101.1 89.5 81.9 80.2 69.2 61.5 56.5

1900 98.6 87.5 80.0 77.9 67.4 60.1 55.4

1800 96.0 85.5 77.6 75.6 65.7 58.8 54.2

1700 93.4 83.4 85.8 73.4 63.9 57.4 52.4

1600 90.9 81.4 72.8 71.1 62.2 56.0 50.4

1500 88.3 78.7 70.4 68.8 60.4 54.6 48.5

1400 85.7 75.8 68.0 66.5 58.7 52.6 46.5

1300 83.2 72.9 65.7 64.2 56.9 50.2 44.5

1200 80.4 70.0 63.3 62.0 55.2 47.9 42.6

1100 76.7 67.1 60.9 59.7 53.0 45.5 40.6

1000 73.0 64.2 58.5 57.4 49.9 43.1 38.7

900 69.3 61.3 56.1 55.1 46.9 40.7 36.7

800 65.6 58.4 53.6 52.0 43.9 38.3 34.7

700 61.9 55.5 49.4 48.0 40.8 36.0 32.8

600 58.2 51.5 45.3 44.0 37.8 33.6 30.8

500 54.5 46.4 41.1 40.0 34.8 31.2 28.9

400 48.3 41.3 36.9 36.1 31.8 28.8 26.7

300 41.6 36.2 32.8 32.1 28.7 25.0 20.0

200 34.9 31.0 28.6 28.1 22.2 16.7 13.3

100 28.3 22.2 16.7 15.7 11.1 8.3 6.7
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P
la

st
ic

 M
o

m
en

t 
C

ap
ac

it
y 

o
f 

R
ai

ls
, Ʃ

 M
P

 R
A

IL
S 

(k
ip

s 
- 

in
.)

2200 131.2 116.6 104.5 102.1 89.8 81.2 71.7

2100 128.6 113.7 102.1 99.8 88.0 78.9 69.8

2000 126.1 110.8 99.7 97.5 86.2 76.5 67.8

1900 123.5 107.9 97.3 95.2 84.5 74.2 65.8

1800 120.7 105.0 94.9 92.9 82.7 71.8 63.9

1700 117.0 102.1 105.8 90.7 81.0 69.4 61.9

1600 113.3 99.2 90.2 88.4 77.9 67.0 60.0

1500 109.6 96.3 87.8 86.1 74.9 64.6 58.0

1400 105.9 93.4 85.4 83.8 71.9 62.3 56.0

1300 102.1 90.5 83.0 81.6 68.8 59.9 54.1

1200 98.4 87.6 80.4 78.0 65.8 57.5 52.1

1100 94.7 84.7 76.2 74.0 62.8 55.1 50.2

1000 91.0 81.8 72.0 70.0 59.8 52.7 48.2

900 87.3 77.3 67.9 66.0 56.7 50.4 46.2

800 83.6 72.2 63.7 62.1 53.7 48.0 44.3

700 79.1 67.1 59.5 58.1 50.7 45.6 42.3

600 72.4 61.9 55.4 54.1 47.6 43.2 40.0

500 65.7 56.8 51.2 50.1 44.6 40.8 33.3

400 59.1 51.7 47.0 46.1 41.6 33.3 26.7

300 52.4 46.5 42.9 42.2 33.3 25.0 20.0

200 45.7 41.4 33.3 31.4 22.2 16.7 13.3

100 33.3 22.2 16.7 15.7 11.1 8.3 6.7
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Table 22. Guidance Charts for Deck #3 and Single-Unit Truck Design Impact Loading with 

W6x15 (W150x22.5) Steel Posts 

  

4800 158.7 134.7 119.2 116.1 100.2 88.6 80.2

4700 156.4 132.9 117.7 114.7 99.1 87.6 79.3

4600 154.2 131.1 116.2 113.3 98.0 86.6 78.5

4500 151.9 129.4 114.8 111.9 96.9 85.6 77.7

4400 149.6 127.6 113.3 110.5 95.9 84.6 76.9

4300 147.4 125.8 111.8 109.1 94.8 83.6 76.1

4200 145.1 124.0 110.4 107.7 93.7 82.6 75.2

4100 142.9 122.3 108.9 106.3 92.6 81.6 74.4

4000 140.6 120.5 107.4 104.9 91.4 80.6 73.6

3900 138.3 118.7 106.0 103.5 90.1 79.7 72.8

3800 136.1 116.9 104.5 102.1 88.9 78.7 72.0

3700 133.8 115.1 103.0 100.7 87.6 77.7 71.2

3600 131.6 113.4 101.6 99.2 86.4 76.7 70.3

3500 129.3 111.6 100.1 97.8 85.1 75.7 69.5

3400 127.0 109.8 98.6 96.4 83.9 74.7 68.4

3300 124.8 108.0 97.2 95.0 82.6 73.7 67.2

3200 122.5 106.3 95.7 93.6 81.4 72.7 66.1

3100 120.3 104.5 94.3 92.2 80.2 71.8 64.9

3000 118.0 102.7 92.8 90.6 78.9 70.8 63.8

2900 115.7 100.9 91.1 88.9 77.7 69.8 62.6

2800 113.5 99.1 89.4 87.3 76.4 68.5 61.4

2700 111.2 97.4 87.8 85.7 75.2 67.1 60.3

2600 109.0 95.6 86.1 84.1 73.9 65.7 59.1

2500 106.7 93.8 84.4 82.5 72.7 64.3 58.0

2400 104.4 92.0 82.7 80.9 71.4 62.9 56.8

2300 102.2 89.9 81.0 79.2 70.2 61.5 55.6

2200 99.9 87.9 79.3 77.6 68.7 60.1 54.5

2100 97.7 85.8 77.6 76.0 67.0 58.7 53.3

2000 95.4 83.8 75.9 74.4 65.2 57.3 52.2

1900 93.1 81.7 74.3 72.8 63.4 55.9 51.0

1800 90.6 79.6 72.6 71.2 61.6 54.5 49.8

1700 88.0 77.6 79.4 69.6 59.8 53.1 48.7

1600 85.4 75.5 69.1 67.3 58.1 51.7 47.5

1500 82.8 73.5 66.7 65.0 56.3 50.3 46.4

1400 80.2 71.4 64.2 62.7 54.5 48.9 44.4

1300 77.5 69.4 61.8 60.3 52.7 47.5 42.5

1200 74.9 66.4 59.4 58.0 51.0 45.9 40.5

1100 72.3 63.4 57.0 55.7 49.2 43.5 38.5

1000 69.7 60.5 54.5 53.4 47.4 41.1 36.5

900 66.0 57.5 52.1 51.1 45.1 38.6 34.5

800 62.2 54.6 49.7 48.7 42.0 36.2 32.5

700 58.4 51.6 47.3 46.4 38.9 33.8 30.5

600 54.6 48.6 43.7 42.4 35.8 31.4 28.5

500 50.8 45.2 39.4 38.3 32.7 29.0 26.5

400 47.0 39.8 35.1 34.2 29.6 26.5 24.5

300 40.5 34.5 30.8 30.1 26.5 24.1 21.1

200 33.5 29.2 26.5 26.0 23.4 17.8 14.0

100 26.5 23.8 19.0 17.8 12.1 8.9 7.0
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3200 147.6 129.7 117.3 114.8 101.3 88.8 80.6

3100 145.4 127.7 115.6 113.2 99.5 87.4 79.4

3000 143.1 125.6 113.9 111.6 97.8 86.0 78.3

2900 140.8 123.6 112.2 110.0 96.0 84.6 77.1

2800 138.5 121.5 110.5 108.4 94.2 83.1 75.9

2700 135.9 119.5 108.8 106.8 92.4 81.7 74.8

2600 133.3 117.4 107.2 105.1 90.7 80.3 73.6

2500 130.7 115.4 105.5 103.3 88.9 78.9 72.5

2400 128.1 113.3 103.6 100.9 87.1 77.5 71.3

2300 125.5 111.3 101.2 98.6 85.3 76.1 70.1

2200 122.9 109.2 98.8 96.3 83.5 74.7 68.7

2100 120.2 107.2 96.4 94.0 81.8 73.3 66.7

2000 117.6 105.1 93.9 91.7 80.0 71.9 64.7

1900 115.0 102.6 91.5 89.3 78.2 70.5 62.7

1800 112.4 99.6 89.1 87.0 76.4 68.9 60.7

1700 109.8 96.7 96.8 84.7 74.7 66.5 58.7

1600 107.2 93.7 84.2 82.4 72.9 64.0 56.7

1500 104.6 90.7 81.8 80.1 71.1 61.6 54.7

1400 100.9 87.8 79.4 77.7 69.2 59.2 52.7

1300 97.1 84.8 77.0 75.4 66.1 56.8 50.7

1200 93.3 81.8 74.5 73.1 63.0 54.3 48.8

1100 89.5 78.9 72.1 70.8 59.9 51.9 46.8

1000 85.7 75.9 69.7 67.7 56.8 49.5 44.8

900 81.9 73.0 65.6 63.6 53.7 47.1 42.8

800 78.1 70.0 61.3 59.5 50.6 44.6 40.8

700 74.3 65.1 57.0 55.4 47.5 42.2 38.8

600 70.5 59.8 52.7 51.3 44.4 39.8 36.8

500 64.3 54.4 48.4 47.2 41.3 37.4 34.8

400 57.3 49.1 44.1 43.1 38.2 34.9 28.1

300 50.3 43.8 39.8 39.0 35.1 26.7 21.1

200 43.3 38.4 35.5 34.9 24.2 17.8 14.0

100 36.3 26.7 19.0 17.8 12.1 8.9 7.0

48 60 72 75 96 120 144
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Table 23. Guidance Charts for Deck #4 and Pickup Truck Design Impact Loading with W6x15 

(W150x22.5) Steel Posts 

  

2900 129.2 113.8 103.0 100.9 89.2 78.2 71.0

2800 127.0 111.8 101.3 99.3 87.5 76.9 69.9

2700 124.8 109.8 99.7 97.7 85.7 75.5 68.7

2600 122.6 107.8 98.0 96.1 84.0 74.1 67.6

2500 120.2 105.7 96.3 94.5 82.2 72.7 66.4

2400 117.6 103.7 94.7 92.9 80.5 71.3 65.3

2300 115.1 101.7 93.0 91.3 78.7 69.9 64.1

2200 112.5 99.7 91.3 89.1 77.0 68.5 63.0

2100 109.9 97.7 89.1 86.8 75.2 67.1 61.8

2000 107.4 95.6 86.7 84.5 73.5 65.7 60.7

1900 104.8 93.6 84.3 82.2 71.7 64.4 58.7

1800 102.2 91.6 81.9 80.0 69.9 63.0 56.7

1700 99.7 88.9 80.7 77.7 68.2 61.6 54.8

1600 97.1 86.0 77.1 75.4 66.4 59.8 52.8

1500 94.5 83.1 74.8 73.1 64.7 57.4 50.9

1400 92.0 80.2 72.4 70.9 62.9 55.0 48.9

1300 88.6 77.3 70.0 68.6 61.2 52.6 46.9

1200 84.9 74.4 67.6 66.3 58.5 50.3 45.0

1100 81.2 71.5 65.2 64.0 55.4 47.9 43.0

1000 77.5 68.6 62.9 61.7 52.4 45.5 41.0

900 73.8 65.7 60.3 58.5 49.4 43.1 39.1

800 70.1 62.8 56.1 54.5 46.3 40.7 37.1

700 66.4 59.3 51.9 50.5 43.3 38.4 35.2

600 62.7 54.1 47.8 46.5 40.3 36.0 33.2

500 57.6 49.0 43.6 42.6 37.2 33.6 31.2

400 51.0 43.9 39.4 38.6 34.2 31.2 26.7

300 44.3 38.8 35.3 34.6 31.2 25.0 20.0

200 37.6 33.6 31.1 30.6 22.2 16.7 13.3

100 31.0 22.2 16.7 15.7 11.1 8.3 6.7
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2000 134.8 117.4 106.2 104.0 92.6 80.2 71.4

1900 131.1 114.5 103.8 101.7 90.7 77.8 69.4

1800 127.4 111.6 101.4 99.4 87.7 75.4 67.5

1700 123.7 108.7 100.8 97.2 84.7 73.0 65.5

1600 120.0 105.8 96.7 94.9 81.6 70.6 63.5

1500 116.3 102.9 94.3 92.6 78.6 68.3 61.6

1400 112.6 100.0 91.9 89.7 75.6 65.9 59.6

1300 108.9 97.1 88.3 85.7 72.5 63.5 57.7

1200 105.2 94.2 84.2 81.8 69.5 61.1 55.7

1100 101.5 91.3 80.0 77.8 66.5 58.7 53.7

1000 97.8 86.3 75.8 73.8 63.4 56.4 51.8

900 94.1 81.2 71.7 69.8 60.4 54.0 49.8

800 89.8 76.1 67.5 65.8 57.4 51.6 47.8

700 83.1 70.9 63.3 61.9 54.3 49.2 45.9

600 76.5 65.8 59.2 57.9 51.3 46.8 40.0

500 69.8 60.7 55.0 53.9 48.3 41.7 33.3

400 63.1 55.6 50.8 49.9 44.4 33.3 26.7

300 56.5 50.4 46.7 45.9 33.3 25.0 20.0

200 49.8 44.4 33.3 31.4 22.2 16.7 13.3

100 33.3 22.2 16.7 15.7 11.1 8.3 6.7
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4 ft 5 ft 6 ft 6 ft - 3 in 8 ft 10 ft 12 ft

Deck #4, PICKUP

DMF=1.5

Post Spacing, L

32" Effective height of rails,  ȲRAILS
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Table 24. Guidance Charts for Deck #4 and Single-Unit Truck Design Impact Loading with 

W6x15 (W150x22.5) Steel Posts 

  

Additional guidance charts for SUT impact events were created to provide assistance with 

configuring future steel, beam-and-post, bridge rails. Similarly to previous guidance charts, the 

MASH TL-4 SUT design impact load was used with DMFs equal to 1.0 and 1.5 for a range of 

effective height of rails, YRAILS, and W6x15 (W150x22.5) steel posts. The effective height of the 

rails ranged from 30 in. (762 mm) through 42 in. (1067 mm) in order to top-mounted posts with 

baseplates as well as side-mounted posts with the tension anchor rods located at a depth of 12 in. 

(305 mm) below the top of the concrete deck, as depicted in Figure 51. The 13 additional guidance 

charts are shown in Table B-3 through Table B-15 of Appendix B. 

4300 152.7 131.0 117.0 114.2 99.5 87.9 80.4

4200 150.4 129.2 115.5 112.8 98.2 87.0 79.6

4100 148.1 127.5 114.0 111.4 97.0 86.0 78.7

4000 145.9 125.7 112.6 110.0 95.7 85.0 77.9

3900 143.6 123.9 111.1 108.6 94.5 84.0 77.1

3800 141.4 122.1 109.6 107.2 93.3 83.0 76.1

3700 139.1 120.3 108.2 105.8 92.0 82.0 74.9

3600 136.8 118.6 106.7 104.4 90.8 81.0 73.8

3500 134.6 116.8 105.3 103.0 89.5 80.0 72.6

3400 132.3 115.0 103.8 101.5 88.3 79.1 71.4

3300 130.1 113.2 102.3 99.8 87.0 78.1 70.3

3200 127.8 111.5 100.6 98.2 85.8 77.1 69.1

3100 125.5 109.7 98.9 96.6 84.5 75.8 68.0

3000 123.3 107.9 97.3 95.0 83.3 74.4 66.8

2900 121.0 106.1 95.6 93.4 82.0 73.0 65.7

2800 118.8 104.3 93.9 91.8 80.8 71.6 64.5

2700 116.5 102.6 92.2 90.1 79.5 70.2 63.3

2600 114.3 100.6 90.5 88.5 78.3 68.8 62.2

2500 112.0 98.5 88.8 86.9 77.1 67.4 61.0

2400 109.7 96.5 87.1 85.3 75.4 66.0 59.9

2300 107.5 94.4 85.4 83.7 73.6 64.6 58.7

2200 105.2 92.4 83.8 82.1 71.9 63.2 57.5

2100 103.0 90.3 82.1 80.4 70.1 61.8 56.4

2000 100.4 88.2 80.4 78.8 68.3 60.4 55.2

1900 97.8 86.2 78.7 77.2 66.5 59.0 54.1

1800 95.2 84.1 77.0 75.1 64.7 57.6 52.9

1700 92.6 82.1 75.4 72.8 63.0 56.2 51.7

1600 90.0 80.0 72.3 70.5 61.2 54.8 50.2

1500 87.4 78.0 69.8 68.1 59.4 53.4 48.2

1400 84.7 75.6 67.4 65.8 57.6 52.0 46.2

1300 82.1 72.6 65.0 63.5 55.9 50.1 44.2

1200 79.5 69.7 62.6 61.2 54.1 47.7 42.2

1100 76.9 66.7 60.2 58.9 52.3 45.3 40.2

1000 73.2 63.7 57.7 56.6 50.0 42.8 38.2

900 69.4 60.8 55.3 54.2 46.9 40.4 36.2

800 65.6 57.8 52.9 51.9 43.8 38.0 34.2

700 61.7 54.8 49.9 48.4 40.7 35.6 32.3

600 57.9 51.9 45.6 44.3 37.6 33.1 30.3

500 54.1 47.1 41.3 40.2 34.5 30.7 28.3

400 49.6 41.8 37.0 36.1 31.4 28.3 26.3

300 42.6 36.5 32.7 32.0 28.3 25.9 21.1

200 35.6 31.1 28.4 27.9 24.2 17.8 14.0

100 28.6 25.8 19.0 17.8 12.1 8.9 7.0
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2800 145.4 128.3 117.2 115.0 98.9 87.8 80.5

2700 142.8 126.2 115.5 112.7 97.1 86.4 79.3

2600 140.2 124.2 113.3 110.3 95.3 85.0 78.2

2500 137.6 122.1 110.8 108.0 93.6 83.6 77.0

2400 135.0 120.1 108.4 105.7 91.8 82.1 75.2

2300 132.4 118.0 106.0 103.4 90.0 80.7 73.3

2200 129.7 116.0 103.6 101.1 88.2 79.3 71.3

2100 127.1 113.4 101.1 98.7 86.4 77.9 69.3

2000 124.5 110.4 98.7 96.4 84.7 76.4 67.3

1900 121.9 107.5 96.3 94.1 82.9 74.0 65.3

1800 119.3 104.5 93.9 91.8 81.1 71.5 63.3

1700 116.7 101.5 92.5 89.5 79.3 69.1 61.3

1600 113.6 98.6 89.0 87.1 77.6 66.7 59.3

1500 109.8 95.6 86.6 84.8 75.1 64.3 57.3

1400 106.0 92.6 84.2 82.5 72.0 61.8 55.3

1300 102.1 89.7 81.7 80.2 68.9 59.4 53.4

1200 98.3 86.7 79.3 77.9 65.8 57.0 51.4

1100 94.5 83.8 76.9 74.6 62.7 54.6 49.4

1000 90.7 80.8 72.7 70.5 59.6 52.1 47.4

900 86.9 77.8 68.4 66.4 56.5 49.7 45.4

800 83.1 73.4 64.1 62.3 53.4 47.3 43.4

700 79.3 68.0 59.8 58.2 50.3 44.9 41.4

600 74.4 62.7 55.5 54.1 47.2 42.4 39.4

500 67.4 57.4 51.2 50.0 44.1 40.0 35.1

400 60.4 52.0 46.9 45.9 41.0 35.6 28.1

300 53.4 46.7 42.6 41.8 36.4 26.7 21.1

200 46.3 41.4 38.1 35.6 24.2 17.8 14.0

100 39.3 26.7 19.0 17.8 12.1 8.9 7.0
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Figure 51. SUT Design Impact Loading for Use with Additional Guidance Charts in Appendix B 

5.5 Preliminary Bridge Rail Configurations 

Preliminary bridge rail configurations were developed using the guidance charts for four 

concrete deck types to resist only SUT impacts; since, they represented the most critical impact 

conditions for the three MASH TL-4 crash tests. The post spacing options were reduced to 6 ft 

(1.8 m), 8 ft (2.4 m), and 10 ft (3.0 m) based on feedback obtained from representatives with the 

Illinois and Ohio DOTs. An asphalt overlay of 3 in. (76 mm) was used to maximize the moment 

arm between the design impact load and the tension anchor rods. 

One of the design objectives for the bridge rail was to have the front face of the rails aligned 

flush with the exterior vertical edge of the concrete deck. Thus, preliminary bridge rail 

configurations were created for 4-in. (102-mm), 5-in. (127-mm), and 6-in. (152-mm) lateral offsets 

between the post flange and deck edge, as provided in Tables 25 through 36. Note that minimum 

combined moment capacities are shown in parentheses. For each horizontal rail, the plastic section 

modulus was obtained from the AISC Steel Construction Manual [49]. The thicknesses of the three 

rail sections were initially intended to be equal for simplification purposes. The vertical heights of 

the lower two rails were also intended to be equal, but it was not always possible due to limited 

sizes available for 5-in. (127-mm) wide rectangular HSS sections. Therefore, the lower two rails 

for bridge rail systems configured with a 5-in. (127-mm) wide mounting bracket had different 

vertical depths.
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Table 25. Preliminary Bridge Rail Configurations for Deck #1 and 4-in. (102-mm) Wide Lower 

Rails 

Post 
Spacing 

(ft) 

Rail 
Position 

Post DMF = 1.0 Post DMF = 1.5 

HSS Rail 
Mp

1 

(k-in.) 
Weight 
(lb/ft) 

HSS Rail 
Mp

1 

(k-in.) 
Weight 
(lb/ft) 

6 

Top 12x4x5/16 1408.5 31.84 8x4x1/4 598.5 19.02 

Middle 8x4x5/16 446.0 23.34 8x4x1/4 369.0 19.02 

Bottom 8x4x5/16 446.0 23.34 8x4x1/4 369.0 19.02 

  ∑=2300.5 (2000) ∑=78.52  ∑=1336.5 (1200) ∑=57.06 

8 

Top 10x4x1/2 1534.5 42.05 10x4x5/16 1039.5 27.59 

Middle 8x4x1/2 643.5 35.24 8x4x5/16 446.0 23.34 

Bottom 8x4x1/2 643.5 35.24 8x4x5/16 446.0 23.34 

  ∑=2821.5 (2700) ∑=112.53  ∑=1931.5 (1700) ∑=74.27 

10 

Top 12x4x5/8 2497.5 59.32 12x4x5/16  1408.5 31.84 

Middle 8x4x5/8 747.0 42.30 8x4x5/16 446.0 23.34 

Bottom 8x4x5/8 747.0 42.30 8x4x5/16 446.0 23.34 

  ∑=3991.5 (3400) ∑=143.92  ∑=2300.5 (2200) ∑=78.52 
1 – Minimum combined moment capacities shown in parentheses. 

Table 26. Preliminary Bridge Rail Configurations for Deck #1 and 5-in. (127-mm) Wide Lower 

Rails 

Post 
Spacing 

(ft) 

Rail 
Position 

Post DMF = 1.0 Post DMF = 1.5 

HSS Rail 
Mp

1 

(k-in.) 
Weight 
(lb/ft) 

HSS Rail 
Mp

1 

(k-in.) 
Weight 
(lb/ft) 

6 

Top 9x5x5/16 990.0 27.59 10x4x3/16 657.0 17.08 

Middle 9x5x5/16 657.0 27.59 9x5x3/16 416.2 17.08 

Bottom 7x5x5/16 535.5 23.34 7x5x3/16 340.6 14.53 

  ∑=2182.5 (2000) ∑=78.52  ∑=1413.9 (1200) ∑=48.69 

8 

Top 12x6x5/16 1714.5 36.1 10x5x1/4 958.5 24.12 

Middle 9x5x5/16 657.0 27.59 9x5x1/4 540.0 22.42 

Bottom 7x5x5/16 535.5 23.34 7x5x1/4 442.3 19.02 

  ∑=2907 (2700) ∑=87.03  ∑=1940.8 (1700) ∑=65.56 

10 

Top 12x4x1/2 2101.5 48.85 12x6x1/4 1399.5 29.23 

Middle 9x5x1/2 967.5 42.05 9x5x1/4 540.0 22.42 

Bottom 7x5x1/2 778.5 35.24 7x5x1/4 442.3 19.02 

  ∑=3847.5 (3400) ∑=126.14  ∑=2381.85 (2200) ∑=70.67 
1 – Minimum combined moment capacities shown in parentheses. 

Table 27. Preliminary Bridge Rail Configurations for Deck #1 and 6-in. (152-mm) Wide Lower 

Rails 

Post 
Spacing 

(ft) 

Rail 
Position 

Post DMF = 1.0 Post DMF = 1.5 

HSS Rail 
Mp

1 

(k-in.) 
Weight 
(lb/ft) 

HSS Rail 
Mp

1 

(k-in.) 
Weight 
(lb/ft) 

6 

Top 10x5x1/4 958.5 24.12 8x6x3/16 585.0 17.08 

Middle 8x6x1/4 625.5 22.42 8x6x3/16 481.5 17.08 

Bottom 8x6x1/4 625.5 22.42 8x6x3/16 481.5 17.08 

  ∑=2209.5 (2000) ∑=68.96  ∑=1548.0 (1200) ∑=51.24 

8 

Top 12x4x5/16 1408.5 31.84 10x6x3/16 810.0 19.63 

Middle 8x6x5/16 760.5 27.59 8x6x3/16 481.5 17.08 

Bottom 8x6x5/16 760.5 27.59 8x6x3/16 481.5 17.08 

  ∑=2929.5 (2700) ∑=87.02  ∑=1773.0 (1700) ∑=53.79 

10 

Top 12x6x3/8 2016.0 42.79 10x6x1/4 1062 25.82 

Middle 8x6x3/8 891.0 32.58 8x6x1/4 625.5 22.42 

Bottom 8x6x3/8 891.0 32.58 8x6x1/4 625.5 22.42 

  ∑=3798 (3400) ∑=107.95  ∑=2313 (2200) ∑=70.66 
1 – Minimum combined moment capacities shown in parentheses. 
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Table 28. Preliminary Bridge Rail Configurations for Deck #2 and 4-in. (102-mm) Wide Lower 

Rails 

Post 
Spacing 

(ft) 

Rail 
Position 

Post DMF = 1.0 Post DMF = 1.5 

HSS Rail 
Mp

1 

(k-in.) 
Weight 
(lb/ft) 

HSS Rail 
Mp

1 

(k-in.) 
Weight 
(lb/ft) 

6 

Top 12x4x5/16 1408.5 31.84 8x4x1/4 598.5 19.02 

Middle 8x4x5/16 446.0 23.34 8x4x1/4 369 19.02 

Bottom 8x4x5/16 446.0 23.34 8x4x1/4 369 19.02 

  ∑=2300.5 (2000) ∑=78.52  ∑=1336.5 (1200) ∑=57.06 

8 

Top 10x4x1/2 1534.5 42.05 10x4x5/16 1039.5 27.59 

Middle 8x4x1/2 643.5 35.24 8x4x5/16 446.0 23.34 

Bottom 8x4x1/2 643.5 35.24 8x4x5/16 446.0 23.34 

  ∑=2821.5 (2700) ∑=112.53  ∑=1931.5 (1700) ∑=74.27 

10 

Top 12x4x5/8 2497.5 59.32 12x4x5/16  1408.5 31.84 

Middle 8x4x5/8 747 42.3 8x4x5/16 446.0 23.34 

Bottom 8x4x5/8 747 42.3 8x4x5/16 446.0 23.34 

  ∑=3991.5 (3500) ∑=143.92  ∑=2300.5 (2200) ∑=78.52 
1 – Minimum combined moment capacities shown in parentheses. 

Table 29. Preliminary Bridge Rail Configurations for Deck #2 and 5-in. (127-mm) Wide Lower 

Rails. 

Post 
Spacing 

(ft) 

Rail 
Position 

Post DMF = 1.0 Post DMF = 1.5 

HSS Rail 
Mp

1 

(k-in.) 
Weight 
(lb/ft) 

HSS Rail 
Mp

1 

(k-in.) 
Weight 
(lb/ft) 

6 

Top 9x5x5/16 990 27.59 10x4x3/16 657 17.08 

Middle 9x5x5/16 657 27.59 9x5x3/16 416.25 17.08 

Bottom 7x5x5/16 535.5 23.34 7x5x3/16 340.65 14.53 

  ∑=2182.5 (2000) ∑=78.52  ∑=1413.9 (1200) ∑=48.69 

8 

Top 12x6x5/16 1714.5 36.1 10x5x1/4 958.5 24.12 

Middle 9x5x5/16 657 27.59 9x5x1/4 540.0 22.42 

Bottom 7x5x5/16 535.5 23.34 7x5x1/4 442.3 19.02 

  ∑=2907 (2700) ∑=87.03  ∑=1940.8 (1700) ∑=65.56 

10 

Top 12x4x1/2 2101.5 48.85 12x6x1/4 1399.5 29.23 

Middle 9x5x1/2 967.5 42.05 9x5x1/4 540.0 22.42 

Bottom 7x5x1/2 778.5 35.24 7x5x1/4 442.3 19.02 

  ∑=3847.5 (3500) ∑=126.14  ∑=2381.8 (2200) ∑=70.67 
1 – Minimum combined moment capacities shown in parentheses. 

Table 30. Preliminary Bridge Rail Configurations for Deck #2 and 6-in. (152-mm) Wide Lower 

Rails 

Post 
Spacing 

(ft) 

Rail 
Position 

Post DMF = 1.0 Post DMF = 1.5 

HSS Rail 
Mp

1 

(k-in.) 
Weight 
(lb/ft) 

HSS Rail 
Mp

1 

(k-in.) 
Weight 
(lb/ft) 

6 

Top 10x5x1/4 958.5 24.12 8x6x3/16 585.0 17.08 

Middle 8x6x1/4 625.5 22.42 8x6x3/16 481.5 17.08 

Bottom 8x6x1/4 625.5 22.42 8x6x3/16 481.5 17.08 

  ∑=2209.5 (2000) ∑=68.96  ∑=1548.0 (1200) ∑=51.24 

8 

Top 12x4x5/16 1408.5 31.84 10x6x3/16 1062 19.63 

Middle 8x6x5/16 760.5 27.59 8x6x3/16 625.5 17.08 

Bottom 8x6x5/16 760.5 27.59 8x6x3/16 625.5 17.08 

  ∑=2929.5 (2700) ∑=87.02  ∑=1773 (1700) ∑=53.79 

10 

Top 12x6x3/8 2016.0 42.79 10x6x1/4 1062.0 25.82 

Middle 8x6x3/8 891.0 32.58 8x6x1/4 625.5 22.42 

Bottom 8x6x3/8 891.0 32.58 8x6x1/4 625.5 22.42 

  ∑=3798 (3500) ∑=107.95  ∑=2313.0 (2200) ∑=70.66 
1 – Minimum combined moment capacities shown in parentheses. 
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Table 31. Preliminary Bridge Rail Configurations for Deck #3 and 4-in. (102-mm) Wide Lower 

Rails 

Post 
Spacing 

(ft) 

Rail 
Position 

Post DMF = 1.0 Post DMF = 1.5 

HSS Rail 
Mp

1 

(k-in.) 
Weight 
(lb/ft) 

HSS Rail 
Mp

1 

(k-in.) 
Weight 
(lb/ft) 

6 

Top 12x4x3/8 1651.5 37.69 10x4x1/4 855.0 22.42 

Middle 8x4x3/8 517.5 27.48 8x4x1/4 369.0 19.02 

Bottom 8x4x3/8 517.5 27.48 8x4x1/4 369.0 19.02 

  ∑=2686.5 (2300) ∑=92.65  ∑=1593 (1500) ∑=60.46 

8 

Top 12x4x1/2 2101.5 48.85 10x4x3/8 1215.0 32.58 

Middle 8x4x1/2 643.5 35.24 8x4x3/8 517.5 27.48 

Bottom 8x4x1/2 643.5 35.24 8x4x3/8 517.5 27.48 

  ∑=3388.5 (3100) ∑=119.33  ∑=2250 (2100) ∑=87.54 

10 

Top 12x6x5/8 3096.0 67.82 12x4x3/8 1651.5 37.69 

Middle 8x4x5/8 747.0 42.3 8x4x3/8 517.5 27.48 

Bottom 8x4x5/8 747.0 42.3 8x4x3/8 517.5 27.48 

  ∑=4590 (4000) ∑=152.42  ∑=2686.5 (2600) ∑=92.65 
1 – Minimum combined moment capacities shown in parentheses. 

Table 32. Preliminary Bridge Rail Configurations for Deck #3 and 5-in. (127-mm) Wide Lower 

Rails 

Post 
Spacing 

(ft) 

Rail 
Position 

Post DMF = 1.0 Post DMF = 1.5 

HSS Rail 
Mp

1 

(k-in.) 
Weight 
(lb/ft) 

HSS Rail 
Mp

1 

(k-in.) 
Weight 
(lb/ft) 

6 

Top 10x4x3/8 1215.0 32.58 10x4x1/4 855.0 22.42 

Middle 9x5x3/8 769.5 32.58 7x5x1/4 442.4 19.02 

Bottom 7x5x3/8 621.0 27.48 7x5x1/4 442.4 19.02 

  ∑=2605.5 (2300) ∑=92.64  ∑=1739.8 (1500) ∑=60.46 

8 

Top 12x6x3/8 2016.0 42.79 10x5x5/16 1170.0 29.72 

Middle 9x5x3/8 769.5 32.58 9x5x5/16 657.0 27.59 

Bottom 7x5x3/8 621.0 27.48 7x5x5/16 535.5 23.34 

  ∑=3406.5 (3100) ∑=102.85  ∑=2362.5 (2100) ∑=80.65 

10 

Top 12x6x1/2 2583.0 55.66 10x6x3/8 1521.0 37.69 

Middle 9x5x1/2 967.5 42.05 9x5x3/8 769.5 32.58 

Bottom 7x5x1/2 778.5 35.24 7x5x3/8 621.0 27.48 

  ∑=4590.0 (4000) ∑=132.95  ∑=2911.5 (2600) ∑=97.75 
1 – Minimum combined moment capacities shown in parentheses. 

Table 33. Preliminary Bridge Rail Configurations for Deck #3 and 6-in. (152-mm) Wide Lower 

Rails 

Post 
Spacing 

(ft) 

Rail 
Position 

Post DMF = 1.0 Post DMF = 1.5 

HSS Rail 
Mp

1 

(k-in.) 
Weight 
(lb/ft) 

HSS Rail 
Mp

1 

(k-in.) 
Weight 
(lb/ft) 

6 

Top 12x6x1/4 1399.5 29.23 10x6x3/16 810.0 19.63 

Middle 8x6x1/4 625.5 22.42 8x6x3/16 481.5 17.08 

Bottom 8x6x1/4 625.5 22.42 8x6x3/16 481.5 17.08 

  ∑=2650.5 (2300) ∑=74.07  ∑=1773 (1500) ∑=53.79 

8 

Top 12x4x3/8 1651.5 37.69 10x6x1/4 1062.0 25.82 

Middle 8x6x3/8 891.0 32.58 8x6x1/4 625.5 22.42 

Bottom 8x6x3/8 891.0 32.58 8x6x1/4 625.5 22.42 

  ∑=3433.5 (3100) ∑=102.85  ∑=2313.0 (2100) ∑=70.66 

10 

Top 12x4x1/2 2101.5 48.85 12x4x5/16 1408.5 31.84 

Middle 8x6x1/2 1120.5 42.05 8x6x5/16 760.5 27.59 

Bottom 8x6x1/2 1120.5 42.05 8x6x5/16 760.5 27.59 

  ∑=4342.5 (4000) ∑=132.95  ∑=2929.5 (2600) ∑=87.02 
1 – Minimum combined moment capacities shown in parentheses. 
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Table 34. Preliminary Bridge Rail Configurations for Deck #4 and 4-in. (102-mm) Wide Lower 

Rails 

Post 
Spacing 

(ft) 

Rail 
Position 

Post DMF = 1.0 Post DMF = 1.5 

HSS Rail 
Mp

1 

(k-in.) 
Weight 
(lb/ft) 

HSS Rail 
Mp

1 

(k-in.) 
Weight 
(lb/ft) 

6 

Top 12x4x5/16 1408.5 31.84 8x4x1/4 598.5 19.02 

Middle 8x4x5/16 446.0 23.34 8x4x1/4 369.0 19.02 

Bottom 8x4x5/16 446.0 23.34 8x4x1/4 369.0 19.02 

  ∑=2300.5 (2000) ∑=78.52  ∑=1336.5 (1300) ∑=57.06 

8 

Top 10x4x1/2 1534.5 42.05 10x4x5/16 1039.5 27.59 

Middle 8x4x1/2 643.5 35.24 8x4x5/16 446.0 23.34 

Bottom 8x4x1/2 643.5 35.24 8x4x5/16 446.0 23.34 

  ∑=2821.5 (2800) ∑=112.53  ∑= 1931.4 (1800) ∑=74.27 

10 

Top 10x6x5/8 2308.5 59.32 12x4x5/16 1408.5 31.84 

Middle 8x4x5/8 747.0 42.3 8x4x5/16 446.0 23.34 

Bottom 8x4x5/8 747.0 42.3 8x4x5/16 446.0 23.34 

  ∑=3802.5 (3500) ∑=143.8  ∑=2300.5 (2300) ∑=78.52 
1 – Minimum combined moment capacities shown in parentheses. 

Table 35. Preliminary Bridge Rail Configurations for Deck #4 and 5-in. (127-mm) Wide Lower 

Rails 

Post 
Spacing 

(ft) 

Rail 
Position 

Post DMF = 1.0 Post DMF = 1.5 

HSS Rail 
Mp

1 

(k-in.) 
Weight 
(lb/ft) 

HSS Rail 
Mp

1 

(k-in.) 
Weight 
(lb/ft) 

6 

Top 9x5x5/16 990.0 27.59 10x4x3/16 657.0 17.08 

Middle 9x5x5/16 657.0 27.59 9x5x3/16 416.3 17.08 

Bottom 7x5x5/16 535.5 23.34 7x5x3/16 340.7 14.53 

  ∑=2182.5 (2000) ∑=78.52  ∑= 1413.6 (1300) ∑=48.69 

8 

Top 12x6x5/16 1714.5 36.10 10x5x1/4 958.5 24.12 

Middle 9x5x5/16 657.0 27.59 9x5x1/4 540.0 22.42 

Bottom 7x5x5/16 535.5 23.34 7x5x1/4 442.4 19.02 

  ∑=2907 (2800) ∑=87.03  ∑=1940.9 (1800) ∑=65.56 

10 

Top 12x4x1/2 2101.5 48.85 12x6x1/4 1399.5 29.23 

Middle 9x5x1/2 967.5 42.05 9x5x1/4 540 22.42 

Bottom 7x5x1/2 778.5 35.24 7x5x1/4 442.35 19.02 

  ∑=3847.5 (3500) ∑=126.14  ∑=2381.85 (2300) ∑=70.67 
1 – Minimum combined moment capacities shown in parentheses. 

Table 36. Preliminary Bridge Rail Configurations for Deck #4 and 6-in. (152-mm) Wide Lower 

Rails 

Post 
Spacing 

(ft) 

Rail 
Position 

Post DMF = 1.0 Post DMF = 1.5 

HSS Rail 
Mp

1 

(k-in.) 
Weight 
(lb/ft) 

HSS Rail 
Mp

1 

(k-in.) 
Weight 
(lb/ft) 

6 

Top 10x5x1/4 958.5 24.12 8x6x3/16 585.0 17.08 

Middle 8x6x1/4 625.5 22.42 8x6x3/16 481.5 17.08 

Bottom 8x6x1/4 625.5 22.42 8x6x3/16 481.5 17.08 

  ∑=2209.5 (2000) ∑=68.96  ∑=1548.0 (1300) ∑=51.24 

8 

Top 12x4x5/16 1408.5 31.84 10x6x3/16 810.0 19.63 

Middle 8x6x5/16 760.5 27.59 8x6x3/16 481.5 17.08 

Bottom 8x6x5/16 760.5 27.59 8x6x3/16 481.5 17.08 

  ∑=2929.5 (2800) ∑=87.02  ∑=1773.0 (1800) ∑=53.79 

10 

Top 12x6x3/8 2016.0 42.79 10x6x1/4 1062.0 25.82 

Middle 8x6x3/8 891.0 32.58 8x6x1/4 625.5 22.42 

Bottom 8x6x3/8 891.0 32.58 8x6x1/4 625.5 22.42 

  ∑=3798.0 (3500) ∑=107.95  ∑=2313.0 (2300) ∑=70.66 
1 – Minimum combined moment capacities shown in parentheses. 
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From the preliminary bridge rail configurations shown in Tables 25 through 36, it is 

noticeable that deck #3 resulted in the highest weight per foot of the three rails. This observation 

correlates with the interpretation defined in Section 3.2 that bridge deck configuration #3 with a 

3-in. (76-mm) thick asphalt overlay corresponded to the most critical bridge deck, which had the 

largest moment arm between the design loading height and the location of the tension anchor rods. 

Moreover, it was recognized that an increase in the post spacing generally resulted in a greater 

weight per foot for the three rails.  

5.6 Improved Bridge Rail Configurations for Critical Bridge Deck 

 The rail sections of preliminary bridge rail configurations were modified to improve the 

weight per foot of the three rails. The size and thickness of the three rail sections were not required 

to be equal for these system configurations. These bridge rail configurations were designed for 

bridge deck configuration #3 with a 3-in. (76-mm) thick roadway asphalt overlay, which would 

likely maximize lateral barrier deflections as well as the propensity for vehicle instability, rollover, 

and/or override of the bridge rail. 

In order to create improved bridge rail configurations, the rail sections were optimized 

based on reducing the overall weight per foot of the system. The weight per foot of the bridge rail 

was based on the weight per foot of the three rails, the length of the posts, and the estimated weight 

of the post-to-deck connections. The rail splice hardware and all other connection hardware would 

also contribute to the overall weight of the system weight per foot but were omitted at this time. 

The length of the posts was assumed to start from the bottom edge of the concrete deck and end at 

the bottom edge of the top rail. The depth (i.e., thickness) of the concrete deck was initially 

assumed to be 26 in. (660 mm). Therefore, the length of the posts was 56 in. (1422 mm) or 58 in. 

(1,473 mm) when the top rail depth (i.e., height) was 4 in. (102 mm) or 6 in. (152 mm), 

respectively. According to the AISC Steel Construction Manual [49], W6x15 (W150x22.5) steel 

sections weigh 15 lb/ft (2.1 kg/m). Therefore, the weight of each post was assumed to be 72.5 lb 

(32.9 kg) when the top rail depth was 4 in. (102 mm) and 70 lb (31.8 kg) with a top rail depth of 6 

in. (152 mm). Moreover, the post-to-deck connection hardware (i.e., steel plates) were assumed to 

weigh approximately 50 lb (22.7 kg). The improved bridge rail configurations are depicted in 

Tables 37 through 45. The bridge rail configurations with the smallest weight per foot for each 

impact event scenario are shown in Tables 37 through 45 using yellow highlighting. The lowest-

weight configurations are summarized in Table 46, which were then subjected to further analysis.  
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Table 37. Improved Bridge Rail Configurations for 4-in. (102-mm) Wide Lower Rails and Post 

Spacing of 6 ft (1.8 m) 

 

Table 38. Improved Bridge Rail Configurations for 4-in. (102-mm) Wide Lower Rails and Post 

Spacing of 8 ft (2.4 m) 

 

Spacer 

Length 

(in.) 

Post 

Spacing 

(ft)

Post 

Length 

(in.)

Dynamic 

Magnification 

Factor 

Bridge Rail Hardware 

Category

Section 

Weight 

(lb)

Z (in.
3
)

Mp 

required 

(kip-in.)

Span-Mechanism

Strength Capacity 

at Load Height 

(kips)

Top HSS10X4X1/2 34.1

Middle HSS8X4X5/16 9.91

Bottom HSS8X4X5/16 9.91

Post 72.5

Post-to-Deck Conn. 50

Ʃ = 109.1 Ʃ = 2426.4 2300

Top HSS10X6X3/8 33.8

Middle HSS8X4X5/16 9.91

Bottom HSS8X4X5/16 9.91

Post 70

Post-to-Deck Conn. 50

Ʃ = 104.4 Ʃ = 2412.9 2300

Top HSS10X6X3/8 33.8

Middle HSS8X4X5/16 9.91

Bottom HSS7X4X5/16 8.83

Post 70

Post-to-Deck Conn. 50

Ʃ = 102.2 Ʃ = 2364.3 2300

Top HSS10X4X1/4 19

Middle HSS8X4X1/4 8.2

Bottom HSS8X4X1/4 8.2

Post 72.5

Post-to-Deck Conn. 50

Ʃ = 80.9 Ʃ = 1593.0 1500

Top HSS10X4X1/4 19

Middle HSS8X4X1/4 8.2

Bottom HSS7X4X1/4 7.33

Post 72.5

Post-to-Deck Conn. 50

Ʃ = 79.2 Ʃ = 1553.9 1500

Top HSS12X4X3/16 19.6

Middle HSS8X4X1/4 8.2

Bottom HSS6X4X1/4 6.45

Post 72.5

Post-to-Deck Conn. 50

Ʃ = 74.7 Ʃ = 1541.3 1500

23.3 446.0

21.2 397.4

11.7

8.3

855.0

FIVE-SPAN 80.7

369.0

329.9

FIVE-SPAN 80.8

Mp 

(kip-in.)

446.0

446.0

1534.5

855.0

FIVE-SPAN 81.4

369.0

369.0

SEVEN-SPAN 80.8

SEVEN-SPAN 81.7

1521.0

446.0

446.0

1521.0

SEVEN-SPAN 80.2

58

W6x15

TBD

11.7

8.3

Rails

37.7

W6x15

TBD

TBD 8.3

882.0

369.0

290.3

W6x15

Section

W6x15

TBD

Weight per foot 

(lb/ft.)

8.3

12.1

23.3

Rails

Rails

37.7

23.3

23.3

23.3

42.1

64

1.5

1

Rails

22.4

19.0

19.0

W6x15 12.1

TBD 8.3

Rails

22.4

19.0

17.3

W6x15 12.1

TBD 8.3

Rails

19.6

19.0

15.6

12.1

Spacer 

Length 

(in.) 

Post 

Spacing 

(ft)

Post 

Length 

(in.)

Dynamic 

Magnification 

Factor 

Bridge Rail Hardware 

Category

Section 

Weight 

(lb)

Z (in.
3
)

Mp 

required 

(kip-in.)

Span-Mechanism

Strength Capacity 

at Load Height 

(kips)

Top HSS12X4X1/2 46.7

Middle HSS8X4X1/2 14.3

Bottom HSS7X4X5/16 8.83

Post 72.5

Post-to-Deck Conn. 50

Ʃ = 120.6 Ʃ = 3142.4 3100

Top HSS12X4X1/2 46.7

Middle HSS8X4X1/2 14.3

Bottom HSS8X4X1/2 14.3

Post 72.5

Post-to-Deck Conn. 50

Ʃ = 134.6 Ʃ = 3388.5 3100

Top HSS10X6X5/8 51.3

Middle HSS8X4X5/16 9.91

Bottom HSS7X4X5/16 8.83

Post 70

Post-to-Deck Conn. 50

Ʃ = 118.9 Ʃ = 3151.8 3100

Top HSS10X4X3/8 27

Middle HSS8X4X3/8 11.5

Bottom HSS8X4X3/8 11.5

Post 72.5

Post-to-Deck Conn. 50

Ʃ = 102.9 Ʃ = 2250.0 2100

Top HSS10X6X3/8 33.8

Middle HSS8X4X5/16 9.91

Bottom HSS6X4X5/16 7.75

Post 70

Post-to-Deck Conn. 50

Ʃ = 95.1 Ʃ = 2315.7 2100

Top HSS12X4X5/16 31.3

Middle HSS8X4X1/4 8.2

Bottom HSS8X4X1/4 8.2

Post 72.5

Post-to-Deck Conn. 50

Ʃ = 85.2 Ʃ = 2146.5 2100

Section
Weight per foot 

(lb/ft.)

Mp 

(kip-in.)

1215.0

27.5 517.5

643.5

9.1

TBD 6.3

W6x15

84

SEVEN-SPAN
21.2 397.4

1.5

Rails

37.7 1521.0

27.5 517.5

W6x15 9.1

32.6

Rails

FIVE-SPAN 81.7

48.9 2101.5

35.2 643.5

TBD

35.2 643.5

35.2

21.2 397.4

6.3

446.023.3

2308.559.3

Rails

9.1

6.3

48.9 2101.5

83.9
W6x15

Rails

31.8 1408.5

FIVE-SPAN 81.5

TBD 6.3

23.3 446.0

19.1 348.8

8.8

TBD 6.3

19.0 369.0

19.0 369.0

9.1

TBD

8.8

TBD 6.3

FIVE-SPAN

58

1

80.2
W6x15

Rails

SEVEN-SPAN 82.0
W6x15

Rails

SEVEN-SPAN 80.1
W6x15
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Table 39. Improved Bridge Rail Configurations for 4-in. (102-mm) Wide Lower Rails and Post 

Spacing of 10 ft (3.0 m) 

 

Table 40. Improved Bridge Rail Configurations for 5-in. (127-mm) Wide Lower Rails and Post 

Spacing of 6 ft (1.8 m) 

 

Spacer 

Length 

(in.) 

Post 

Spacing 

(ft)

Post 

Length 

(in.)

Dynamic 

Magnification 

Factor 

Bridge Rail Hardware 

Category

Section 

Weight 

(lb)

Z (in.
3
)

Mp 

required 

(kip-in.)

Span-Mechanism

Strength Capacity 

at Load Height 

(kips)

Top HSS12X6X5/8 68.8

Middle HSS8X4X1/2 14.3

Bottom HSS8X4X1/2 14.3

Post 70

Post-to-Deck Conn. 50

Ʃ = 150.3 Ʃ = 4383.0 4000

Top HSS12X6X5/8 68.8

Middle HSS8X4X5/8 16.6

Bottom HSS7X4X1/2 12.6

Post 70

Post-to-Deck Conn. 50

Ʃ = 154.0 Ʃ = 4410.0 4000

Top HSS12X6X5/8 68.8

Middle HSS8X4X5/8 16.6

Bottom HSS8X4X1/2 14.3

Post 70

Post-to-Deck Conn. 50

Ʃ = 157.4 Ʃ = 4486.5 4000

Top HSS10X4X1/2 34.1

Middle HSS8X4X1/2 14.3

Bottom HSS8X4X1/2 14.3

Post 72.5

Post-to-Deck Conn. 50

Ʃ = 124.8 Ʃ = 2821.5 2600

Top HSS12X4X3/8 36.7

Middle HSS8X4X1/2 14.3

Bottom HSS6X4X1/2 11

Post 72.5

Post-to-Deck Conn. 50

Ʃ = 113.6 Ʃ = 2790.0 2600

Top HSS12X4X1/2 46.7

Middle HSS8X4X1/4 8.2

Bottom HSS6X4X1/4 6.45

Post 72.5

Post-to-Deck Conn. 50

Ʃ = 95.7 Ʃ = 2760.8 2600

W6x15

TBD

Section
Weight per foot 

(lb/ft.)

Mp 

(kip-in.)

28.4

35.2

37.7

495.0

643.5

1651.5

104 58

1

Rails

67.8 3096.0

Rails

67.8 3096.0

Rails

67.8 3096.0

1.5

Rails

42.1 1534.5

Rails

48.9 2101.5

Rails

5.0

7.3

SEVEN-SPAN 83.3

35.2 643.5

35.2 643.5

W6x15 7.0

TBD 5.0

SEVEN-SPAN 83.7

42.3 747.0

31.8 567.0

W6x15 7.0

TBD 5.0

SEVEN-SPAN 84.2

42.3 747.0

35.2 643.5

W6x15 7.0

TBD 5.0

FIVE-SPAN 80.8

35.2 643.5

35.2 643.5

W6x15 7.3

TBD 5.0

FIVE-SPAN 83.0

19.0 369.0

15.6 290.3

W6x15 7.3

TBD 5.0

FIVE-SPAN 81.3

Spacer 

Length 

(in.) 

Post 

Spacing 

(ft)

Post 

Length 

(in.)

Dynamic 

Magnification 

Factor 

Bridge Rail Hardware 

Category

Section 

Weight 

(lb)

Z (in.
3
)

Mp 

required 

(kip-in.)

Span-Mechanism

Strength Capacity 

at Load Height 

(kips)

Top HSS10X4X3/8 27

Middle HSS9X5X3/8 17.1

Bottom HSS7X5X3/8 13.8

Post 72.5

Post-to-Deck Conn. 50

Ʃ = 113.1 Ʃ = 2605.5 2300

Top HSS10X5X3/8 30.4

Middle HSS9X5X5/16 14.6

Bottom HSS7X5X5/16 11.9

Post 71.25

Post-to-Deck Conn. 50

Ʃ = 106.3 Ʃ = 2560.5 2300

Top HSS12X4X5/16 31.3

Middle HSS8X4X3/8 11.5

Bottom HSS8X4X5/16 9.91

Post 72.5

Post-to-Deck Conn. 50

Ʃ = 103.1 Ʃ = 2372.0 2300

Top HSS10X4X1/4 19

Middle HSS9X5X3/16 9.25

Bottom HSS7X5X3/16 7.57

Post 72.5

Post-to-Deck Conn. 50

Ʃ = 74.4 Ʃ = 1611.9 1500

Top HSS10X4X1/4 19

Middle HSS9X5X3/16 9.25

Bottom HSS6X5X3/16 6.73

Post 72.5

Post-to-Deck Conn. 50

Ʃ = 73.2 Ʃ = 1574.1 1500

Top HSS10X4X1/4 19

Middle HSS7X5X1/4 9.83

Bottom HSS7X5X1/4 9.83

Post 72.5

Post-to-Deck Conn. 50

Ʃ = 80.9 Ʃ = 1739.7 1500

Section
Weight per foot 

(lb/ft.)

Mp 

(kip-in.)

65 58

1

Rails

32.6 1215.0

SEVEN-SPAN 82.3

32.6 769.5

27.5 621.0

W6x15 12.1

TBD 8.3

Rails

35.1 1368.0

SEVEN-SPAN 82.3

27.6 657.0

23.3 535.5

W6x15 11.9

TBD 8.3

Rails

31.8 1408.5

SEVEN-SPAN 80.4

27.5 517.5

23.3 446.0

W6x15 12.1

TBD 8.3

1.5

Rails

22.4 855.0

FIVE-SPAN 81.5

17.1 416.3

14.5 340.7

W6x15 12.1

TBD 8.3

Rails

22.4 855.0

FIVE-SPAN 81.5

17.1 416.3

13.3 302.9

12.1

8.3

Rails

22.4 855.0

FIVE-SPAN 84.0

19.0 442.4

19.0 442.4

W6x15 12.1

TBD 8.3

TBD

W6x15



July 20, 2020  
MwRSF Report No. TRP-03-410-20 

87 

Table 41. Improved Bridge Rail Configurations for 5-in. (127-mm) Wide Lower Rails and Post 

Spacing of 8 ft (2.4 m) 

 

Table 42. Improved Bridge Rail Configurations for 5-in. (157-mm) Wide Lower Rails and Post 

Spacing of 10 ft (3.0 m) 

 

Spacer 

Length 

(in.) 

Post 

Spacing 

(ft)

Post 

Length 

(in.)

Dynamic 

Magnification 

Factor 

Bridge Rail Hardware 

Category

Section 

Weight 

(lb)

Z (in.
3
)

Mp 

required 

(kip-in.)

Span-Mechanism

Strength Capacity 

at Load Height 

(kips)

Top HSS10X4X5/8 40.3

Middle HSS9X5X1/2 21.5

Bottom HSS7X5X3/8 13.8

Post 72.5

Post-to-Deck Conn. 50

Ʃ = 135.7 Ʃ = 3402.0 3100

Top HSS12X4X1/2 46.7

Middle HSS9X5X5/16 14.6

Bottom HSS7X5X1/4 9.83

Post 72.5

Post-to-Deck Conn. 50

Ʃ = 110.8 Ʃ = 3200.9 3100

Top HSS10X4X3/8 27

Middle HSS9X5X1/4 12

Bottom HSS7X5X1/4 9.83

Post 72.5

Post-to-Deck Conn. 50

Ʃ = 89.3 Ʃ = 2197.4 2100

Top HSS12X4X5/16 31.3

Middle HSS9X5X3/16 9.25

Bottom HSS7X5X3/16 7.57

Post 72.5

Post-to-Deck Conn. 50

Ʃ = 78.8 Ʃ = 2165.4 2100

Top HSS10X5X3/8 30.4

Middle HSS9X5X3/16 9.25

Bottom HSS7X5X3/16 7.57

Post 71.25

Post-to-Deck Conn. 50

Ʃ = 81.9 Ʃ = 2124.9 2100

Section
Weight per foot 

(lb/ft.)

Mp 

(kip-in.)

1408.5

W6x15

TBD

W6x15

TBD

85 58

1

Rails

50.8 1813.5

SEVEN-SPAN

Rails

48.9 2101.5

SEVEN-SPAN

1.5

Rails

32.6 1215.0

FIVE-SPAN

Rails

31.8

FIVE-SPAN

81.6

42.1 967.5

27.5 621.0

W6x15 9.1

TBD 6.3

80.7

27.6 657.0

19.0 442.4

W6x15 9.1

TBD 6.3

81.3

22.4 540.0

19.0 442.4

W6x15 9.1

TBD 6.3

82.0

17.1 416.3

14.5 340.7

9.1

6.3

80.9

17.1 416.3

14.5 340.7

8.9

6.3

Rails

35.1 1368.0

FIVE-SPAN

Spacer 

Length 

(in.) 

Post 

Spacing 

(ft)

Post 

Length 

(in.)

Dynamic 

Magnification 

Factor 

Bridge Rail Hardware 

Category

Section 

Weight 

(lb)

Z (in.
3
)

Mp 

required 

(kip-in.)

Span-Mechanism

Strength Capacity 

at Load Height 

(kips)

Top HSS12X4X5/8 55.5

Middle HSS9X5X1/2 21.5

Bottom HSS7X5X1/2 17.3

Post 72.5

Post-to-Deck Conn. 50

Ʃ = 148.9 Ʃ = 4243.5 4000

Top HSS12X6X1/2 57.4

Middle HSS9X5X1/2 21.5

Bottom HSS7X5X1/2 17.3

Post 70

Post-to-Deck Conn. 50

Ʃ = 145.0 Ʃ = 4329.0 4000

Top HSS10X4X1/2 34.1

Middle HSS9X5X3/8 17.1

Bottom HSS7X5X3/8 13.8

Post 72.5

Post-to-Deck Conn. 50

Ʃ = 114.4 Ʃ = 2925.0 2600

Top HSS12X4X1/2 46.7

Middle HSS9X5X3/16 9.25

Bottom HSS7X5X3/16 7.57

Post 72.5

Post-to-Deck Conn. 50

Ʃ = 92.7 Ʃ = 2858.4 2600

Top HSS10X6X3/8 33.8

Middle HSS9X5X3/8 17.1

Bottom HSS7X5X3/8 13.8

Post 70

Post-to-Deck Conn. 50

Ʃ = 109.8 Ʃ = 2911.5 2600

Section
Weight per foot 

(lb/ft.)

Mp 

(kip-in.)

2101.5

FIVE-SPAN

W6x15

TBD

W6x15

TBD

Rails

81.2

42.1 967.5

35.2 778.5

W6x15 7.3

TBD 5.0

Rails

59.3 2497.5

SEVEN-SPAN

81.5

42.1 967.5

35.2 778.5

W6x15 7.0

TBD 5.0

55.7 2583.0

SEVEN-SPAN

82.2

32.6 769.5

27.5 621.0

W6x15 7.3

TBD 5.0

42.1 1534.5

FIVE-SPAN

84.2

17.1 416.3

14.5 340.7

7.3

5.0

37.7 1521.0

FIVE-SPAN 81.4

32.6 769.5

27.5 621.0

7.0

5.0

48.9

105 58

1

Rails

1.5

Rails

Rails
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Table 43. Improved Bridge Rail Configurations for 6-in. (152-mm) Wide Lower Rails and Post 

Spacing of 6 ft (1.8 m) 

 

Table 44. Improved Bridge Rail Configurations for 6-in. (152-mm) Wide Lower Rails and Post 

Spacing of 8 ft (2.4 m) 

 

Spacer 

Length 

(in.) 

Post 

Spacing 

(ft)

Post 

Length 

(in.)

Dynamic 

Magnification 

Factor 

Bridge Rail Hardware 

Category

Section 

Weight 

(lb)

Z (in.
3
)

Mp 

required 

(kip-in.)

Span-Mechanism

Strength Capacity 

at Load Height 

(kips)

Top HSS10X4X5/16 23.1

Middle HSS8X6X5/16 16.9

Bottom HSS8X6X5/16 16.9

Post 72.5

Post-to-Deck Conn. 50

Ʃ = 103.2 Ʃ = 2560.5 2300

Top HSS12X4X1/4 25.6

Middle HSS8X6X5/16 16.9

Bottom HSS6X6X5/16 13.6

Post 72.5

Post-to-Deck Conn. 50

Ʃ = 97.2 Ʃ = 2524.5 2300

Top HSS12X4X5/16 31.3

Middle HSS8X6X3/16 10.7

Bottom HSS8X6X3/16 10.7

Post 72.5

Post-to-Deck Conn. 50

Ʃ = 86.4 Ʃ = 2371.5 2300

Top HSS10X4X1/4 19

Middle HSS8X6X3/16 10.7

Bottom HSS6X6X3/16 8.63

Post 72.5

Post-to-Deck Conn. 50

Ʃ = 74.4 Ʃ = 1724.9 1500

Top HSS12X4X3/16 19.6

Middle HSS8X6X3/16 10.7

Bottom HSS6X6X3/16 8.63

Post 72.5

Post-to-Deck Conn. 50

Ʃ = 71.7 Ʃ = 1751.9 1500

Section
Weight per foot 

(lb/ft.)

Mp 

(kip-in.)

25.8 1152.0

31.8 1408.5

27.6 1039.5

66 58

1

Rails

Rails

Rails

1.5

Rails

Rails

22.4 855.0

SEVEN-SPAN 80.3

27.6 760.5

27.6 760.5

W6x15 12.1

TBD 8.3

80.7

27.6 760.5

23.3 612.0

W6x15 12.1

TBD 8.3

80.2

17.1 481.5

17.1 481.5

W6x15 12.1

TBD 8.3

83.8

17.1 481.5

14.5 388.4

W6x15 12.1

TBD 8.3

84.5

17.1 481.5

14.5 388.4

W6x15 12.1

TBD 8.3

19.6 882.0

FIVE-SPAN

FIVE-SPAN

SEVEN-SPAN

SEVEN-SPAN

Spacer 

Length 

(in.) 

Post 

Spacing 

(ft)

Post 

Length 

(in.)

Dynamic 

Magnification 

Factor 

Bridge Rail Hardware 

Category

Section 

Weight 

(lb)

Z (in.
3
)

Mp 

required 

(kip-in.)

Span-Mechanism

Strength Capacity 

at Load Height 

(kips)

Top HSS10X6X1/2 43

Middle HSS8X6X3/8 19.8

Bottom HSS8X6X3/8 19.8

Post 70

Post-to-Deck Conn. 50

Ʃ = 129.0 Ʃ = 3717.0 3100

Top HSS12X4X1/2 46.7

Middle HSS8X6X1/4 13.9

Bottom HSS8X6X1/4 13.9

Post 72.5

Post-to-Deck Conn. 50

Ʃ = 109.0 Ʃ = 3352.5 3100

Top HSS10X6X1/2 43

Middle HSS8X6X3/8 19.8

Bottom HSS6X6X3/8 15.8

Post 70

Post-to-Deck Conn. 50

Ʃ = 123.9 Ʃ = 3537.0 3100

Top HSS10X4X3/8 27

Middle HSS8X6X1/4 13.9

Bottom HSS6X6X1/4 11.2

Post 72.5

Post-to-Deck Conn. 50

Ʃ = 89.3 Ʃ = 2344.5 2100

Top HSS12X4X5/16 31.3

Middle HSS8X6X3/16 10.7

Bottom HSS6X6X1/8 5.92

Post 72.5

Post-to-Deck Conn. 50

Ʃ = 74.1 Ʃ = 2156.4 2100

Top HSS12X4X5/16 31.3

Middle HSS8X4X1/4 8.2

Bottom HSS6X4X1/4 6.45

Post 72.5

Post-to-Deck Conn. 50

Ʃ = 81.8 Ʃ = 2067.8 2100

Section
Weight per foot 

(lb/ft.)

Mp 

(kip-in.)

86 58

1

Rails

48.9 1935.0

SEVEN-SPAN

Rails

48.9 2101.5

SEVEN-SPAN

Rails

48.9 1935.0

SEVEN-SPAN

1.5

Rails

32.6 1215.0

FIVE-SPAN

Rails

31.8 1408.5

83.8

32.6 891.0

32.6 891.0

W6x15 8.8

TBD 6.3

81.7

22.4 625.5

22.4 625.5

W6x15 9.1

TBD 6.3

82.2

32.6 891.0

27.5 711.0

W6x15 8.8

TBD 6.3

83.0

22.4 625.5

19.0 504.0

W6x15 9.1

TBD 6.3

82.1

17.1 481.5

9.9 266.4

W6x15 9.1

TBD 6.3

80.6

19.0 369.0

15.6 290.3

W6x15 9.1

TBD 6.3

Rails

31.8 1408.5

FIVE-SPAN

FIVE-SPAN
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Table 45. Improved Bridge Rail Configurations for 6-in. (152-mm) Wide Lower Rails and Post 

Spacing of 10 ft (3.0 m) 

 

Table 46. Minimum Weight per Foot for Improved Bridge Rail Configurations 

Post 

Offset 

(in.) 

Post 

Spacing 

(ft) 

DMF 

Weight 

per Foot 

(lb/ft) 

Post 

Offset 

(in.) 

Post 

Spacing 

(ft) 

DMF 

Weight 

per Foot 

(lb/ft) 

Post 

Offset 

(in.) 

Post 

Spacing 

(ft) 

DMF 

Weight 

per Foot 

(lb/ft) 

4 

6 
1 102.2 

5 

6 
1 103.1 

6 

6 
1 86.4 

1.5 74.7 1.5 73.2 1.5 71.7 

8 
1 118.9 

8 
1 110.8 

8 
1 109.0 

1.5 85.2 1.5 78.8 1.5 74.1 

10 
1 150.3 

10 
1 145.0 

10 
1 136.7 

1.5 95.7 1.5 92.7 1.5 91.4 

 

After comparing the weight per foot for the lightest bridge rail configurations, it was 

observed that using a DMF equal to 1.5 versus 1.0 reduced the overall weight per foot of the 

systems by approximately 20% to 30%. Moreover, an increase in lateral post offset resulted in 

decreased the weight per foot of the bridge rail system. Furthermore, an increased post spacing 

resulted in increased weight per foot of the system. However, it should be noted that a reduced 

post spacing requires more posts and post-to-deck connections, thus likely resulting in a longer 

and more labor-intensive installation process. It should also be noted that the post-to-deck 

connection hardware would likely increase in weight for greater lateral post offsets. However, the 

same post-to-deck connection hardware and weight were used for these calculations. It was 

Spacer 

Length 

(in.) 

Post 

Spacing 

(ft)

Post 

Length 

(in.)

Dynamic 

Magnification 

Factor 

Bridge Rail Hardware 

Category

Section 

Weight 

(lb)

Z (in.
3
)

Mp 

required 

(kip-in.)

Span-Mechanism

Strength Capacity 

at Load Height 

(kips)

Top HSS10X6X5/8 51.3

Middle HSS8X6X1/2 24.9

Bottom HSS8X6X1/2 24.9

Post 70

Post-to-Deck Conn. 50

Ʃ = 155.4 Ʃ = 4549.5 4000

Top HSS12X4X5/8 55.5

Middle HSS8X6X1/2 24.9

Bottom HSS6X6X1/2 19.8

Post 72.5

Post-to-Deck Conn. 50

Ʃ = 148.9 Ʃ = 4509.0 4000

Top HSS12X4X5/8 55.5

Middle HSS8X6X3/8 19.8

Bottom HSS8X6X3/8 19.8

Post 72.5

Post-to-Deck Conn. 50

Ʃ = 136.7 Ʃ = 4279.5 4000

Top HSS10X4X1/2 34.1

Middle HSS8X6X1/4 13.9

Bottom HSS8X6X1/4 13.9

Post 72.5

Post-to-Deck Conn. 50

Ʃ = 99.1 Ʃ = 2785.5 2600

Top HSS12X4X3/8 36.7

Middle HSS8X6X1/4 13.9

Bottom HSS6X6X1/4 11.2

Post 72.5

Post-to-Deck Conn. 50

Ʃ = 91.4 Ʃ = 2781.0 2600

Top HSS12X4X3/8 36.7

Middle HSS8X6X1/4 13.9

Bottom HSS8X6X1/4 13.9

Post 72.5

Post-to-Deck Conn. 50

Ʃ = 94.8 Ʃ = 2902.5 2600

Section
Weight per foot 

(lb/ft.)

Mp 

(kip-in.)

106 58

1

Rails

59.3 2308.5

SEVEN-SPAN

Rails

59.3 2497.5

SEVEN-SPAN

Rails

59.3 2497.5

SEVEN-SPAN

1.5

Rails

42.1 1534.5

FIVE-SPAN

Rails

37.7 1651.5

81.9

42.1 1120.5

42.1 1120.5

W6x15 7.0

TBD 5.0

82.9

42.1 1120.5

35.2 891.0

W6x15 7.3

TBD 5.0

81.1

32.6 891.0

32.6 891.0

W6x15 7.3

TBD 5.0

80.4

22.4 625.5

22.4 625.5

W6x15 7.3

TBD 5.0

81.0

22.4 625.5

19.0 504.0

7.3

5.0

W6x15

TBD

82.2

22.4 625.5

22.4 625.5

W6x15 7.3

TBD 5.0

Rails

37.7 1651.5

FIVE-SPAN

FIVE-SPAN
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noticeable that thinner lower rails were needed for 6-in. (152-mm) wide lower rails configurations, 

thus, lower system weight per foot could be expected. Five-span collapse mechanisms occurred 

when the DMF was equal to 1.5, and seven-span collapse mechanisms occurred when the DMF 

was equal to 1.0 in all the cases.  

5.7 Modified Bridge Rail Configurations Considering Post-to-Rail Connection Holes 

After design variables were established for generating final bridge rail configurations, it 

was necessary to decrease the plastic section moduli of the horizontal rails due to inclusion of post-

to-rail connection bolt holes. The general configurations for the post-to-rail connections were 

initially based on the IL/OH MASH 2016 TL-4 Prototype Bridge Rail, which consisted of a pair 

of horizontal round bolts for each of the two lower rails and one pair of vertical round bolts for the 

top rail, as depicted in Figure 52. The round bolt holes in the vertical and horizontal faces of the 

top rail and lower rails, respectively, reduced the cross-sectional areas and plastic section moduli 

of the rails. These reductions were calculated and subtracted from tabulated data published for the 

three rails within the AISC Steel Construction Manual [49]. The post properties were not affected 

at this time as the system was expected to utilize a connection detail that would not weaken the 

support post. 

The axes of bending for the three rails are shown in Figure 52. To solve for the reduction 

in plastic section moduli for holes in the top, middle, and bottom rails, the plastic section moduli 

for the pair of rectangular cross-sections were calculated using Equations 19 through 21, which 

and were obtained from the AISC Steel Construction Manual [49], specifically AISC Table 17-27. 

The sample calculations for the rail reductions of plastic section moduli are shown below for the 

initial IL/OH Prototype Bridge Rail and its three rail sections. Note that this procedure was 

replicated for modifying plastic section moduli for other rail combinations used in the design 

process.  

 

Figure 52. Axis of Bending of Rails Under Lateral Loading 
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The reduction of plastic section modulus for the top rail section for a single bolt hole with 

axis of bending through center was calculated using Equation 19. The reduction of plastic section 

modulus must be multiplied by two to capture both holes for the top rail, which is shown in Figure 

53. 

𝑍𝑇𝑂𝑃 𝑅𝐴𝐼𝐿 𝐻𝑂𝐿𝐸 =
𝑏 ∗ 𝑑2

4
                                                             (19) 

𝑍𝑇𝑂𝑃 𝑅𝐴𝐼𝐿 2 𝐻𝑂𝐿𝐸𝑆 = (2)
𝑏 ∗ 𝑑2

4
=  

𝑏 ∗ 𝑑2

2
                                          (20) 

where: 

Z TOP RAIL REDUCTION = Reduction of plastic section modulus of top rail (in.3) 

b = thickness of one hole (in.); and 

 d = width of one hole (in.).  

 

Figure 53. Plastic Section Modulus Schematic for Two Holes Bending About Vertical Axis in 

Top Rail 

The reduction of plastic section modulus for the middle and bottom rail sections due to a 

pair of bolt holes with axis of bending through center of gravity, as depicted in Figure 54, was 

solved using Equation 21: 

𝑍𝐿𝑂𝑊𝐸𝑅 𝑅𝐴𝐼𝐿 𝐻𝑂𝐿𝐸𝑆 =
𝑏

4
(𝑑2 − 𝑑1

2)                                          (21) 

where: 

Z LOWER RAIL REDUCTION = Reduction of plastic section modulus of lower rails (in.3) 

b = width of holes (in.); 

 d = outside distance between holes (in.); and 

d1 = inside distance between holes (in.). 
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Figure 54. Plastic Section Modulus Schematic for Two Holes Bending About Vertical Axis in 

Lower Two Rails 

The reduced plastic section modulus for each rail section was modified by subtracting the 

plastic section moduli of the bolt holes away from the tabulated plastic section modulus, as denoted 

in Equation 22. 

ZREDUCED = ZTABULATED − ZHOLES                                          (22) 

5.7.1 Example Problem No. 4 – Calculate Modified Plastic Section Modulus for 

Three Rails in IL/OH Prototype Bridge Rail 

The calculations for the reduced plastic section moduli for the three rails in the IL/OH 

Prototype Bridge Rail are provided below. The configuration utilized a pair of ⅞-in. (22-mm) 

diameter bolts for the top rail and a pair ¾-in. (19-mm) diameter bolts for the lower two rails. The 

top rail used 1-in. (25-mm) diameter bolt holes, and ⅞-in. (22-mm) diameter bolt holes were used 

for the lower two rails.
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(a) 

 

(b) 

Figure 55. IL/OH Prototype Bridge Rail (a) CAD Details and (b) Dimension for Each Pair of 

Holes 

Step 1 – Calculate top rail reduction of plastic section modulus, ZX RED TOP RAIL: 

ZX RED TOP RAIL =(2) 
b ∗ d2

4
 = 

0.3125 in.  ∗ (1 in.)2 

2
= 0.16 in.3 

Step 2 – Calculate middle rail reduction of plastic section modulus, ZY RED MIDDLE RAILS: 

ZY RED MIDDLE RAIL = 
b

4
(d2 − d1

2)= 
0.875 in.

4
 (4 in.2− 3.375 in.2 ) = 1.01 in.3 

Step 3 – Calculate middle rail reduction of plastic section modulus, ZY RED MIDDLE RAILS: 

ZY RED BOTTOM RAIL = 
b

4
(d2 − d1

2)= 
0.875 in.

4
 (4 in.2− 3.375 in.2 ) = 1.01 in.3 
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Step 4 – Calculate reduced plastic section modulus for three rail sections, ZREDUCED: 

ZREDUCED = ZTABULATED − ZHOLES 

ZREDUCED TOP RAIL = 23.10 𝑖𝑛.3− 0.16 in.3 = 22.94 𝑖𝑛.3  

ZREDUCED MIDDLE RAIL = 9.91 𝑖𝑛.3− 1.01 in.3 = 8.90 𝑖𝑛.3  

ZREDUCED TOP RAIL = 5.59 𝑖𝑛.3− 1.01 in.3 = 4.58 𝑖𝑛.3  

 

5.7.2 Preliminary Plastic Section Moduli Reduction for Final Bridge Rail 

Configuration 

The reduced plastic section moduli of the three rails were calculated in order to design final 

bridge rail configurations. The initial configurations for the post-to-rail connections were based on 

the connections used in the IL/OH Prototype Bridge Rail. The configuration utilized a pair of ⅞-

in. (22-mm) diameter bolts for the top rail and a pair ¾-in. (19-mm) diameter bolts for the lower 

two rails. The top rail used 1-in. (25-mm) diameter bolt holes, and ⅞-in. (22-mm) diameter bolt 

holes were used for the lower two rails. The tabulated plastic section moduli for the top and lower 

rail sections due to inclusion of bolt holes are shown in Tables 47 and 50, respectively. The 

reduction of plastic section modulus of the top and lower rail sections are shown in Tables 48 and 

51, respectively. Lastly, the reduced plastic section moduli for the top and lower rail sections are 

shown in Tables 49 and 52, respectively.  

Table 47. AISC Tabulated Section Modulus for Top Rail [49] 

6-in. Rail Depth 4-in. Rail Depth 

HSS Shape ZX (in.3) HSS Shape ZX (in.3) 

12x6x⅝ 68.8 12x4x⅝ 55.5 

12x6x½ 57.4 12x4x½ 46.7 

12x6x⅜ 44.8 12x4x⅜ 36.7 

12x6x5/16 38.1 12x4x5/16 31.3 

12x6x¼ 31.1 12x4x¼ 25.6 

10x6x⅝ 51.3 10x4x⅝ 40.3 

10x6x½ 43.0 10x4x½ 34.1 

10x6x⅜ 33.8 10x4x⅜ 27.0 

10x6x5/16 28.8 10x4x5/16 23.1 

10x6x¼ 23.6 10x4x¼ 19.0 
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Table 48. Reduction of Plastic Section Modulus Holes for Top Rail 

6-in. Post Offset 4-in. Post Offset 

HSS Shape ZX (in.3) HSS Shape ZX (in.3) 

12x6x⅝ 0.31 12x4x⅝ 0.31 

12x6x½ 0.25 12x4x½ 0.25 

12x6x⅜ 0.19 12x4x⅜ 0.19 

12x6x5/16 0.16 12x4x5/16 0.16 

12x6x¼ 0.13 12x4x¼ 0.13 

10x6x⅝ 0.31 10x4x⅝ 0.31 

10x6x½ 0.25 10x4x½ 0.25 

10x6x⅜ 0.19 10x4x⅜ 0.19 

10x6x5/16 0.16 10x4x5/16 0.16 

10x6x¼ 0.13 10x4x¼ 0.13 

 

Table 49. Reduced Plastic Section Modulus for Top Rail 

6-in. Post Offset 4-in. Post Offset 

HSS Shape ZX (in.3) HSS Shape ZX (in.3) 

12x6x⅝ 68.49 12x4x⅝ 55.19 

12x6x½ 57.15 12x4x½ 46.45 

12x6x⅜ 44.61 12x4x⅜ 36.51 

12x6x5/16 37.94 12x4x5/16 31.14 

12x6x¼ 30.97 12x4x¼ 25.47 

10x6x⅝ 50.99 10x4x⅝ 39.99 

10x6x½ 42.75 10x4x½ 33.85 

10x6x⅜ 33.61 10x4x⅜ 26.81 

10x6x5/16 28.64 10x4x5/16 22.94 

10x6x¼ 23.47 10x4x¼ 18.87 

 

Table 50. AISC Tabulated Plastic Section Modulus for Lower Rails [49] 

6-in. Post Offset 4-in. Post Offset 

HSS Shape ZY (in.3) HSS Shape ZY (in.3) 

8x6x⅝ 29.5 8x4x⅝ 16.6 

8x6x½ 24.9 8x4x½ 14.3 

8x6x⅜ 19.8 8x4x⅜ 11.5 

8x6x5/16 16.9 8x4x5/16 9.91 

8x6x¼ 13.9 8x4x¼ 8.2 
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Table 51. Reduction of Plastic Section Modulus Holes for Lower Rails 

6-in. Post Offset 4-in. Post Offset 

HSS Shape ZY (in.3) HSS Shape ZY (in.3) 

8x6x⅝ 3.36 8x4x⅝ 2.11 

8x6x½ 2.75 8x4x½ 1.75 

8x6x⅜ 2.11 8x4x⅜ 1.36 

8x6x5/16 1.78 8x4x5/16 1.15 

8x6x¼ 1.44 8x4x¼ 0.94 

 

Table 52. Reduced Plastic Section Modulus for Lower Rails 

6-in. Post Offset 4-in. Post Offset 

HSS Shape ZY (in.3) HSS Shape ZY (in.3) 

8x6x⅝ 26.14 8x4x⅝ 14.49 

8x6x½ 22.15 8x4x½ 12.55 

8x6x⅜ 17.69 8x4x⅜ 10.14 

8x6x5/16 15.12 8x4x5/16 8.76 

8x6x¼ 12.46 8x4x¼ 7.26 

 

5.8 Single-Span Check for 2270P Pickup Trucks for Lower Two Rails 

The 70-kip (311-kN) lateral design impact load for the pickup truck utilizes a height of 24 

in. (610 mm) and is distributed over 4 ft (1.2 m) [37]. This condition, as well as the 1-in. (25-mm) 

top rail setback, led researchers to consider only the two lower rails for containing and redirecting 

the pickup truck under impact events. Therefore, an analysis of the lower two rails was performed 

to analyze the horizontal bending capacity of the bridge rail for the pickup truck within a single 

span prior to post yielding and without loading the top rail. It was determined that the contribution 

of the two lower rails to resist bending forces was equally distributed to simplify this additional 

investigation. 

Previously, AASHTO’s Standard Specifications for Highway Bridges [52] recommended 

that bridge railing members be designed to resist a moment under concentrated loads at the center 

of a single span of PL/6. The intention of using PL/6 was to consider the average of maximum 

moments under concentrated loads of a simply-supported beam as well as a fixed-end beam, 

resulting in a maximum moment equal to PL/4 and PL/8, respectively. 
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Figure 56. Maximum Moments of Simply-Supported Beam and Fixed-End Beam with a 

Concentrated Load at Midspan 

Since the design impact load for the pickup truck actually uses a distributed length equal 

to 4 ft (1.2 m), the single-span check was intended to consider a uniform partially-distributed load 

at the midspan location and applied over the lower two rails. Based on AASHTO’s Standard 

Specifications for Highway Bridges [52], the maximum moment of the span for the single-span 

check was determined to be the average of simply-supported beam and a fixed-end beam maximum 

moments under a uniform, partially-distributed load at midspan, as shown in Figure 57. The 

maximum moment for a simply-supported beam with uniform, partially-distributed load is shown 

in Equation 23 [49], and the maximum moment of a fixed-end beam with a partially-distributed 

load at midspan is shown in Equation 24 [50]. 

 MMAX SIMPLE = R1(a −
𝐿𝑇

2
+

R1

2W
)                                               (23) 

where:  

MMAX SIMPLE = maximum moment for a simply-supported beam with a uniform, partially-

distributed load at midspan (kip-in.); 

R1 = vertical shear reaction at each support (kip); 

R2 = vertical shear reaction at each support (kip);  

W = distributed load (kip/ft); 

 LT = length of distributed lateral load (ft); 

 a = center of distributed load to the left (ft); and 

 b = center of distributed load to the right (ft). 

 

MMAX FIXED =
WLT

L2 (ab2 +
(a−2b)LT

2

12
)                                           (24) 

where:  

MMAX FIXED = maximum moment for a fixed-end beam with uniform, partially-distributed 

load at midspan (kip-in.) 

R1 = vertical shear reaction at each support (kip); 

R2 = vertical shear reaction at each support (kip); 

W = distributed load (kip/ft); 

 LT = length of distributed load (ft); 

 a = center of distributed load to the left (ft); and 

 b = center of distributed load to the right (ft). 
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Figure 57. Maximum Moments for a Simply-Supported Beam and Fixed-End Beam with 

Uniform Partially-Distributed Loads at Midspan 

 For the single-span check and similar to AASHTO’s approach for point loading [52], the 

maximum moments for simply-supported and fixed-end beams with partially-distributed loads at 

midspan were calculated to determine the average maximum moment. This average maximum 

moment was to be resisted by the lower two rail sections with post spacings of 6 ft (1.8 m), 8 ft 

(2.4 m), and 10 ft (3.0 m). The maximum moment equations were solved using a lateral design 

load for the pickup truck of 70 kips (311 kN) at a height of 24 in. (610 mm) and distributed over 

4 ft (1.2 m). 

Table 53. Average Maximum Moments for 6 ft (1.8 m), 8 ft (2.4 m), and 10 ft (3.0 m) Post 

Spacings 

Post 

Spacing (ft) 

Simply-Supported 

Beam Maximum 

Moment, 

MMAX (kip-in.) 

Fixed-End 

Beam  

Maximum 

Moment,               

MMAX (kip-in.) 

Average 

Maximum 

Moment,                 

MMAX (kip-in.) 

6 840.0 536.7 688.4 

8 1260.0 770.0 1015.0 

10 1680.0 994.0 1337.0 

  

The plastic moment capacity of a rail was previously defined in Equation 4. Based on 

Equation 4, the required plastic section moduli for the middle and bottom rails was found using 

Equation 24. Note that the distributed loading was to be resisted equally by the two lower rails. 

The required plastic section moduli of the middle and bottom rails for 6 ft (1.8 m), 8 ft (2.4 m), 

and 10 ft (3.0 m) post spacing were 15.3 in.3 (250,722 mm3), 22.6 in.3 (370,347 mm3), and 29.7 

in.3 (486,696 mm3), respectively, as shown in Table 54.
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MP RAILS = Ø FY Z                                                             (4) 

Z REQUIRED = 
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑀𝑀𝐴𝑋

∅𝐹𝑌
                                                        (25) 

where:  

ZREQUIRED = required plastic section modulus for single-span check  (in.3); 

Average MMAX= average maximum moment applied to both lower rails (kip-in.); 

 Ø = reduction factor, 0.9; and 

FY = minimum specified yield strength, ksi. 

Table 54. Required Plastic Section Modulus of Middle and Bottom Rails for Single-Span Check 

Post 

Spacing 

(ft) 

Average Maximum 

Moment,               

MMAX (kip-in.) 

Required Plastic Section Modulus 

for Middle and Bottom Rails,  

Z REQ (in.3) 

6 688.4 15.3 

8 1015.0 22.6 

10 1337.0 29.7 

 

The plastic section moduli for the lower rail sections shown in Table 52 that did not satisfy 

the required plastic section moduli for the lower two rails, ZREQUIRED, were not considered for the 

new bridge rail. The eliminated lower rail cross-sections with and without the reduction of plastic 

section moduli were identified, as shown in Tables 55 and 56.  

Table 55. Lower Rail Sections Eliminated by Single-Span Check without Plastic Section 

Modulus Reduction for Holes 

Post Offset 
Post Spacing 

6 ft  8 ft 10 ft 

4 in. N/A 
HSS 8x4x5/16 

HSS 8x4x¼ 

HSS 8x4x½ 

HSS 8x4x⅜ 

HSS 8x4x5/16 

HSS 8x4x¼ 

6 in. N/A N/A HSS 8x6x¼ 

 

Table 56. Lower Rail Sections Eliminated by Single-Span Check Using Plastic Section Modulus 

Reduction for Holes 

Post Offset 
Post Spacing 

6 ft  8 ft 10 ft 

4 in. HSS 8x4x¼ 

HSS 8x4x⅜ 

HSS 8x4x5/16 

HSS 8x4x¼ 

HSS 8x4x⅝ 

HSS 8x4x½ 

HSS 8x4x⅜ 

HSS 8x4x5/16 

HSS 8x4x¼ 

6 in. N/A N/A HSS 8x6x¼ 
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5.9 Other Design Considerations for Final Bridge Rail 

For the installation of the bridge rail, the steel rails would likely be the heaviest system 

components. Depending on rail length and post spacing, the steel rails could be heavy and difficult 

for workers to carry and install without the use of large machinery. Thus, personnel from the 

Illinois and Ohio DOTs established a maximum weight for each steel rail segment equal to 500 lb 

(227 kg) in order to not require large machinery on the bridge deck during bridge rail installation, 

which could pose risks to the structural integrity of the bridge deck. In order to maintain a 

maximum rail segment weight of 500 lb (227 kg), each rail element was limited to two increments 

in the post spacing.  

Later in the research process and after consulting with representatives from the Illinois and 

Ohio DOTs, a minimum rail thickness of ¼ in. (6.4 mm) was also specified for the three steel rails 

to prevent crushing of thinner wall sections that could accentuate large plastic deformations lead 

to excessive vehicle instabilities and rollover. 

 Representatives from the Illinois and Ohio DOTs preferred the lower two rails to use equal 

thickness and size and to disregard steel rails with odd dimensions (i.e., 7 in. height, 5 in. width) 

in order to simplify installation and improve material availability. Therefore, the bottom and 

middle rails were limited to a height of 6 in. (152 mm) and 8 in. (203 mm) and widths of 4 in. (102 

mm) and 6 in. (152 mm).  

However, the use of two identical lower rails with a height of 6 in. (152 mm) was 

disregarded due to a vertical spacing of 6 in. (152 mm) between the bottom and middle rails, falling 

short of the minimum lower rail height of 29 in. (737 mm) for the middle rail when a 3-in. (76-

mm) thick asphalt overlay is applied, and a large 5-in. (127-mm) vertical opening between the 

middle and top rails, as shown in Figure 58. Note that a vertical spacing or opening between the 

lower two rails of 6 in. (152 mm) versus 4 in. (102 mm) could lead to an increased potential for 

the structural component of the small car to wedge between and/or snag on the vertical posts. The 

vertical height of the bumpers structural components was 3⅞ in. (98 mm) deep. 
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Figure 58. Prototype Bridge Rail Geometry with 6-in. (152-mm) Deep Lower Rails 

In order to satisfy the design criteria for the new bridge rail, the bottom and middle rails 

were limited to a height of 8 in. (203 mm) using widths of 4 in. (102 mm) or 6 in. (152 mm), while 

the top rail was limited to widths of 10 in. (254 mm) or 12 in. (305 mm) using heights of 4 in. (102 

mm) or 6 in. (152 mm), as shown in Figure 59. Again, minimum rail thickness equal to ¼ in. (6.4 

mm) was also specified for the three steel rails. 
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Figure 59. Design Criteria Summary 

5.10 Vertical Bending Capacity and Deflection – Top Rail 

The vertical design impact load for the SUT is represented as a 38-kip (169-kN) distributed 

load over 18 ft (5.5 m), which occurs as a downward load applied by the roll motion of the SUT. 

An analysis effort was performed to determine if the top rail would remain elastic as well as 

calculate its maximum deflection under vertical design loading. For the prototype bridge rail, the 

post spacings were 6 ft (1.8 m), 8 ft (2.4 m), and 10 ft (3.0 m). Thus, a conservative simply-

supported beam with a length equal to 10 ft (3.0 m) were considered to be subjected to a design 

downward loading using the weakest selected HSS shape for the top rail, specifically a HSS 10-

in. x 4-in. x ¼-in. (HSS 254-mm x 101.6-mm x 6.4-mm). The simplified beam is shown in Figure 

60. The beam analysis was performed using Equations 26 and 27. 

 

Figure 60. Simply-Supported Beam with Uniformly Distributed Load 
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MMAX =
WL2

8
                                                                 (26) 

where:  

MMAX = maximum moment of simply-supported beam with uniform load (kip-in.); 

 W= distributed load (kip/ft); and 

  L= length of the beam (ft). 

 

MMAX =
(

38 kips
18 ft

) (10 ft)2

8
 = 26.39 k − ft = 317 k − in. 

𝑀𝑃 𝑇𝑂𝑃 𝑅𝐴𝐼𝐿 = ∅ ∗ 𝐹𝑌 ∗ 𝑆𝑌                                                             (27) 

where:  

MP TOP RAIL = maximum moment for simply-supported beam with uniform load (kip-in.); 

Ø = 0.9; 

FY = yield strength of top rail, (ksi); and 

SY = elastic section modulus for weak axis (in.3). 

 

                                                     MP= (0.9) (50 ksi) (8.87 in.3 ) = 399 k-in.        MP TOP RAIL > MMAX 

∆MAX=
5wl4

384EI
                                                                   (28) 

where:  

ΔMAX = maximum deflection of simple beam at midspan (in.)  

W= distributed load (kip/in.) 

 L= length of the beam (in.) 

 E= modulus of elasticity of top rail (ksi) 

 I = moment of inertia (in.4) 

 

∆MAX=
5(

38 kips
216 in.)(120 in. )4

384(29000 ksi)(17.7 in.4 )
 

∆MAX= 0.92 in. 

The analysis showed that the top rail would remain elastic under vertical loading for all 

preferred top rail options. The elastic moment was found to be 399 kip-in. (45 kN-m), while the 

design moment was 317 kip-in. (36 kN-m). The vertical deflection for the HSS 10-in. x 4-in. x ¼-

in. (HSS 254-mm x 101.6-mm x 6.4-mm) top rail with 10 ft (3.0 m) post spacing, and  simply-

supported beam, was determined using Equation 28 [49]. The maximum midspan deflection for a 

simply-supported beam was found to be 0.92 in. (24-mm) using Equation 28. 



July 20, 2020  
MwRSF Report No. TRP-03-410-20 

104 

5.11 Final Bridge Rail Configurations  

A maximum rail segment weight of 500 lb (227 kg), a reduction in preliminary plastic 

section modulus for the three rails, results from single-span check, and other considerations 

defined throughout the design process, were used to configure the final bridge rail. Final bridge 

rail configurations are shown in Tables 57 and 58. Bridge rail configurations shown with an 

asterisk represent systems with lower rail sections that violated single-span check discussed 

previously. Moreover, the last column of both tables contain the weight of the top rail segment 

over two spans. Bridge rail configurations with red shading in the last column depict a system with 

a top rail segment heavier than 500 lb (227 kg). 

As depicted in Table 57 and with green shading, bridge rail configurations with a 4-in. 

(102-mm) lateral offset only met the weight limitations for the top rail when using a 6-ft (1.8-m) 

post spacing at both DMFs (1.0 and 1.5). For systems using 8-ft (2.4-m) and 10-ft (3.0-m) post 

spacings, the top and/or bottom rails exceeded 500 lb (227 kg), as depicted with red shading. Only 

the two systems depicted in green shading were moved forward for consideration as a refined 

bridge rail option.  

As depicted in Table 58 and with green shading, bridge rail configurations with a 6-in. 

(152-mm) lateral offset only met the weight for the top rail when using a 6-ft (1.8 m) post spacing 

at both DMFs (1.0 and 1.5) and a 8-ft (2.4-m) post spacing at a DMF equal to 1.5. For systems 

using 8-ft (2.4-m) post spacing at a DMF equal to 1.0 and 10-ft (3.0-m) post spacing, the top and/or 

bottom rails exceeded 500 lb (227 kg), as depicted with red shading. The three systems depicted 

in green shading were moved forward for consideration as a refined bridge rail option.  

The remaining acceptable bridge rail configurations included four options with a 6-ft (1.8 

m) post spacing, and one option with a post offset equal to 6 in. (152 mm), a post spacing of 8 ft 

(2.4 m), and a DMF equal to 1.5.  
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Table 57. Final Bridge Rail Configurations with Post Offset Equal to 4 in. (102 mm) 

 
* - Bridge rail configurations with lower rails violating single-span check. 

 

Top HSS12X4X3/8 36.51

Middle HSS8X4X5/16 8.76

Bottom HSS8X4X5/16 8.76

Post 72.5

Post-Deck Conn. 87.5

Ʃ = 111.0

Top HSS10X4X1/4 18.87

Middle HSS8X4X5/16 8.76

Bottom HSS8X4X5/16 8.76

Post 72.5

Post-Deck Conn. 87.5

Ʃ = 95.8

Top HSS12X4X1/2 46.45

Middle HSS8X4X1/2 12.55

Bottom HSS8X4X1/2 12.55

Post 72.5

Post-Deck Conn. 87.5

Ʃ = 139.3

Top HSS10X4X3/8 26.81

Middle HSS8X4X1/2 12.55

Bottom HSS8X4X1/2 12.55

Post 72.5

Post-Deck Conn. 87.5

Ʃ = 123.1

Top HSS12X6X5/8 68.49

Middle HSS8X4X5/8 14.49

Bottom HSS8X4X5/8 14.49

Post 70

Post-Deck Conn. 87.5

Ʃ = 178.7

Top HSS12X4X3/8 36.51

Middle HSS8X4X5/8 14.49

Bottom HSS8X4X5/8 14.49

Post 72.5

Post-Deck Conn. 87.5

Ʃ = 149.0

82.1

82.7

82.1

SEVEN 

SPAN

FIVE SPAN

37.7

42.3

23.3

23.3

W6x15

83.3
W6x15

82.6
W6x15

37.7

12.1

9.1

10.9

Section Weight 

(lb)

W6x15

14.6

12.1

23.3

Rails

Section
Bridge Rail Hardware 

Category

42.3

42.3

23.3

FIVE SPAN

Rails

FIVE SPAN

SEVEN 

SPAN

Rails

67.8

42.3

Weight of Top 

Rail Over Two 

Spans (lb)

452.3

781.6

521.3

1356.4

269.0

753.8

14.6

11.7

14.6

10.9

9.1

35.2

35.2

48.9

SEVEN 

SPAN
80.4

Rails

Dynamic 

Magnification 

Factor 

(Post-Only)

Post 

Spacing 

(ft)

Post 

Offset 

(in.) 

4

Rails

22.4

Lateral Barrier 

Resistance at 

Load Height 

(kips)

Critical  Span-

Mechanism

Plastic 

Section 

Modulus,

(in.
3
)

Weight per foot 

(lb/ft)

1

1.5

6

8

10

1*

1.5*

1*

1.5*

W6x15

35.2

35.2

32.6

Rails

14.6

12.1W6x15
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Table 58. Final Bridge Rail Configurations with Post Offset Equal to 6 in. (152 mm) 

 

A post spacing equal to 8 ft (2.4 m) was preferred in order to lower the number of post-to-

deck connections. Moreover, a DMF equal to 1.5 was desired to lower the weight per foot of the 

system by approximately 20% to 30%. Therefore, the preferred configuration for the MASH 2016 

TL-4 steel, side-mounted, beam-and-post, bridge rail consisted of a HSS 12-in. x 4-in. x ¼-in. 

(HSS 304.8-mm x 101.6-mm x 6.4-mm) section for the top rail, HSS 8-in. x 6-in. x ¼-in. (HSS 

203.2-mm x 152.4-mm x 6.4-mm) sections for the lower rails, a post spacing of 8 ft (2.4 m), and 

a DMF for the posts equal to 1.5, as depicted in Figure 61. For SUT impact scenarios, the lateral 

barrier resistance when considering all of the three rails was 81.5 kips (362.5 kN) for a five-span 

collapse. For pickup truck impact scenarios, lateral barrier resistances were 67.1 kips (298.5 kN) 

for a three-span collapse when considering the lower two rails and 107.2 kips (476.9 kN) for a 

five-span collapse when considering all three of the rails. 

Top HSS10X6X3/8 33.61

Middle HSS8X6X1/4 12.46

Bottom HSS8X6X1/4 12.46

Post 72.5

Post-Deck Conn. 87.5

Ʃ = 109.2

Top HSS10X4X1/4 18.87

Middle HSS8X6X1/4 12.46

Bottom HSS8X6X1/4 12.46

Post 72.5

Post-Deck Conn. 87.5

Ʃ = 93.9

Top HSS12X4X5/16 31.14

Middle HSS8X6X5/8 26.14

Bottom HSS8X6X5/8 26.14

Post 72.5

Post-Deck Conn. 87.5

Ʃ = 153.5

Top HSS12X4X1/4 25.47

Middle HSS8X6X1/4 12.46

Bottom HSS8X6X1/4 12.46

Post 72.5

Post-Deck Conn. 87.5

Ʃ = 90.7

Top HSS12X4X1/2 46.45

Middle HSS8X6X5/8 26.14

Bottom HSS8X6X5/8 26.14

Post 72.5

Post-Deck Conn. 87.5

Ʃ = 166.5

Top HSS12X4X5/16 31.14

Middle HSS8X6X3/8 17.69

Bottom HSS8X6X3/8 17.69

Post 72.5

Post-Deck Conn. 87.5

Ʃ = 113.0

Rails

7.3

8.8

7.3W6x15

Rails

25.8

Rails

31.8

FIVE SPAN 81.5

22.4

22.4

W6x15 9.1

10.9

83.5

12.1

22.4

10.9

SEVEN 

SPAN

50.8

50.8

9.1

Critical  Span-

Mechanism

W6x15

Rails

31.8

22.4

W6x15 12.1

37.7

Rails

SEVEN 

SPAN

Rails

22.4

14.6

W6x15

14.6

Section
Section Weight 

(lb)

Weight per foot 

(lb/ft)

FIVE SPAN 88.1

SEVEN 

SPAN
80.9

50.8

50.8

48.9

82.3

81.9

22.4

452.3

413.1

977.0

636.8

509.4

Weight of Top 

Rail Over Two 

Spans (lb)

269.0

32.6

32.6
FIVE SPAN

W6x15

22.4

Bridge Rail Hardware 

Category

Dynamic 

Magnification 

Factor 

(Post-Only)

6

8.8

Post 

Offset 

(in.) 

Post 

Spacing 

(ft)

Plastic 

Section 

Modulus,

(in.
3
)

Lateral Barrier 

Resistance at 

Load Height 

(kips)

1

1.5

6

8

1

1.5

10

1

1.5
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Figure 61. Final Bridge Rail Configuration on Deck #3 for New MASH 2016 TL-4 Bridge Rail 
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6 DESIGN OF BRIDGE RAIL CONNECTIONS 

6.1 Overview 

Post-to-rail and rail-to-rail connections were designed for the new bridge rail. In an attempt 

to meet design preferences from the Illinois and Ohio DOTs, horizontal slotted bolt holes were 

used for post-to-rail and rail-to-rail connections. These horizontal slotted bolt holes provided a 

workable longitudinal, construction tolerance of ⅝ in. (16 mm) for the installation and removal of 

the system. These slotted bolt holes were located in the front flange of the post for the middle and 

bottom rails and in the top rail mounting brackets. Slotted bolt holes were also provided in both 

ends of the three rails to connect the splice tubes to adjacent rails. 

For the post-to-rail connections, a double-angle bracket was initially suggested for 

attaching the top rail to the top region of the post within the MASH 2016 TL-4 Prototype Bridge 

Rail. However, an alternative configuration consisted of a steel plate welded to the top of each 

vertical post. For the middle and bottom rails, a pair of staggered round bolts were used to attach 

each rail to the front flange of each post. For the rail-to-rail connections, both rectangular HSS 

steel section tubes with external shim plates and welded, built-up steel tubes were designed to 

properly connect the ends of the three rails, while providing continuity across the joints. These 

connections are described in the following sections.   

6.2 Post-to-Rail Connections 

A longitudinal tolerance of ⅝ in. (16 mm) was provided in the post-to-rail connections to 

facilitate the installation process. Consequently, horizontal slotted bolt holes were located in the 

front flanges of the posts, and round bolt holes were provided in the rails for the post-to-rail 

connections. The slotted bolt holes and round bolt holes were configured based on the size of the 

bolts. The bolt holes were determined to be ⅛ in. (3.2 mm) larger than the bolt diameter. The post-

to-rail connection bolts for the three rails utilized round heads to reduce the potential for vehicle 

components to snag on the heads. 

6.2.1 Top Rail Mounting Bracket 

6.2.1.1 Lateral Design Loading for Top Rail Mounting Bracket 

The design lateral loading imparted to the interface between the mounting bracket and the 

bottom of the top rail was calculated to design the vertical bolts against shear. The lateral load 

applied to the interface was estimated using a worst-case, simplified model that represents the 

bridge rail system with a hinge at the base of the post, which disregards its cantilevered bending 

contribution. Similarly to Section 5.8, the rail spans were assumed to resist a maximum bending 

moment under concentrated loads at the center of the span equal to PL/6, which represents an 

intermediate bending condition between simply-supported and fixed-end beams. The three rails 

with a hinged support were assumed to be 16 ft (4.8 m) long to represent the length of two spans. 

The lower rails consisted of HSS 8-in. x 6-in. x ¼-in. (HSS 203.2-mm x 152.4-mm x 6.4-mm) 

sections with a plastic section modulus of 13.9 in.3 (227,780 mm3). The maximum concentrated 

load that the lower rails could resist with a hinged support post was based on the maximum plastic 

moment capacity for the rails, calculated with Equations 29 through 31. Using Equation 31, the 
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maximum load that can be applied to each of the lower two rails was based on the plastic bending 

capacity. For this example, it was calculated as 21.7 kips (96.5 kN). 

𝑀𝑃 =
𝑃𝑀𝐴𝑋 𝐿

6
                                                                   (29) 

where: 

MP = maximum plastic moment for two-span beams with intermediate hinged post, end 

posts without translation and concentrated load at midspan (kip-in.); 

PMAX = maximum concentrated load applied at rail midspan (kips); and 

 L= length of the beam (in.) for two spans. 

 

𝑃𝑀𝐴𝑋 =
6 𝑀𝑃

𝐿
                                                                   (30) 

𝑃𝑀𝐴𝑋 =
6 𝐹𝑌 𝑍𝑌

𝐿
                                                                   (31) 

where: 

PMAX = maximum concentrated load applied at rail midspan (kips); 

MMAX = maximum plastic moment for two-span beams with intermediate hinged post, 

end posts without translation, and concentrated load at midspan (kip-in.); 

 L= length of the beam (in.); 

 FY = yield strength of lower rails, (ksi); 

ZY = plastic section modulus for weak axis (in.3). 

 

PMAX =
6 FY ZY

L
=

6 (50 ksi) (13.9 in.3 )

192 in.
= 21.7 kips 

The simplified model was developed using the heights of the lower two rails relative to a 

bridge deck configuration with the shortest post length. The center of the bottom and middle rails 

were 20 in. (508 mm) and 32 in. (813 mm), respectively, above the location of the tension anchor 

rods, as depicted in Figure 62. The maximum loading applied to the interface between the bottom 

of the top rail and the mounting bracket was estimated by summing of moments around the base 

of assumed hinged post using Equation 32. 
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Figure 62: Simplified Model for Mounting Bracket Interface Loading. 

ƩM𝐴 = 0 =
𝑃𝐼𝑁𝑇𝐸𝑅𝐹𝐴𝐶𝐸 ∗ 𝐻𝐼𝑁𝑇𝐸𝑅𝐹𝐴𝐶𝐸

Ʃ(𝑃𝑀𝐴𝑋 ∗ 𝐻𝑖)
                                           (32) 

where: 

PINTERFACE = maximum concentrated load applied at the interface between the mounting 

bracket and the top rail (kips); 

HINTERFACE = distance between interface to tension anchor rods (in.); 

PMAX = maximum concentrated load applied at each rail midspan (kips); and 

 Hi = distance between of each rail to tension anchor rods (in.). 

  

PINTERFACE ∗ HINTERFACE = Ʃ(PMAX ∗ Hi)  

PINTERFACE =
Ʃ(PMAX ∗ Hi) 

HINTERFACE
=

(21.7 kips ∗ 20 in. ) + (21.7 kips ∗ 32 in. )

39 in.
= 28.9 kips 

The maximum transverse shear load at the interface between the mounting bracket and the 

top rail was calculated as 28.9 kips (128.6 kN). Therefore, the mounting bracket bolts had to 

provide transverse shear capacity equal to or greater than 28.9 kips (128.6 kN). 

6.2.1.2 Review Concepts 

Two main concepts were produced to attach the top rail to the post. The first concept 

consisted of a double-angle bracket bolted between the top rail and each post’s web. The second 

concept consisted of a ⅜-in. (10-mm) thick, fully-welded, horizontal steel plate anchored to the 

top of each post. This plate had longitudinal slotted bolt holes to connect the top rail to posts.  
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6.2.1.3 Double-Angle Bracket Concept 

The double-angle bracket concept was based on the IL/OH Prototype Bridge Rail. Two L 

5-in. x 5-in. x ½-in. (L 127-mm x 127-mm x 12.7-mm) by 4½-in. (114-mm) long sections were 

selected to properly attach the rails to the top of the posts and allow for the angles to fit between 

the post flanges. Two bolt configurations were designed, as shown in Figure 63. For both options, 

each double-angle bracket was bolted to the post’s web with two ASTM A449, ¾-in. (19-mm) 

diameter by 1¾-in. (44-mm) long, round-head steel bolts. Option 1 included two ASTM A449 ⅞-

in. (22-mm) diameter by 6-in. (152-mm) long, vertical round-head steel bolts. Option 2 included 

four ASTM A449 ¾-in. (19-mm) diameter by 6-in. (152-mm) long, vertical round-head steel bolts. 

The bolts used ASTM F436 round SAE washers and ASTM A563 Grade DH heavy hex nuts. The 

sizes of the slotted holes were 1 in. (25 mm) diameter by 1½ in. (38 mm) long for Option 1 and ⅞ 

in. (22 mm) diameter by 1½ in. (38 mm) long for Option 2, which provided the ⅝ in. (16 mm) 

desired longitudinal construction tolerance. 

 

  (a)       (c) 

                                                             

  (b)       (d) 

Figure 63: Top Rail Double-Angle Bracket Concept - (a) Plan View Option 1 without Top Rail, 

(b) Side View Option 1, (c) Plan View Option 2 without Top Rail, and (d) Side View Option 2 
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The bolt tear-out and bearing strength capacities in the transverse and longitudinal axes as 

well as the tensile and shear capacities of the bolts for Options 1 and 2 were calculated using 

equations found in the AISC Steel Construction Manual [49]. Equation J3-6C from the AISC Steel 

Construction Manual [49] was used to calculate the available bearing strength and bolt tear-out at 

the slotted hole, ØRn, using (a) clear distances in the direction of the force between the edge of the 

hole and the edge of the adjacent hole or edge of the material, lc, (b) the thickness of the steel angle, 

t, equal to ½ in. (12.5 mm), and (c) the specified minimum tensile strength of the steel angle, Fu, 

as shown in Equations 33 and 34. The tensile capacity and shear capacity of the bolts were 

calculated using Equations 35 and 36, which were found in Section J3-1 of the AISC Steel 

Construction Manual. An example of Option 1 plate tear-out, plate bearing, bolt shear, and bolt 

tensile capacities are shown below, in Section 6.2.1.3.1. 

For bolt tear-out:  

∅𝑅𝑛 = ∅ 1.0 𝑙𝑐 𝑡 𝐹𝑢      [AISC J3-6C]                         (33) 

where:  

ØRn = factored available tear-out (kips); 

Ø = reduction factor, 0.75; 

𝑙𝑐 = clear distance between the edge of the slotted bolt hole and the edge of the material 

(in.); 

t = thickness of connected material (in.); and 

𝐹𝑢 = specified minimum tensile strength of the connected material (ksi). 

 

For bearing strength:  

∅𝑅𝑛 = ∅ 2.0 𝑑 𝑡 𝐹𝑢   [AISC J3-6C]                           (34) 

where:  

ØRn = factored available bearing strength (kips); 

Ø = reduction factor, 0.75; 

d = nominal bolt diameter (in.); 

t = thickness of connected material (in.); and 

𝐹𝑢 = specified minimum tensile strength of the connected material (ksi). 

 

For bolt tensile capacity:  

∅𝑅𝑛 = ∅ 𝐹𝑛𝑡  𝐴𝑏    [AISC J3-1]                                    (35) 

where:   

ØRn = factored available tensile capacity (kips); 

Ø = reduction factor, 0.75; 

Fnt = nominal tensile strength (ksi); and 

Ab = nominal unthreaded area of bolt (in.2). 
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For bolt shear capacity: 

∅𝑅𝑛 = ∅ 𝑚 𝐹𝑛𝑣 𝐴𝑏      [AISC J3-1]                                (36) 

where:  

ØRn = factored available shear capacity (kips); 

Ø = reduction factor, 0.75; 

m = number of shear planes; 

Fnv = nominal shear strength (ksi); and 

Ab = nominal unthreaded area of bolt (in.2). 

6.2.1.3.1 Example Problem No. 5 – Estimate Plate Tear-Out, Plate Bearing, Bolt Shear, 

and Bolt Tensile Capacities of Double-Angle Mounting Bracket – Option 1 

 

Figure 64: Plan View of Double-Angle Bracket without Top Rail 

Step 1 – Calculate Bearing and Tear-Out Capacities of Mounting Bracket in Transverse 

Axis: 

 

For bolt tear-out:  

∅Rn = ∅ 1.0 lc t Fu      [AISC J3-6C]                         (33) 

 

∅Rn = (0.75)(1.0)(1.75 in. ) (0.5 in. ) (65 ksi) = 42.6 kips per bolt 
 

∅Rn = 85.2 kips per two bolts 

 

 

For bearing strength:  

∅Rn = ∅ 2.0 d t Fu   [AISC J3-6C]                           (34) 

 

∅Rn = (0.75)(2.0)(0.875 in. ) (0.5 in. ) (65 ksi) = 42.7 kips per bolt 
 

∅Rn = 85.4 kips per two bolts 
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Step 2 – Calculate Bearing and Tear-Out Capacities of Mounting Bracket in Longitudinal 

Axis: 

 

The web of the post would prevent one of the two bolts from tear-out in the horizontal 

double-angle in the longitudinal axis. However, the post web was disregarded for calculations. For 

this case, the bolt tear-out calculations considered lc1=1¼ in. (32 mm) and lc2=1¾ in. (44 mm). 

For bolt tear-out:  

∅Rn = ∅ 1.0 lc t Fu      [AISC J3-6C]                         (33) 

 

∅Rn = (0.75) (1.0) (1.25 in. ) (0.5 in. ) (65 ksi) = 30.5 kips for bolt  
 

∅Rn = (0.75) (1.0) (1.75 in. ) (0.5 in. ) (65 ksi) = 42.7 kips for bolt  
 

∅Rn = 73.2 kips per two bolts 

 

For bearing strength:  

∅Rn = ∅ 2.0 d t Fu   [AISC J3-6C]                           (34) 

 

∅Rn = (0.75) (2.0) (0.875 in. ) (0.5 in. ) (65 ksi) = 42.7 kips per bolt 
 

∅Rn = 85.4 kips per two bolts 

 

Step 3 – Calculate Shear and Tensile Capacities of Bolts: 

For bolt tensile capacity:  

∅Rn = ∅ FntAb    [AISC J3-1]                                    (35) 

 

∅Rn = (0.75)(90 ksi)(0.60 in. ) = 40.5 kips per bolt 
 

∅Rn = 81.0 kips per two bolts 

 

 

For bolt shear strength: 

∅Rn = ∅ FnvAb      [AISC J3-1]                                (36) 

 

∅Rn = (0.75)(54 ksi)(0.60 in. ) = 24.3 kips per bolt 
 

∅Rn = 48.6 kips per two bolts 

6.2.1.3.2 Double-Angle Mounting Bracket Summary 

Similarly to the double-angle mounting bracket option 1, plate tear-out, plate bearing, bolt 

shear and bolt tensile capacities for double-angle mounting bracket option 2 were made. The 
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results are depicted in Table 59. As depicted in Table 59, plate tear-out, transverse plate bearing, 

bolt shear and bolt tensile capacities were greater than 28.9 kips (128.6 kN) , which were 

satisfactory for lateral design loading. Although, other smaller bolt sizes and/or quantities would 

likely meet the required capacities, only two configurations are shown herein and seem to better 

fit with the structural components. 

Table 59. Double-Angle Mounting Bracket Tear-Out, Bearing Capacity, Bolt Shear and Tensile 

Capacities 

 

6.2.1.4 Fully-Welded Plate Concept 

The fully-welded plate concept was based on the TxDOT T131 Bridge Rail, which was 

unsuccessfully crash tested with the MASH 2270P pickup truck due to a roll angle of 135 degrees 

[28]. However, the welded plate performed well and maintained connectivity between the top rail 

and the post during the impact event.  

 

Figure 65. Schematic of TxDOT T131 Bridge Rail [28] 

For the design of the fully-welded plate, the plate dimensions were increased to allow for 

edges to extend 1 in. (25 mm) beyond the post edges. This extension permitted to the back edge 

of the plate to be flush with the back face of the top rail. The 1-in. (25-mm) extension in the front 

provided additional resistance for vertical loading at the front of the top rail. The fully-welded 

plate consisted of an ASTM A572 Grade 50 steel plate measuring PL 8 in. x 8 in. x ⅜ in. (PL 203 

mm x 203 mm x 10 mm), which was welded to the post with an all-around, 3/16-in. (4.8-mm) fillet 

Bolt Tear-Out, 

(kips)

Bearing 

Strength,

(kips)

Bolt Tear-Out, 

(kips)

Bearing 

Strength,

(kips)

Tensile 

Capacity, 

(kips)

Shear 

Capacity, 

(kips)

1 7/8 in., two bolts 85.2 85.4 73.2 85.4 81.0 48.6

2 3/4 in., four bolts 97.6 146.4 152.4 128.0 118.8 71.2

Bolt Diameter

Double-Angle 

Bracket 

Option

Transverse Axis Longitudinal Axis Bolts
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weld. Two options of bolt configurations were designed, as shown in Figure 66. Option 1 included 

two ASTM A449 ⅞-in. (22-mm) diameter by 6-in. (152-mm) long, round-head steel bolts. Option 

2 included four ASTM A449 ¾-in. (19-mm) diameter by 6-in. (152-mm) long, round-head steel 

bolts. The bolts used ASTM F436 round SAE washers and ASTM A563 Grade DH heavy hex 

nuts. The sizes of the slotted holes were 1 in. (25 mm) diameter by 1½ in. (38 mm) long for Option 

1 and ⅞ in. (22 mm) diameter by 1½ in. (38 mm) long for Option 2, which provided the ⅝ in. (16 

mm) desired horizontal construction tolerance preferred by representatives from the Illinois and 

Ohio DOTs. 

 

 (a)  (c) 

                                           

 (b)  (d) 

Figure 66. Top Rail Fully-Welded Plate Concept - (a) Plan View Option 1 without Top Rail, (b) 

Side View Option 1, (c) Plan View Option 2 without Top Rail, and (d) Side View Option 2 



July 20, 2020  
MwRSF Report No. TRP-03-410-20 

117 

The bolt tear-out and bearing strength capacities in the transverse and longitudinal axes as 

well as the tensile and shear capacities of the bolts for Options 1 and 2 were calculated using 

equations found in the AISC Steel Construction Manual [49]. 

6.2.1.4.1 Example Problem No. 6 – Estimate Plate Tear-Out, Plate Bearing, Bolt Shear, 

and Bolt Tensile Capacities of Fully-Welded Plate Mounting Bracket – Option 2 

 

Figure 67. Plan View of Fully-Welded Plate Bracket without Top Rail 

Step 1 – Calculate Bearing and Tear-Out Capacities of Mounting Bracket in Transverse 

Axis: 

 

The flanges of the post would prevent two of four bolts from tear-out the fully-welded plate 

in the transverse axis. For this case, the bolt tear-out calculations considered lc1=1⅝ in. (41 mm) 

and lc2=25/16 in. (58 mm).  

 

For bolt tear-out:  

∅Rn = ∅ 1.0 lc t Fu      [AISC J3-6C]                         (33) 

 

∅Rn = (0.75) (1.0) (1.625 in. ) (0.375 in. ) (65 ksi) = 29.7 kips per bolt 
 

∅Rn = 59.4 kips per two bolts 

 

∅Rn = (0.75) (1.0) (2.3125 in. ) (0.375 in. ) (65 ksi) = 42.3 kips per bolt 
 

∅Rn = 84.6 kips per two bolts 

 

∅Rn = 144.0 kips per four bolts 
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For bearing strength:  

∅Rn = ∅ 2.0 d t Fu   [AISC J3-6C]                           (34) 

 

∅Rn = (0.75) (2.0) (0.75 in. ) (0.375 in. ) (65 ksi) = 27.4 kips per bolt 
 

∅Rn = 109.6 kips per four bolts 

 

Step 2 – Calculate Bearing and Tear-Out Capacities of Mounting Bracket in Longitudinal 

Axis: 

 

The web of the post would prevent two of the four bolts from tear-out in the horizontal 

plate in the longitudinal axis. However, the post web was disregarded for calculations. For this 

case, the bolt tear-out calculations were made considering the lc1=19/16 in. (39.7 mm) and lc2= 15/16 

in. (23.8 mm). 

 

For bolt tear-out:  

∅Rn = ∅ 1.0 lc t Fu      [AISC J3-6C]                         (33) 

 

∅Rn = (0.75)(1.0)(1.5625 in. )(0.375 in. )(65 ksi) = 28.6 kips per bolt 
 

∅Rn = 57.2 kips per two bolts 

 

∅Rn = (0.75)(1.0)(0.9375 in. )(0.375 in. )(65 ksi) = 17.1 kips per bolt 
 

∅Rn = 34.2 kips per two bolts 

 

∅Rn = 91.4 kips per four bolts 

 

For bearing strength:  

∅Rn = ∅ 2.0 d t Fu   [AISC J3-6C]                           (34) 

 

∅Rn = (0.75)(2.0)(0.75 in. )(0.375 in. )(65 ksi) = 27.4 kips per bolt 
 

∅Rn = 109.6 kips per four bolts 

 

Step 3 – Calculate Shear and Tensile Capacities of Bolts: 

For bolt tensile capacity:  

∅Rn = ∅ FntAb    [AISC J3-1]  (35) 

 

∅Rn = (0.75)(90 ksi)(0.44 in. ) = 29.7 kips per bolt 
 

∅Rn = 118.8 kips per four bolts 
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For bolt shear strength: 

∅Rn = ∅ FnvAb      [AISC J3-1] (36) 

 

∅Rn = (0.75)(54 ksi)(0.44 in. ) = 17.8 kips per bolt 
 

∅Rn = 71.2 kips per four bolts 

 

6.2.1.5 Fully-Welded Plate Mounting Bracket Summary 

The plate tear-out, plate bearing, bolt shear, and bolt tension capacities were calculated for 

Options 1 and 2. The results are depicted in Table 60. As depicted in Table 60, plate tear-out, plate 

bearing, bolt shear, and bolt tensile capacities were greater than 28.9 kips (128.6 kN), which were 

satisfactory for lateral design loading from Section 6.2.1.1. 

Table 60. Fully-Welded Plate Mounting Bracket Plate Tear-Out, Plate Bearing, Bolt Shear, and 

Bolt Tensile Capacities 

 

6.2.1.6 Final Selection of Top Rail Mounting Bracket 

After discussion with the Illinois and Ohio DOTs, it was decided to use the fully-welded, 

steel plate with four ¾-in. (19-mm) diameter bolts; since, it represented a simpler field connection 

for installing the rail to the posts. Moreover, the welded plate was expected to provide a more 

uniform tensile and shear capacity than the double-angle bolted bracket. Further, the fully-welded, 

top steel plate also used fewer bolts (i.e., no bolts through web), which facilitated the installation 

process, and it was considered to be more aesthetic from backside vantage points. 

In addition, tear-out and bearing strength of the rails in the transverse and longitudinal axes 

as well as the bolt shear and bolt tensile capacities were calculated for the mounting bracket final 

selection, as depicted in Table 61. Note that the rails used ⅞-in. (22.2-mm) diameter round holes 

for the vertical bolts. As depicted in Table 61, plate tear-out, transverse plate bearing, bolt shear 

and bolt tensile capacities were greater than 28.9 kips (128.6 kN), which were satisfactory for 

lateral design loading. 

Table 61. Top Rail Tear-Out, Bearing, Bolt Shear, and Bolt Tensile Capacities 

 

Bolt Tear-Out, 

(kips)

Bearing 

Strength,

(kips)

Bolt Tear-Out, 

(kips)

Bearing 

Strength,(

kips)

Tensile 

Capacity, 

(kips)

Shear 

Capacity, 

(kips)

1 7/8 in., two bolts 118.8 64.0 63.9 64.0 81.0 48.6

2 3/4 in., four bolts 144.0 109.6 134.8 109.6 118.8 71.2

Transverse Axis Longitudinal Axis Bolts

Bolt Diameter

Fully-Welded 

Plate Bracket 

Option

Bolt Tear-Out, 

(kips)

Bearing 

Strength,

(kips)

Bolt Tear-Out, 

(kips)

Bearing 

Strength,(

kips)

Tensile 

Capacity, 

(kips)

Shear 

Capacity, 

(kips)

3/4 in., four bolts 192.0 146.3 146.2 146.3 118.8 71.2

Bolt Diameter

Transverse Axis Longitudinal Axis Bolts

Top Rail    

HSS Section



July 20, 2020  
MwRSF Report No. TRP-03-410-20 

120 

6.2.1.7 Combined Shear and Tension Loading for Fully-Welded Plate Design 

After the selection of the fully-welded plate Option 2, a design vertical loading was 

analyzed in order to ensure that the four ASTM A449 ¾-in. (19-mm) diameter by 6-in. (152-mm) 

long, round-head steel bolts were able to sustain a combined shear and tension loading. Based on 

MASH TL-4 vertical design loading specified in Section 3.3, a 38-kip (169-kN) vertical loading, 

which was distributed over 18 ft (5.5 m) was considered for this analysis [37]. Each post location 

was approximately subjected to 50 percent of total vertical load (≈19 kips), as shown in Figure 68. 

The design load applied on each mounting bracket was estimated as 19 kips (85 kN) due to the 

assumption of having two posts sustaining the loading.  

 

Figure 68. Vertical Design Load Distributed Over Two Spans 

When analyzing the bolts subjected to downward (i.e., vertical) loading on the front face 

of top rail, as shown in Figure 69, an uneven loading was expected. The tensile loading applied to 

the four bolts of the welded plate varied depending on the relative distance between the vertical 

design loading and the lateral location of the bolt row. Assuming rigid top rail and fully-welded 

plate, the tensile loading applied to the two bolt rows was calculated using a linear load 

distribution, as shown in Figure 69. Considering the top rail would rotate at the right tip of the 

welded plate (i.e., a pin support), Equation 37, was used to find the tensile loading to the two bolt 

rows. 

           
                     (a)        (b)      

Figure 69. Top Rail Fully-Welded Plate Final Design - (a) Profile View, (b) and Linear Loading 

Distribution 



July 20, 2020  
MwRSF Report No. TRP-03-410-20 

121 

(T1)(d1) + (T1) (
d1

d2
) (d1) = (P)(d3)                                        (37) 

 

where:  

T1 = tensile reaction of outer bolt (kips); 

P = vertical loading (kips); 

d1= distance between pin support and inner bolt location (in.); 

d2= distance between pin support and outer bolt location (in.); and  

d3= distance between pin support and vertical loading (in.). 

(T1)(5.25 in. ) + (T1) (
2.75 in.

5.25 in.
) (2.75 in. ) = (19 kips)(4 in. ) 

T1 = 11.4 kips for two outer bolts = 5.7 kips per outer bolt 

T2 = 7.6 kips for two inner bolts = 3.8 kips per inner bolt 

 The tensile loading applied to the outer bolt row was then calculated as 5.7 kips (25.4 kN) 

for each outer bolt. A combined shear and tension loading analysis was then conducted on vertical 

bolts used with the fully-welded plate to ensure the performance of the fully-welded plate bolts. 

AISC Steel Construction Manual Equations J3-2 and J3.3a [49] were used to calculate the 

available tensile strength of the outer bolts subjected to tension and shear, as shown in Equations 

38 through 40. 

ØRn = F′nt Ab         [AISC J3‒ 2]                                      (38)  

where:  

F’nt = nominal tensile stress modified to include the effects of shear stress (ksi); and 

Ab = area of the bolt (in.2). 

 

F′nt = 1.3 Fnt −
Fnt

∅Fnv
frv ≤ Fnt        [AISC J3‒ 3a]                      (39)  

where:  

F’nt = nominal tensile stress modified to include the effects of shear stress (ksi); 

Fnt = nominal tensile stress (ksi); 

Fnv = nominal shear stress (ksi); 

Ø = reduction factor, 0.75; and 

frv = required shear stress (ksi). 

 

frv =
Vu

Ab
           [AISC J3‒ 3a]                                  (40) 

where:  

frv = required shear stress (ksi). 

Vu = maximum shear stress applied in one bolt (ksi); and 

Ab = area of bolt (in.2)
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frv =

(28.9 kips)
4 bolts

0.44 in.2
= 16.42 ksi 

 

F′nt = 1.3 (90 ksi) −
90 ksi

(0.75) (54 ksi)
(16.42 ksi) ≤ 90ksi 

F′nt = 80.51 ksi 

ØRn = F′nt Ab         [AISC J3‒ 2]                                   (38)  

 

ØRn = (80.51 ksi)(0.44 in.2 ) = 35.4 kips 

As shown above, the nominal tensile stress of a bolt subjected to combined tension and 

shear was calculated as 80.51 ksi (555.1 MPa). Therefore, the modified or available tensile strength 

of a bolt subjected to tension and shear loading was calculated as 35.4 kips (157.5 kN). This bolt 

tensile strength was greater than a 5.7-kip (25.4 kN) tensile load applied each outer bolt by the 19-

kip (85-kN) vertical load at a post location, which was satisfactory for combined shear and tension 

loading. 

6.2.2 Middle and Bottom Post-to-Rail Connections 

A pair of staggered, horizontal, ASTM A449 ¾-in. (19.1-mm) diameter by 7½-in. (190.5-

mm) long round-head bolts with ASTM F436 round SAE washers and ASTM A563 Grade DH 

heavy hex nuts were used to attach the vertical faces of the middle and bottom rails to the front 

flanges of the posts. In order to provide a desired ⅝-in. (16-mm) longitudinal construction 

tolerance, a pair of staggered 1⅜-in. (35-mm) long by ⅞-in. (22.2-mm) diameter slotted bolt holes 

were provided to attach the middle and the bottom rails, as shown in Figure 70. Note that these 

slotted bolt holes were intended to be staggered to prevent having more than one hole in any cross-

section of the rails.   

 

Figure 70. Post Slots Middle and Bottom Rail Locations for Post-to-Rail Connections 
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The rail bolt tear-out and bearing capacities in the longitudinal axis and the tensile and 

shear capacities of the bolts were calculated using the AISC Steel Construction Manual [49] and 

are shown below. For this case, the bolt tear-out calculations considered lc1=½ in. (12.5 mm) and 

lc2=4⅛ in. (105 mm). Note that these design ranges of bolt sizes for post-to-rail connections are 

commonly found in bridge rail systems.  

For bolt tear-out in longitudinal axis:  

∅Rn = ∅ 1.0 l𝑐 t Fu       [AISC J3-6C]                         (33) 

 

∅Rn = (0.75)(1.0)(0.5 in. )(0.26 in. )(65 ksi) = 6.3 kips per bolt 
 

∅Rn = (0.75)(1.0)(4.125 in. )(0.26 in. )(65 ksi) = 52.3 kips per bolt 
 

∅Rn = 58.6 kips per two bolts 

 

For bearing strength in longitudinal axis:  

∅Rn = ∅ 2.0 d t Fu           [AISC J3-6C]                   (34) 

 

∅Rn = (0.75)(2.0)(0.75 in. )(0.26 in. )(65 ksi) = 19.0 kips per bolt 
 

∅Rn = 38.0 kips per two bolts 

For bolt tensile capacity:  

∅Rn = ∅ Fnt Ab       [AISC J3-1]                           (35) 

 

∅Rn = (0.75) (90 ksi) (0.44in.2 ) = 29.7 kips per bolt 
 

∅Rn = 59.4 kips per two bolts 

 

For bolt shear strength: 

∅Rn = ∅ Fnv Ab      [AISC J3-1]                         (36) 

 

∅Rn = (0.75) (54 ksi) (0.44 in.2 ) = 17.8 kips per bolt 
 

∅Rn = 35.6 kips per two bolts 

 

The bolt tear-out, rail bearing, bolt shear along each axis, and bolt tensile capacities of the 

bolts were calculated for the middle and bottom railing sections. The results are depicted in Table 

62. Note that the middle and bottom rails used ⅞-in. (22.2-mm) diameter round holes for the 

horizontal bolts. The clear distance of both rails was based on the front flange bolt configuration 

for the bolt tear-out calculations considered lc1= ¾ in. (19.1 mm) and lc2=4⅜ in. (111.1 mm). The 
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rail tear-out, transverse plate bearing, bolt shear and bolt tensile capacities were greater than 28.9 

kips (128.6 kN), which were satisfactory for lateral design loading. 

Table 62. Middle and Bottom Railing Sections Post-to-Rail Connections 

 

6.3 Rail-to-Rail Connections 

6.3.1 Rail Splices 

Splice tube were designed to connect the ends sections of the three rails. The location of 

the splice tubes was planned to be longitudinally aligned at a ¼-span location, as shown in Figure 

71. This ¼-span location represents an approximate location of the inflection point for the moment 

corresponding to a uniformly-loaded, fixed-end beam. For crash testing, the three splice tubes 

would be longitudinally aligned. If crash testing is later found to be successful, then rail splices 

could be located at any ¼- or ¾-span location.  

Three splice tube concepts were created to provide a variety of options to meet the needs 

of the Illinois and Ohio DOTs as well as their fabricators and/or installers. The concepts consisted 

of (1) an HSS tube with welded shims, (2) a built-up, welded tube made with steel plates, and (3) 

a built-up, welded tube made with two-bent plates. 

A ¾-in. (19-mm) expansion gap was incorporated at the three splice locations to account 

for the steel thermal expansion and contraction of the rails as well as construction tolerance. 

Further, a ¼-in. (6.4-mm) total inner construction tolerance gap was provided between the inner 

faces of the rails and outer faces of the splice tubes.  

 

Figure 71. Location of Splice Tubes for Full-Scale Crash Tests 

In order to prevent excessive joint rotations of splice tubes inside rails, which may lead to 

excessive rail deformations, it was determined to provide a maximum rotation angle equal to one 

Bolt Tear-Out, 

(kips)

Bearing 

Strength,

(kips)

Tensile 

Capacity, 

(kips)

Shear 

Capacity, 

(kips)

3/4 in., two bolts 112.7 73.1 59.4 35.6

Middle and 

Bottom Rail 

HSS Sections

Bolt Diameter

Longitudinal Axis Bolts
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degree within each rail end, as depicted in Figure 72. A one-degree rotation angle and satisfactory 

performance of splice tubes from MASH TL-3 TxDOT T131 Bridge Rail [28] and MASH TL-5 

Verrazano-Narrows Bridge Rail [21] led to the selection. The length of each splice tube was 

determined to be 30 in. (762 mm) for the final configuration based on calculations below. This 

assumption was based on the acceptable performance of splice tubes observed in prior of crash-

tested bridge rails. The rotation angle was calculated using Equation 41. A rotation angle was 

calculated as 0.97 degrees.  

θROTATION = tan−1 ( 
x

L
)                                                           (41) 

where: 

x = total inner construction tolerance (in.); and 

L = leg length (in.) 

tan(1°) =
x

L
 

 

L =
x

tan (1°)
=

0.25 in.

tan (1°)
= 14.32 in. 

 

2L = 14.3 in. (2) = 28.64 in. 

 

Length ≈ 28.64 in. +
3

4
 in. = 29.39 in.     Use length equal to 30 in. 

 

Figure 72. Rotation Angle of Splice Tube and Rail 
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6.3.2 HSS Section Tubes 

The HSS top splice tube consisted of a rectangular HSS 10-in. x 3-in. x ⅜-in. (HSS 254-

mm x 76.2-mm x 10-mm) section with a PL ¼-in. x 10-in. (PL 6.4-mm x 254-mm) top shim and 

two PL ⅝-in. x 1¾-in. (PL 15.9-mm x 44.5-mm) side shims. The HSS middle and bottom splice 

tubes consisted of a rectangular HSS 7-in. x 5-in. x ⅜-in. (HSS 178-mm x 127-mm x 10-mm) with 

a PL ¼-in. x 4-in. (PL 6.4-mm x 102-mm) top shim and two PL ⅛-in. x 6-in. (PL 3.2-mm x 152-

mm) side shims. For the three splice tubes, as depicted in Figure 73, the side shims were attached 

to the splice tubes with ¼-in. (6.4-mm) long stitched fillet welds.  

 
Figure 73. Rectangular HSS Tubes 

6.3.3 Four-Plate (Built-Up) Welded Tubes 

The top four-plate welded tubes for top rail consisted of two PL 30-in. x 10⅝-in. x 5/16-in. 

(PL 762-mm x 270-mm 8-mm) horizontal steel plates and two PL 30-in. x 2⅝-in. x ⅜-in. (PL 762-

mm x 67-mm x 10-mm) vertical steel plates for the top rail. The four-plate welded tubes for the 

middle and bottom rails consisted of two PL 30-in. x 6⅝-in. x ⅜-in. (PL 762-mm x 168-mm 10-

mm) horizontal plates and two PL 30-in. x 4⅝-in. x 5/16-in. (PL 762-mm x 117-mm x 8-mm) 

vertical plates, as shown in Figure 74. 
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Figure 74. Four-Plate (Built-Up) Welded Tube 

6.3.4 Two-Bent Plate Tubes 

Two bent ⅜-in. (10-mm) thick plates was a second option for built-up, welded splice tubes. 

These bent L-plates were joined together with two ¼-in. (6.4-mm) continuous, partial-joint-

penetration groove welds. The top splice tube consisted of two PL 30-in. x 13½-in. x ⅜-in. (PL 

762-mm x 343-mm x 10-mm), and the middle and bottom splice tubes consisted of two PL 30-in. 

x 11½-in. x ⅜-in. (PL 762-mm x 292-mm x 10-mm). The two, welded, bent L-plate tubes are 

shown in Figure 75. 

 
Figure 75. Two Welded Bent Plate Tube 
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6.3.5 Final Splice Tube Design  

After meeting with representatives from the Illinois and Ohio DOTs, HSS splice tubes were 

disregarded for final design; since, they required a ⅝-in. (15.9-mm) thick shim to maintain a ¼-in. 

(6.4-mm) total inner construction tolerance. Furthermore, the HSS tubes shown in Figure 73 may 

cause uneven load distribution and lead to increased sidewall deformation, rail hinging at the splice 

tube locations, increased bridge rail deflections, reduced rail horizontal capacity, and failure for 

the full-scale crash tests.  Built-up tubes were preferred for the final design of the new MASH 

2016 TL-4 bridge rail. 

The four-plate welded tube concept was selected for crash testing. Four ASTM A449 ¾-

in. (19-mm) diameter by 6-in. (152-mm) long, round-head bolts with flats were selected for the 

top splice tube, while four ASTM A449 ¾-in. (19-mm) diameter by 9½-in. (241-mm) long hex-

head bolts were selected for the middle and bottom splice tubes. Therefore, the splice tube options 

used ⅞-in. (22-mm) diameter, round bolt holes. The fabricator, Midwest Steel Works, Inc., used 

tack-welded, internal gusset as a method to maintain the internal shape of the splice assembly 

through the welding, as shown in Appendix C. However, the use of removable shim blocks and 

other jigging methods are acceptable to aid with the fabrication of the splice tube assemblies. 

6.3.5.1 Moment and Shear Transfer of Splice Tube Selected 

For the splice tubes connecting the ends of the three rails, each splice tube was required to 

provide equal or higher bending and shearing resistances than offered by the rail sections. 

Inadequate bending capacity of the splice tubes could lead to excessive deformation and hinging 

of the rails, which may also lead to increased vehicle instability, barrier override, and increased 

likelihood of rollover.  

The bending moment capacity of the splice tubes was dependent on their plastic section 

moduli, since the yield strength of the rails and splice tubes was equal to 50 ksi (345 MPa). The 

plastic section moduli for the top and lower sections of the four-plate welded splice tubes were 

calculated using Equations 20 and 21. The plastic section moduli of the splice tubes in the 

horizontal direction were greater than that provided by the rail and therefore were satisfactory for 

moment transfer. 
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For top splice tube:  

For horizontal plates: Z = (2)
b ∗ d2

2
     (20) 

 

Z = (2)
(0.3125 in.)(10.625 in.)2

4
  → Z = 8.8 in.3 

 

For vertical plates: Z = (2)
b

4
(d2 − d1

2)                 (21) 

 

Z = (2)
2.625 in.

4
(11.25in.2− 10.5 in.2 ) → Z = 21.4 in.3 

 

ƩZTOP SPLICE= 30.2 in.3 > ZTOP RAIL= 25.6 in.3 OK! 

 

For middle and bottom splice tubes: 

 

For horizontal plates: Z = (2)
b ∗ d2

4
     (20) 

 

Z = (2)
(0.3125 in.)(4.625 in.)2

4
  → Z = 3.3 in.3 

 

For vertical plates: Z = (2)
b

4
(d2 − d1

2)                (21) 

 

→ Z = (2)
6.625 in.

4
(5.25 in.2− 4.5 in.2 ) → Z = 24.2 in.3 

 

ƩZLOWER SPLICE= 27.5 in.3 > ZLOWER RAIL= 13.9 in.3 OK! 

For shear transfer, the gross area of the splice tubes was required to be greater than the 

gross area of the rails. The gross area of the top splice tube was calculated as 8.6 in.2 (5,548 mm2), 

while the gross area of the top rail was 7.1 in.2 (4,581 mm2). The gross area of the middle and 

bottom splice tubes was calculated as 7.9 in.2 (5,097 mm2) while the gross area of the middle and 

bottom rails was 6.2 in.2 (4,000 mm2). Therefore, the shear transfer provided by the three splice 

tubes was deemed to be satisfactory. 

6.3.6 Installation of Splice Tubes 

After the four-plate, welded tube option was selected, it was determined that ⅜-in. (10-

mm) cranking holes spaced at 2 in. (51 mm) intervals were required to more easily slide the splice 

tubes using a steel rod for installation and removal purposes. The installation of splice tubes could 

start with the bottom, then proceed to the middle, and finally finish at the top tube assembly. The 

splice tube could be installed into one end section of the rails. Then, the other end sections of the 

rails could be installed. The splice tube could be slid from one rail end section to its final position 

in the center of the expansion gap, as depicted in Figure 76. 
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Figure 76. Example Incremental Installation Process for Splice Tubes 

6.3.7 Installation and Removal of Splice Tube Bolts 

Two methods were provided for the installation and removal of the bolts within the splice 

tubes. As shown in Figure 77, the first method consisted of releasing the two closest middle rail 

post-to-rail connection bolts that are closest left and right to the splice. Then, the unbolted rails 

can be pulled away 3 in. (76 mm) as the outer splices will give 3½ in. (89 mm) of expansion per 

side. At this point, the vertical slots of the middle rail splices become visible and ready for 

installation or removal of the vertical bolts. Finally, the bottom splice bolts can be installed or 

removed vertically upward and the top splice bolts vertically downwards. Vehicle snag on the two 

ends of the lower bolts in the lower rail opening was not deemed to be critical as it is only 4 in. 

(102 mm) tall. 
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Figure 77. First Method for the Installation and Removal of Splice Tubes 

As shown in Figure 78, the second method consisted of releasing the two top rail, post-to-

rail bolts that are closest left and right to the splice. Again, the outer splices will provide 3½ in. 

(89 mm) of expansion per side. The top rail can then be lifted at least 7 in. (178 mm) to fit the 

middle splice bolts between the rails for installation or removal. The bottom splice bolts can then 

be installed vertically upward. Again, vehicle snag on the two ends of the lower bolts in the lower 

rail opening was not deemed critical as it is only 4 in. (102 mm) tall. 

 

Figure 78. Second Method for Installation and Removal of Splice Tubes
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7 COMPONENT TESTING RESULTS, DISCUSSION, AND SYSTEM MODIFICATIONS 

7.1 Overview 

Simultaneous to the design of the bridge railing Mauricio was conducting research to 

develop the post-to-deck attachment hardware, as well as adapt that hardware to multiple deck 

types. That research and development program is discussed in greater detail within a technical 

report [13] and thesis [14]. A very brief overview of the dynamic component testing program is 

highlighted in Chapter 7 and should not be considered as a complete summary of that program. 

Instead, some key findings from the component testing program were only noted herein for use in 

recalculating the lateral redirective capacity of the bridge rail. 

Seven dynamic bogie tests were conducted to evaluate the behavior of Mauricio’s preferred 

concept for the post-to-deck attachment hardware, which was anchored into a critical, reinforced-

concrete, box-beam girder. The critical bridge deck configuration for the component testing 

program was selected from the four different bridge deck configurations commonly used by the 

Illinois and Ohio DOTs. The post-to-deck configuration was selected to allow for the highest 

lateral loading to be imparted to the deck. The concrete box-beam girder utilized by the Ohio DOT, 

as shown in Figure 79, was determined to provide a critical loading scenario to the upper thin slab 

of the box-beam as well as to its thin side wall. Although not described herein, several tensile 

anchor rod lengths, diameters, and embedment conditions, were tested and evaluated by Mauricio 

[13-14]. 

Based on the results from each of the tests, the design concept was either further refined or 

abandoned. Posts with varied post-to-deck attachment hardware were dynamically tested to 

determine the lateral resistive forces that would be developed, examine the energy that would be 

absorbed by the hardware, and evaluate whether damage would occur to the hardware and concrete 

box-beam girder. All dynamic component tests were conducted at MwRSF’s Outdoor Proving 

Grounds located in Lincoln, Nebraska. 

 

Figure 79. Critical Concrete Box-Beam Used in Dynamic Component Testing Program 
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Figure 80. Bogie Testing Setup – End View of Box-Beam with Side-Mounted Post 

7.2 Component Testing Conditions and Instrumentation 

The target impact conditions consisted of an impact speed of approximately 20 mph (32 

km/h) and an impact angle of 0 degrees, creating a “head-on” or full-frontal impact to the strong 

axis of bending for the post. The posts were impacted 28 in. (711 mm) above the top of the concrete 

box-beam girder for several reasons. The impact height was intended to represent the 2270P pickup 

truck, which has a minimum center of gravity equal to 28 in. (711 mm) above the ground line. In 

the final configuration of the new MASH 2016 TL-4 bridge rail, the middle railing had a center 

height located at 28 in (711 mm) above the top of the bridge deck when no asphalt overlay has 

been applied, as shown in Figure 81. Further, this height guaranteed that the W6x15 (W150x22.5) 

post would develop a plastic hinge due to the impact weight and velocity of the bogie. The weight 

of the bogie with the addition of the mountable impact head and accelerometers was 2,000 lb (907 

kg) for the first two component tests. For test nos. ILOH 4-3 through ILOH 4-7, the bogie’s weight 

was increased to 2,500 lb (1,132 kg) after observing that the impact head was sliding upward along 

the post as the bogie overrode the post. The posts of all of the dynamic component tests were 

mounted to a box-beam without a reinforced concrete slab nor an asphalt overlay to minimize the 

moment arm between the impact load height of the bogie and the tension anchor rod with a cover 

of 3 in. (76 mm), as shown in Figure 81.



July 20, 2020  
MwRSF Report No. TRP-03-410-20 

134 

 
       (a)                  (b)    

Figure 81. (a) Critical Slab Deck without Asphalt Overlay for Component Testing with Center of 

Gravity of 2270P Pickup Truck (b) Bogie Impact Height for Dynamic Component Tests 

7.3 Dynamic Component Tests 

Accelerometers were used and mounted to the center of gravity of the bogie to determine 

estimated impact forces. The accelerometer data was used to create force vs. deflection and energy 

vs. deflection graphs, which are shown for each component test. For all component tests, the post-

to-deck attachments were side-mounted to the concrete box beam girder utilizing 1-in. (25-mm) 

diameter anchor rods as the anchorage system. The tension anchor embedment length was 32 in. 

(813 mm) for test nos. ILOH4-1 through ILOH4-5. In test no. ILOH4-6 the tension anchor 

embedment length was reduced from 32 in. (813 mm) to 24 in. (610 mm), and later, the embedment 

length was further reduced to 15 in (381 mm) in test no. ILOH4-7. The seven component tests 

varied on stirrup spacing, which depended on post location along the box-beam girder.  

7.3.1 Test No. ILOH4-1 

The first bogie test, test no. ILOH4-1, was performed on a 1¼-in. (32-mm) thick two-plate 

attachment with two HSS 5-in. x 4-in. x ⅜-in. (HSS 127-mm x 102-mm x 9.5-mm) longitudinal 

tube spacers. The simulated box-girder stirrups were spaced at 9 in. (229 mm). Upon bogie impact, 

the W6x15 (W150x22.5) post briefly rotated backward until weld failure occurred at the interface 

between the vertical mounting plates and the front flange of the steel post, thus resulting in 

significant post rotation with complete override by the bogie. Pre-test and post-test photographs 

are shown in Figure 82. Inspection of the post assembly and deck attachment after the test revealed 

that the post had minimal bending deformation prior to tensile weld rupture of the top plate 

attachment. The results showed a peak force of 26.9 kips (119.7 kN) over the first few inches of 

deflection, as shown in Figure 83.  
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 (a) (b) 

Figure 82. Test No. ILOH4-1 Photographs - (a) Pre-Test, and (b) Post-Test 

 

Figure 83. Force vs. Deflection and Energy vs. Deflection Graph, Test No. ILOH4-1 
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7.3.2 Test No. ILOH4-2 

Two gussets were added at the tensile anchor rod height to reinforce the plate-to-flange 

welded connection and prevent brittle weld failure. The stirrup spacing was 4½ in. (114 mm). 

Upon bogie impact, the W6x15 (W150x22.5) post deformations to the post assembly were located 

between the top and bottom mounting plates as opposed to a plastic hinge forming near the surface 

of the deck. Pre-test and post-test photographs are shown in Figure 84. The web at the bottom of 

the post buckled under the impact load, and a plastic hinge formed between the upper and lower 

plate attachments. The test results showed a peak impact load very near to the results observed in 

the first test, at approximately 25.7 kips (114.3 kN), as depicted in Figure 85. 

           

 (a) (b) 

Figure 84. Test No. ILOH4-2 Photographs - (a) Pre-Test, and (b) Post-Test 
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Figure 85. Force vs. Deflection and Energy vs. Deflection Graph, Test No. ILOH4-2 

7.3.3 Test No. ILOH4-3 

The two 1¼-in. (32-mm) thick attachment plates were replaced with one plate in order to 

provide continuous front flange support and prevent localized post deformations between tension 

and compression anchor rods. The thickness of the HSS 5-in. x 4-in. x ⅜-in. (HSS 127-mm x 102-

mm x 9.5-mm) tube spacers was increased to ½ in. (12.2 mm) to prevent bowing outward. The 

current stirrup spacing was 4½ in. (114 mm). Moreover, two gussets were added at the 

compression anchor rods to prevent localized web buckling. Pre-test and post-test photographs are 

shown in Figure 86. Upon bogie impact, the horizontal fillet welds for the top and bottom gussets 

as well as the vertical fillet welds between the attachment plate and the front flange of the post 

sheared off, and the post rotated backward and came to rest along the tarmac. The post was not 

bent or deformed as the welds completely failed, and the post detached and rotated backward as 

the bogie overrode it. After careful investigation of the post assembly, it was determined that poor 

burn-in of the welds was the cause of the complete weld failure. All post assemblies were returned to 

the manufacturer for complete rework of the fillet welds to the base materials. Force vs. deflection 

and energy vs. deflection curves were generated from the accelerometer data, as shown in Figure 

87. The peak impact load was higher than the previous two tests being approximately 36.9 kips 

(164.1 kN).    
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 (a) (b) 

Figure 86. Test No. ILOH4-3 Photographs - (a) Pre-Test, and (b) Post-Test 

 

Figure 87. Force vs. Deflection and Energy vs. Deflection Graph, Test No. ILOH4-3 
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7.3.4 Test No. ILOH4-4 

After manufacturing new post assemblies similar to the one that experienced weld failure, and 

verifying proper welds, a repeat of test no. ILOH4-3 was performed at the same location with 34½-in. 

(876-mm) rod embedment depth at 4½-in. (114-mm) stirrup spacing. Pre-test and post-test 

photographs of test no. ILOH4-4 are shown in Figure 88. Upon bogie impact, the post tore at a 

location starting right above the 6-in. (152-mm) long, horizontal weld between the front flange of 

the post and the top of the plate attachment. It also diagonally tore upward along the post web until 

ending at the back flange. Buckling of the back flange was observed right above the tensile gussets. 

It was assumed that the post tore at a stress concentration condition due to an overload condition. 

The test results showed a peak loading of 39.6 kips (176.1 kN) and an average loading of 20 kips 

(89 kN) through rupture at 17 in. (432 mm) of deflection, as depicted in Figure 89. 

             

 (a) (b) 

Figure 88. Test No. ILOH4-4 Photographs - (a) Pre-Test, and (b) Post-Test 
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Figure 89. Force vs. Deflection and Energy vs. Deflection Graph, Test No. ILOH4-4 

7.3.5 Test No. ILOH4-5 

The only modification with respect to test no. ILOH4-4 was a stirrup spacing of 9 in. (229 

mm). Pre-test and post-test photographs are shown in Figure 90. In this component test, a plastic 

hinge of the post was developed starting in the front flange above the top edge of the 1-in. (25-

mm) thick, vertical attachment plate and extending through the back flange at the height of the 

tension gusset plates. No other post deformations were observed. The test results showed a peak 

loading of 37.6 kips (167.3 kN) and an average loading of 21 kips (93 kN) over a 10-in. (254-mm) 

deflection, as shown in Figure 91. 
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 (a) (b) 

Figure 90. Test No. ILOH4-5 Photographs - (a) Pre-Test, and (b) Post-Test 

 

Figure 91. Force vs. Deflection and Energy vs. Deflection Graph, Test No. ILOH4-5 
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7.3.6 Test No. ILOH4-6 

The tension rod embedment length was reduced from 32 in. (813 mm) to 24 in. (610 mm). 

Pre-test and post-test photographs are shown in Figure 92. Upon bogie impact, a plastic hinge 

developed starting in the front flange above the top edge of the 1-in. (25-mm) thick, vertical 

attachment plate extending to the back flange at the height of the tension gusset plates. No other 

plastic deformation was observed in the post nor the post-to-deck attachment hardware. The test 

results showed a peak loading of 33.9 kips (150.8 kN) over the first 5 in. (127 mm) of lateral 

deflection, as shown in Figure 93. 

           

 (a) (b) 

Figure 92. Test No. ILOH4-6 Photographs - (a) pre-test, (b) post-test 



July 20, 2020  
MwRSF Report No. TRP-03-410-20 

143 

 

Figure 93. Force vs. Deflection and Energy vs. Deflection Graph, Test No. ILOH4-6 

7.3.7 Test No. ILOH4-7 

The tension rod embedment length was reduced from 24 in. (610 mm) to 15 in. (381 mm). 

The thickness of the vertical attachment plate was reduced from 1 in. (25 mm) to ¾ in. (19 mm). 

Pre-test and post-test photographs are shown in Figure 94.  Upon bogie impact, the post developed 

a plastic hinge starting at the front flange near the top edge of the vertical plate attachment 

extending to the back flange at the height of the tension gusset plates. The ¾ in. (19 mm) thick, 

vertical plate attachment was slightly bent at the height of the tension anchor rods. The test results 

showed a peak loading of 29.2 kips (129.9 kN) through the first 5 in. (117 mm) of lateral deflection, 

as shown in Figure 95.  
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 (a) (b) 

Figure 94. ILOH4-7 Photographs - (a) pre-test, (b) post-test 

 

Figure 95. Force vs. Deflection and Energy vs. Deflection Graph, Test No. ILOH4-7 
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7.3.8 Test Results Summary and Discussion 

The lateral forces observed during the test nos. ILOH4-4 through ILOH4-6 were quite 

uniform when the post remained attached to the welded bracket (i.e., no weld connection failure). 

Test nos. ILOH4-4 to ILOH4-6 performed adequately without post-to-deck connection hardware 

deformations, while developing plastic hinges in the posts above the tension anchor rod height, 

specifically near the top post stiffeners. These post-to-deck prototypes utilized top and bottom post 

stiffeners that were welded between the post and vertical mounting plate. Therefore, the final 

configuration of the post assemblies was determined to require bottom and top post stiffeners. 

Moreover, it was determined that the post-to-deck attachment concept consisted of the 1-in. (25-

mm) thick singular plate attachment with top and bottom gusset plates. Further, the two HSS 5-in. 

x 4-in. x ½-in. (HSS 127-mm x 102-mm x 12.2-mm) deck spacers were found to not impart 

excessive loading that would critically damage the sidewall of the concrete box-beam girder. Thus, 

the deck anchorage in the tension region would remain the same, which consisted of 1-in. (25-mm) 

ASTM F1554 Grade 105 all-thread anchor rods with ASTM A563DH heavy hex huts and coupling 

nuts. The vertical deck plate thickness was increased from ⅛ in. (3.2 mm) to 3/16 in. (4.8 mm). The 

deck anchorage in the compression region was configured with 1-in. (25-mm) diameter ASTM 

A449 anchor bolts, coupling nuts, and a 3-in. (76-mm) square washer plate. Therefore, these post-

to-deck components were implemented into the final configuration for the MASH 2016 TL-4 

bridge rail, as shown in Figure 96. The average forces at a determined lateral post deflection and 

specified impact height were derived from the force vs. deflection and energy vs. deflection graphs 

for each component test. The average forces at lateral deflections of 5 in. (127 mm), 10 in. (254 

mm), 15 in. (381 mm), and 20 in. (508 mm) are shown in Table 63. 

 

Figure 96. Proposed Deck Anchorage Plate with Embedded Hardware 
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Table 63. Bogie Test Results 

Test  

No. 

Total 

Dissipated 

Energy, 

(k-in.) 

Component Failure 

Mode 

Average Impact Force (kips) 

5-in. Lateral 

Deflection 

10-in. Lateral 

Deflection 

15-in. Lateral 

Deflection 

20-in. Lateral 

Deflection 

ILOH4-1 159 Top Plate Welding 18 14 7 7 

ILOH4-2 329 Post Buckling 17 18 17 16 

ILOH4-3 77 Welding 14 - - - 

ILOH4-4 367 Post Rupture 20 21 20 17 

ILOH4-5 378 N/A 21 22 20 17 

ILOH4-6 356 N/A 20 21 19 16 

ILOH4-7 347 N/A 18 20 19 16 

 

7.4 Further Analysis of Bridge Railing Capacity 

Based on the review of previous successful TL-4 crash-tested, beam-and-post, bridge rails, 

a maximum lateral deflection between 10 in. (305 mm) to 12 in. (381 mm) was anticipated for the 

new bridge rail. Therefore, it was necessary to determine the average impact force through 10-in. 

(305-mm) and 12-in. (381-mm) lateral deflections for test nos. ILOH4-4 through ILOH4-6, which 

adequately developed plastic hinges near the tension anchor rods without visible deformations of 

the post-to-deck connection hardware. The average impact forces at a 10-in. (254-mm) and a 12-

in. (305-mm) lateral deflection were obtained for test nos. ILOH4-4 through ILOH4-6 and are 

shown in Table 64. The average impact force was determined to be 20.4 kips (90.7 kN).  

Table 64. Average Force at a Lateral Deflection equal to 10 in. (254 mm) and 12 in. (305 mm) 

Component 

Test No. 

FAVE @ 10 in. Lateral 

Deflection, (kips) 

FAVE @ 12 in. Lateral 

Deflection, (kips) 

ILOH 4-4 21.0 20.6 

ILOH 4-5 22.0 20.8 

ILOH 4-6 21.0 19.8 

Average 21.3 20.4 

 

Note that the yield strength of the posts that were used in the component testing was 56 ksi 

(386 MPa) instead of 50 ksi (345 MPa). These average impact forces at 10-in. (305-mm) and 12-

in. (381-mm) lateral deflections were modified to obtain an average impact force for a yield 

strength of 50 ksi (345 MPa), which was used in design calculations for the new bridge rail using 

Equation 42. 

For FAVE (FY = 56 ksi) = 21.3 kips at 10-in. lateral deflection: 

FAVE MODIFIED = F𝐴𝑉𝐸 ∗
𝐹𝑌 𝐷𝐸𝑆𝐼𝐺𝑁

𝐹𝑌 𝐴𝐶𝑇𝑈𝐴𝐿
                                             (42) 

FAVE MODIFIED (FY = 50 ksi) = 21.3 kips ∗
50 ksi

56 ksi
= 19.0 kips 

FAVE MODIFIED = 19.0 kips at 10-in. lateral deflection 
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For FAVE (FY = 56 ksi) = 20.4 kips at a 12-in. lateral deflection: 

FAVE MODIFIED = F𝐴𝑉𝐸 ∗
𝐹𝑌 𝐷𝐸𝑆𝐼𝐺𝑁

𝐹𝑌 𝐴𝐶𝑇𝑈𝐴𝐿
                                             (42) 

FAVE MODIFIED (FY = 50 ksi) = 20.4 kips ∗
50 ksi

56 ksi
= 18.2 kips 

FAVE MODIFIED = 18.2 kips at 12‒ in. lateral deflection 

The modified impact forces resisted by a post with a yield strength of 50 ksi (345 MPa) 

were calculated as 19.0 kips (84.5 kN) and 18.2 kips (81.0 kN) for 10-in. (305-mm) and 12-in. 

(381-mm) lateral deflections, respectively. These modified impact forces were compared to design 

calculations for the lateral impact force sustained by a post to validate the application of a DMF 

equal to 1.5 in design calculations of the final bridge rail configuration.  

The lateral impact force sustained by a post was calculated for the validation of the 

application of a DMF equal to 1.5, as shown in Equation 43. From observations, the moment arm 

between the impact load height and the location of the plastic hinges for these tests was determined 

to be approximately 27¾ in. (705 mm), as shown in Figure 97. The estimated impact force 

sustained by a 50-ksi (345-MPa) steel post following bridge rail design calculations was calculated 

as 19.4 kips (86.3 kN). The modified impact forces resisted by a post equal to 19.0 kips (84.5 kN) 

and 18.2 kips (81.0 kN) for 10-in. (305-mm) and 12-in. (381-mm) lateral deflections were 

compared with the 19.4 kips (86.3 kN) to validate the application of a DMF equal to 1.5 in design 

calculations of the final bridge rail configuration. 

 

Figure 97. Moment Arm between Bogie Impact Height and Plastic Hinge Location
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PPOST =
FY ∗ ZX

d
                                                       (43) 

where: 

PPOST = lateral impact force sustained by a post (kips), 

FY = yield strength of the steel post (ksi); 

ZX = plastic section modulus of steel post (in.3); and 

 d = moment arm between loading height and plastic hinge (in.). 

P𝑃𝑂𝑆𝑇 =
50 ksi ∗ 10.8 in.3

27.75 in
= 19.4 kips 

FAVE MODIFIED = 19.0 kips at 10 in. lateral deflection  

19.0 kips − 19.4 kips

19.4 kips
= −2.1% 

FAVE MODIFIED = 18.2 kips at 12 in. lateral deflection  

18.2 kips − 19.4 kips

19.4 kips
= −6.2% 

These comparisons indicated that strain rates did not increase the lateral impact resistance 

of the posts after updating for the actual yield from component testing. Therefore, it was 

determined to use a DMF equal to 1.0 for calculating barrier capacity. Using a plastic collapse 

mechanism, a lateral barrier resistance of 81.5 kips (362.5 kN) at the design impact load height 

was initially calculated for the final configuration of the new bridge rail using a DMF equal to 1.5. 

When using a DMF equal to 1.0 for the final capacity and for full-scale crash testing, a lateral 

barrier resistance of the bridge rail was reduced to 66.7 kips (296.7 kN) at the design impact load 

height, which resulted in a lower capacity than the 80-kip (356 kN) design loading.  

Thus, the research team identified and reviewed successfully crash-tested, beam-and-post, 

bridge rails that met either AASHTO PL-2 [4] and NCHRP Report 350 [5] but would not meet 

current design impact loading based on the plastic collapse mechanism. For these systems, the 

lateral barrier resistance was calculated and compared to prior design impact loading and impact 

severity. 

The NCHRP Report 350 TL-4 STTR bridge rail [18-19] consisted of a TS 8-in. x 3-in. x 
3/16-in. (TS 203-mm x 76-mm x 4.8-mm) ASTM A500 Grade B steel top rail and a 10-gauge (3.43-

mm) AASHTO M180 thrie-beam rail (Grade 50) supported by ASTM A36 W6x15 (W152x22.3) 

wide-flange structural steel posts with a total rail height of 36 in. (914 mm), as shown in Figure 

98. The full-scale crash test with the NCHRP Report 350 TL-4 SUT was successful, where the 

maximum dynamic deflection was equal to 8.0 in. (203 mm). Based on an inelastic plastic collapse 

mechanism analysis, the lateral barrier resistance for the STTR bridge rail was 41 kips (182 kN) 

at the NCHRP Report 350 design impact load height equal to 32 in. (813 mm) above the deck 
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surface. The AASHTO LRFD lateral design impact load associated with the NCHRP Report 350 

TL-4 SUT and pickup truck has been previously shown as 54 kips (240 kN). 

 

Figure 98. NCHRP Report 350 TL-4 STTR Bridge Rail for Transverse, Glulam Timber Decks 

[18] 

The AASHTO PL-2 TBC-8000 bridge rail [53] consisted on a ASTM A36 C8-in. x 11.5-

in. (C200-mm x 17-mm) steel channel section with the web bolted to the top of a W6-in. x 15-in. 

(W152-mm x 22.3-mm) spacer blocks at post locations and with a 10-gauge (3.43-mm) AASHTO 

M180 thrie-beam rail bolted to its front flange. The posts consisted of ASTM A36 W6x15 

(W152x22.5) steel sections bolted to the side of the bridge deck, as shown in Figure 99. The total 

height of the bridge rail was 33¼ in. (845 mm). The full-scale crash test with a SUT was successful, 

where the maximum dynamic deflection was equal to 9.0 in. (229 mm). Based on an inelastic 

plastic collapse mechanism analysis, the lateral barrier resistance for the TBC-80000 bridge rail 

was 46 kips (205 kN) at a height of 17 in. (432 mm) above the deck surface. The lateral design 

impact load for the AASHTO PL-2 SUT was 80 kips (356 kN) at a height of 17 in. (432 mm). 
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Figure 99. AASHTO PL-2 TBC-8000 Bridge Rail for Longitudinal, Glulam Timber Decks [53] 

After analyses of the two successfully crash-tested, bridge rails, the research team and 

representatives from the Illinois and Ohio DOTs decided to not modify the final prototype bridge 

rail to again provide an 80-kip (356-kN) lateral barrier capacity but rather proceed with MASH 

2016 TL-4 crash testing. Using a DMF equal to 1.0 for the posts, the lateral barrier resistance was 

reduced. For SUT impact scenarios, the lateral barrier resistance when considering all the three 

rails was 66.7 kips (296.7 kN) for a five-span collapse. For pickup truck impact scenarios, lateral 

barrier resistances were 55.9 kips (248.7 kN) for a three-span collapse when considering the lower 

two rails and 87.7 kips (390.1 kN) for a five-span collapse when considering all the three rails. 

For the top rail, and at post locations only, the final prototype bridge rail utilized post-to-

rail connections configured with four ⅞-in. (22-mm) diameter round bolt holes versus two 1-in. 

(25-mm) diameter round bolt holes shown in the original IL/OH Prototype Bridge Rail. The 

reduced final plastic section modulus of the HSS 12-in. x 4-in. x ¼-in. (HSS 304.8-mm x 101.6-

mm x 6.4-mm) top rail section was reduced to 24.5 in.3 (401,483 mm3), as shown in Figure 100 

and Equation 21. Therefore, for SUT impact scenarios, the lateral barrier resistance when 

considering all the three rails was 65.8 kips (292.7 kN) for a five-span collapse. For pickup truck 

impact scenarios, lateral barrier resistances were 55.9 kips (248.7 kN) for a three-span collapse 

when considering the lower two rails and 86.6 kips (385.2 kN) for a five-span collapse when 
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considering all the three rails. However, it should be noted that the reduced cross section only 

occurs at post locations.  

The calculations for the final reduced plastic section moduli for the top rail with the welded 

plate mounting bracket are provided below. The configuration utilized four ¾-in. (19-mm) 

diameter bolts. The top rail used ⅞-in. (22-mm) diameter by 1⅜-in. (35-mm) long slotted holes. 

 

Figure 100. Schematic of Top Rail Bolt Configuration 

ZX RED TOP RAIL = (2) 
b

4
(d2 − d1

2)    (21) 

 

ZX RED TOP RAIL = (2) 
0.25 in.

4
 (3.375 in.2− 1.625 in.2 ) = 1.1 in.3 

 

ZREDUCED TOP RAIL = 25.6 𝑖𝑛.3− 1.1 in.3 = 24.5 𝑖𝑛.3
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8 SURROGATE CONCRETE BRIDGE DECK  

The post-to-deck attachment hardware, tension and compression anchorage rods, and 

critical bridge deck configuration were tested and evaluated during the dynamic component testing 

program. The test results demonstrated that the critical box-beam girder did not have excessive 

damage that would degrade barrier performance nor affect its structural integrity. During post 

rebound in the dynamic component testing program, minor concrete spalling was observed at the 

bottom of the vertical deck plate near the lower two attachment bolts. Only minor modifications 

were incorporated into the anchorage hardware to reduce surface damage to the side wall of the 

concrete box-beam girder surrounding the embedded, vertical deck plate within the compression 

region. Therefore, only the bridge railing would be evaluated with the full-scale crash testing 

program, and all bridge deck configurations would be acceptable for use with the MASH 2016 

TL-4 beam-and-post bridge rail. The critical bridge deck configurations are depicted in Figure 101. 

 

Figure 101. Critical Deck Configurations for MASH Crash Test Designation Nos. 4-10, 4-11, 

and 4-12 

As noted in Section 3.2, and for MASH 2016 test designation no. 4-10, it was determined 

that critical concerns included wheel snag below the bottom rail and against the post as well as 

elevated occupant ridedown accelerations produced by the snag event. Therefore, the critical deck 

configuration needed to incorporate the largest vertical rail opening in combination with the 

strongest post (i.e., shortest moment arm from the tension anchor location in bridge decks utilized 

by Illinois and Ohio). This configuration had a 12-in. (305-mm) vertical rail opening and a 4-in. 

(102-mm) vertical distance between the top of the concrete deck and the centerline of the tension 

anchors. 
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For MASH 2016 test designation nos. 4-11 and 4-12, several critical concerns included 

vehicle override or rollover, excessive barrier deflections, and critical impact loading to the post-

to-deck hardware and anchorage system for the SUT and pickup crash events. Since bridge deck 

loading was already evaluated in the dynamic component testing program, an emphasis was placed 

on selecting a critical configuration to evaluate vehicle override. Thus, the critical deck 

configuration must have the shortest overall rail height of 36 in. (914 mm) but the most flexible 

post due to the largest moment arm. The critical bridge deck consisted of 6-in. (152-mm) deep 

concrete slab placed on top of a box-beam and a future 3-in. (76-mm) asphalt overlay, resulting in 

a 36-in. (914-mm) overall top railing height. Further, a 12 in. (305 mm) distance would exist 

between the top of the asphalt overlay and the centerline of the tension anchors.  

A surrogate bridge deck was then designed to allow for only one bridge deck to be 

constructed for testing and evaluating the three full-scale vehicle crash tests, as shown in Figure 

102. This surrogate bridge deck had a depth of 26 in. (660 mm) to allow for the installation of both 

post-to-deck connections at their appropriate heights. One critical configuration simulated the 

concrete slab bridge deck for the MASH test designation no. 4-10 (see Figure 103), and another 

critical configuration simulated the box-beam bridge deck with a concrete slab asphalt overlay on 

top for MASH test designation nos. 4-11 and 4-12 (see Figure 104). 

 

Figure 102. Surrogate Concrete Bridge Deck 
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Figure 103. Surrogate Bridge Deck Profile View for MASH 2016 Test Designation No. 4-10 
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Figure 104. Surrogate Bridge Deck Profile View for MASH 2016 Test Designation Nos. 4-11 

and 4-12 

The surrogate concrete bridge deck consisted of a 48 in. (1,219 mm) wide by 26 in. (660 

mm) deep by 108 ft (32.9 m) long reinforced-concrete full slab with a minimum compressive 

strength of 4,000 psi. Longitudinal no. 5 rebar were located in the top and bottom of the bridge 

deck spaced at 12 in. (305 mm) on center. Transverse no. 5 U-shaped bent rebar was spaced at 12 

in. (305 mm) on center. These rebar were tied with vertical no. 5 rebar coming from the compacted 

soil. The stages of construction of the surrogate concrete bridge deck are shown in Figure 105. 

Additionally, for the construction of the surrogate concrete bridge deck, the anchorage hardware 

was embedded within the form with welded coupling nuts to the vertical plate and with the use of 

welded studs. When the form was removed, some vertical plates slightly detached from the 

exterior, vertical edge of the slab, which may lead to the fall of these exterior steel plates, which 

was determined to be unacceptable. 
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Figure 105. Construction of Surrogate Concrete Bridge Deck 
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9 TEST REQUIREMENTS AND EVALUATION CRITERIA 

9.1 Test Requirements 

Longitudinal barriers, such as beam-and-post 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 [9]. According 

to Test Level 4 (TL-4) of MASH 2016, beam-and-post bridge rails must be subjected to three full-

scale vehicle crash tests, as summarized in Table 65. Note that there is little difference between 

MASH 2009 and MASH 2016 for longitudinal barriers, specifically the bridge railing tested and 

evaluated in this project, except that there are additional occupant compartment deformation 

standards and documentation required by MASH 2016. 

Table 65. MASH 2016 TL-4 Crash Test Conditions for Longitudinal Barriers [9] 

Test 

Article 

Test 

Designation 

No. 

Test 

Vehicle 

Vehicle 

Weight, 

lb 

(kg) 

Impact Conditions 

Evaluation 

Criteria 1 
Speed, 

mph 

(km/h) 

Angle, 

deg. 

Longitudinal 

Barrier 

4-10 1100C 
2,425 

(1,100) 

62 

(100) 
25 A,D,F,H,I 

4-11 2270P 
5,000 

(2,270) 

62 

(100) 
25 A,D,F,H,I 

4-12 10000S 
22,000 

(10,000) 

56 

(90.0) 
15 A,D,G 

1 Evaluation criteria explained in Table 66. 

 

9.2 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 rail 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 66 and 

discussed in greater detail in MASH 2016. The full-scale vehicle crash test was conducted and 

reported in accordance with the procedures provided in MASH 2016. 

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

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

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

MASH 2016. 
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9.3 Critical Impact Point (CIP) 

MASH 2016 specifies that post-and-beam longitudinal barriers may have two potential 

critical impact points (CIPs), one associated with wheel snagging and pocketing on a post (i.e., 

hard point) and another that induces a maximum loading to a critical portion of the system, such 

as a rail splice [9]. When splices are coincident with a hard point, a single test can be conducted to 

evaluate both critical points. If splices are spaced away from a hard point, it may be necessary to 

conduct two full-scale crash tests with a particular vehicle to properly evaluate CIPs. However, it 

should be noted that only the 2270P vehicle crash test needs to be repeated as it produces the 

greatest splice loading and hence the greatest chance for structural failure. Due to the fact that rail 

splices within the new bridge rail are centered only 2 ft (610 mm) away from the centerline of the 

posts, it was believed that vehicle snagging on a post and/or splice as well as maximum loading 

on a splice could be evaluated with one test of each of the two passenger vehicle types.  

Table 66. MASH 2016 Evaluation Criteria for Longitudinal Barriers 

Structural 

Adequacy 

A. Test article should contain and redirect the vehicle or bring the vehicle 

to a controlled stop; the vehicle should not penetrate, underride, or 

override the installation although controlled lateral deflection of the 

test article is acceptable. 

Occupant 

Risk 

D. Detached elements, fragments or other debris from the test article 

should not penetrate or show potential for penetrating the occupant 

compartment, or present an undue hazard to other traffic, pedestrians, 

or personnel in a work zone. Deformations of, or intrusions into, the 

occupant compartment should not exceed limits set forth in Section 

5.2.2 and Appendix E of MASH 2016. 

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

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

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

during and after collision. 

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

MASH 2016 for calculation procedure) should satisfy the following 

limits: 

 Occupant Impact Velocity Limits 

Component Preferred Maximum 

Longitudinal and Lateral 
30 ft/s 

(9.1 m/s) 

40 ft/s 

(12.2 m/s) 

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

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

satisfy the following limits: 

 Occupant Ridedown Acceleration Limits  

Component Preferred Maximum 

Longitudinal and Lateral 15.0 g’s 20.49 g’s 
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For the small car and pickup truck crash tests, computer simulations have demonstrated 

that CIPs are often controlled by the wheel snagging on a post [14]. MASH 2016 provides charts 

for determining the CIP for test nos. 4-10 and 4-11, as shown in Figures 2-8 and 2-11, respectively. 

With the new bridge railing expected to provide dynamic deflections similar to those observed 

with TL-3 approach guardrail transitions, Figures 2-14 and 2-17 were used for determining CIPs 

for test nos. 4-10 and 4-11, respectively. From those charts, the small car CIP was approximated 

to occur 3 ft (914 mm) upstream from a rail splice and 5 ft (1.5 m) upstream from a post. From 

those charts, the pickup truck CIP was approximated to occur 5 ft (1.5 m) upstream from a rail 

splice and 7 ft (2.1 m) upstream from a post. For the SUT crash test, a CIP location should be 

chosen to maximize loading into railing components, such as rail splices. According to MASH 

2016 Table 2-8, the CIP for a post-and-beam bridge rail impacted by a SUT should be 5 ft (1.5 m) 

upstream from a rail splice tube location, or 7 ft (2.1 m) upstream from a post. 
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10 TEST CONDITIONS 

10.1 Test Facility 

MwRSF’s Outdoor Test Site is located at the Lincoln Air Park on the northwest side of the 

Lincoln Municipal Airport, which is approximately 5 miles (8.0 km) northwest of the University 

of Nebraska-Lincoln. 

10.2 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’s impact speed. 

A vehicle guidance system developed by Hinch [54] was used to steer the test vehicle. A 

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

impact with the barrier system. The ⅜-in. (10-mm) diameter guide cable was tensioned to 

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

by hinged stanchions. The hinged stanchions stood upright while holding up the guide cable. As 

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

ground. 

10.3 Test Vehicles 

For test no. STBR-1, a 2007 Freightliner M2 106 SUT was used as the test vehicle. The 

curb, test inertial, and gross static vehicle weights were 13,725 lb (6,226 kg), 22,124 lb (10,035 

kg), and 22,277 lb (10,105 kg), respectively. The test vehicle is shown in Figures 106 and 107, and 

vehicle dimensions are shown in Figure 108. 

For test no. STBR-2, a 2011 Dodge Ram 1500 pickup truck was used as the test vehicle. 

The curb, test inertial, and gross static vehicle weights were 4,938 lb (2,240 kg), 4,492 lb (2,264 

kg), and 5,157 lb (2,339 kg), respectively. The test vehicle is shown in Figures 109 and 110, and 

vehicle dimensions are shown in Figure 111. MASH 2016 requires test vehicles used in crash 

testing to be no more than six model years old. It should be noted that the test vehicle used was 

within 6 years of the research project contract date, which was 2017. 

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

test inertial, and gross static vehicle weights were 2,456 lb (1,114 kg), 2,408 lb (1,092 kg), and 

2,569 lb (1,165 kg), respectively. The test vehicle is shown in Figures 112 and 113, and vehicle 

dimensions are shown in Figure 114. MASH 2016 requires test vehicles used in crash testing to be 

no more than six model years old. A 2009 model was used for this test because the vehicle 

geometry of newer models did not comply with recommended vehicle dimension ranges specified 

in Table 4.1 of MASH 2016. The use of older test vehicles due to recent small car vehicle 

properties falling outside of MASH 2016 recommendations was allowed by FHWA and AASHTO 

in MASH implementation guidance dated May of 2018 [55]. 
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For test no. STBR-4, a 2007 Freightliner M2 106 SUT F was used as the test vehicle. The 

curb, test inertial, and gross static vehicle weights were 13,884 lb (6,298 kg), 22,152 lb (10,048 

kg), and 22,314 lb (10,121 kg), respectively. The test vehicle is shown in Figures 115 and 116, and 

vehicle dimensions are shown in Figure 117. 

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

measured axle weights for all three vehicle types. The Elevated Axle Method [56] was used to 

determine the vertical component of the c.g. for each of the 10000S vehicles. This method 

converted measured wheel weights at different elevations to the location of the vertical component 

of the c.g. The Suspension Method [57] was used to determine the vertical component of the c.g. 

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

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

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

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

vertical component of the c.g. for the 1100C vehicle was determined utilizing a procedure 

published by SAE [58]. The location of the final c.g. for test no. STBR-1 is shown in Figures 108 

and 118. The location of the final c.g. for test no. STBR-2 is shown in Figures 111 and 119. The 

location of the final c.g. for test no. STBR-3 is shown in Figures 114 and 120. The location of the 

final c.g. for test no. STBR-4 is shown in Figures 117 and 121. Data used to calculate the locations 

of the c.g. are shown in Appendix E. 

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 

118 through 121. Round, checkered targets were placed at the c.g. on the left-side door, the right-

side door, and the roof of the vehicle. 

The front wheels of the test vehicles were aligned to vehicle standards, except the toe-in 

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

flash bulb was mounted on the vehicle’s left-side dash for all four tests and was fired by a pressure 

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

impact with the test article to create a visual indicator of the precise time of impact on the high-

speed digital videos. A remote-controlled brake system was installed in the test vehicles so the 

vehicles could be brought safely to a stop after each test. 

For test no. STBR-1, the left and right frame rails were set up symmetrically. A total of 

four shear plates were attached to the frame to provide for extra support. The front shear plates 

measured 4 in. x 17 in. x ⅜ in. (102 mm x 432 mm x 10 mm) mounted at a 50-degree angle away 

from horizontal axis on the right side and at a 60-degree angle on the left side with the top ahead 

of the bottom. The back shear plates were installed approximately 39 in. (991 mm) from the rear 

end of the frame, as shown in Figure 122. The front shear plates were connected with one ⅝-in. 

(16-mm) diameter bolt through the van body subframe, and two ⅝-in. (16-mm) diameter bolts 

passed through the truck frame. The rear shear plates were measured 6 in. x 14 in. x ⅜ in. (152 

mm x 356 mm x 10 mm) and were mounted in a vertical position. The rear shear plates were 

connected with one ⅝-in. (16-mm) diameter bolt passed through the van body subframe, and three 

⅝-in. (16-mm) diameter bolts passed through the truck frame. The subframe was welded to the flat 

edge sections of the shear plate and not in the corners. The truck frame was not welded. Eight U-

bolts were installed between the box and the frame rail to provide additional strength. These bolts 

were ⅝-in. (16-mm) diameter with 6-in. x 1½-in. x ½-in. (152-mm x 38-mm x 13-mm) steel caps.  
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Figure 106. Test Vehicle, Test No. STBR-1
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Figure 107. Test Vehicle’s Undercarriage, Test No. STBR-1
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Figure 108. Vehicle Dimensions, Test No. STBR-1 
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Figure 109. Test Vehicle, Test No. STBR-2
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Figure 110. Test Vehicle’s Interior Floorboards and Undercarriage, Test No. STBR-2
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Figure 111. Vehicle Dimensions, Test No. STBR-2 
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Figure 112. Test Vehicle, Test No. STBR-3
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Figure 113. Test Vehicle’s Interior Floorboards and Undercarriage, Test No. STBR-3
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Figure 114. Vehicle Dimensions, Test No. STBR-3 
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Figure 115. Test Vehicle, Test No. STBR-4
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Figure 116. Test Vehicle’s Interior Floorboards and Undercarriage, Test No. STBR-4
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Figure 117. Vehicle Dimensions, Test No. STBR-4
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Figure 118. Target Geometry, Test No. STBR-1 
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Figure 119. Target Geometry, Test No. STBR-2 
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Figure 120. Target Geometry, Test No. STBR-3



July 20, 2020  
MwRSF Report No. TRP-03-410-20 

177 

 

Figure 121. Target Geometry, Test No. STBR-4 
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Left-Rear Shear Plate and U-Bolt 

 

Left-Front Shear Plate 

Figure 122. Shear Plate and U-Bolt Installation, Test No. STBR-1 
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In test no. STBR-1, approximately 8,525 lb (3,867 kg) of ballast was added to the van body, 

as can be seen in Figure 123. One safety shape concrete barrier and four steel plates were attached 

to the van floor. The 4,868-lb (2,208-kg) concrete barrier was attached through the floor and to the 

subframe with six 1¼-in. (32-mm) diameter threaded rods. Four rectangular, steel plates weighing 

203 lb (92 kg) were attached with two 1¼-in. (32-mm) diameter threaded rods, and two circular, 

steel plates weighing 45-lb (20-kg), were each attached with one 1¼-in. (32-mm) diameter 

threaded rod through the center of the plates. Foam blocks were used to stabilize the concrete 

barrier during impact. Nylon straps attached to the side walls of the truck bed box were connected 

to the front and back faces of the concrete barrier to prevent translation or rotation during impact. 

For test no. STBR-4, the left and right frame rails were set up symmetrically. A total of 

four shear plates were attached to the frame to provide for extra support. The front shear plates 

measured 4 in. x 14 in. x ⅜ in. (102 mm x 356 mm x 10 mm) mounted at a 50-degree angle away 

from horizontal axis on the right side and at a 60-degree angle on the left side with the top ahead 

of the bottom. The back shear plates were installed approximately 31 in. (787 mm) from the rear 

end of the frame, as shown in Figure 124. The front shear plates were connected with one ⅝-in. 

(16-mm) diameter bolt through the van body subframe, and two ⅝-in. (16-mm) diameter bolts 

passed through the truck frame. The rear shear plates were measured 6 in. x 13¼ in. x ⅜ in. (152 

mm x 337 mm x 10 mm) and were mounted in a vertical position. The rear shear plates were 

connected with one ⅝-in. (16-mm) diameter bolt through the van body subframe, and three ⅝-in. 

(16-mm) diameter bolts passed through the truck frame. The subframe was welded to the flat edge 

sections of the shear plate except for in the corners. The truck frame was not welded. Eight U-bolts 

were installed between the box and the frame rail to provide additional strength. These bolts were 

⅝-in. (16-mm) diameter with 6-in. x 1½-in. x ½-in. (152-mm x 38-mm x 13-mm) steel caps.  

In test no. STBR-4, approximately 8,483 lb (3,848 kg) of ballast was added to the van body, 

as can be seen in Figure 125. One safety shape concrete barrier, two concrete blocks, and one 

concrete rail were attached to the van floor. The 4,979-lb (2,258-kg) concrete barrier was attached 

through the floor and to the subframe with six 1¼-in. (32-mm) diameter threaded rods. The two 

concrete blocks, each weighing 645 lb (293 kg), were attached with two 1¼-in. (32-mm) diameter 

threaded rods. The 1,224 lb (555 kg) concrete rail was attached using five 1¼-in. (32-mm) diameter 

threaded rods. Four rectangular, steel plates, each weighing 203 lb (92 kg), were attached with two 

1¼-in. (32-mm) diameter threaded rods, and two circular, steel plates weighing 45-lb (20-kg), were 

each attached with one 1¼-in. (32-mm) diameter threaded rod through the center of the plates. One 

rectangular and one circular steel plate were placed on each concrete block, and the other two 

rectangular steel plates were placed on the concrete rail. Foam blocks were used to stabilize the 

concrete barrier during impact. Nylon straps attached to the side walls of the truck bed box were 

connected to the front and back faces of the concrete barrier to prevent translation or rotation 

during impact. 
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Figure 123. Nylon Straps and Ballast Installation, Test No. STBR-1 
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Left-Rear Shear Plate and U-Bolt 

 

Left-Front Shear Plate 

Figure 124. Shear Plate and U-Bolt Installation, Test No. STBR-4 
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Figure 125. Nylon Straps and Ballast Installation, Test No. STBR-4 
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10.4 Simulated Occupant 

For test nos. STBR-1 through STBR-4, a Hybrid II 50th-Percentile, Adult Male Dummy 

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

fastened. The simulated occupant had a final weight of 153 lb, 165 lb, 161 lb, and 162 lb (69.4, 

74.8, 73.0 kg, and 73.5 kg) for test nos. STBR-1 through STBR-4, respectively. As recommended 

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

10.5 Data Acquisition Systems 

10.5.1 Accelerometers 

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

accelerations in the longitudinal, lateral, and vertical directions for test nos. STBR-2 and STBR-3. 

An additional environmental shock and vibration sensor/recorder system was used for test nos. 

STBR-1 and STBR-4, which was mounted inside the cab of each SUT. The four tests had 

accelerometers systems mounted near the c.g. of the test vehicles. The electronic accelerometer 

data obtained in dynamic testing was filtered using the SAE Class 60 and the SAE Class 180 

Butterworth filter conforming to the SAE J211/1 specifications [59].  

The two accelerometer systems used in all four tests, the SLICE-1 and SLICE-2 units, were 

modular data acquisition systems manufactured by Diversified Technical Systems, Inc. (DTS) of 

Seal Beach, California. The SLICE-1 unit was designated as the primary system for test nos. 

STBR-1, STBR-3, and STBR-4, while the SLICE-2 unit served as the primary system for test no. 

STBR-2. The acceleration sensors were mounted inside the bodies of custom-built, SLICE 6DX 

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

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

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

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

accelerometer data.  

The additional system used in test nos. STBR-1 and STBR-4 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. 

10.5.2 Rate Transducers 

Two identical angular rate sensor systems which were mounted inside the bodies of the 

SLICE-1 and SLICE-2 event data recorders were used to measure the rates of rotation of each test 
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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 third angular rate sensor, the 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. 

10.5.3 Retroreflective Optic Speed Trap 

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

before impact. Five retroreflective targets, spaced at approximately 18-in. (457-mm) 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. 

10.5.4 Digital Photography 

Five AOS high-speed digital video cameras, ten GoPro digital video cameras, and four 

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

video cameras, ten GoPro digital video cameras, and four Panasonic digital video cameras were 

utilized to film test no. STBR-2. Six AOS high-speed digital video cameras, six GoPro digital 

video cameras, and four Panasonic digital video cameras were utilized to film test no. STBR-3. 

Six AOS high-speed digital video cameras, ten GoPro digital video cameras, and four Panasonic 

digital video cameras were utilized to film test no. STBR-4. Camera details, camera operating 

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

in Figures 126, 127, 128, and 129, respectively. 

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

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

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

test conditions for all tests. 
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No. Type 
Operating Speed 

(frames/sec) 
Lens Lens Setting 

AOS-1 AOS Vitcam CTM 500 Kowa 16 mm Fixed  

AOS-5 AOS X-PRI 500 100 mm Fixed  

AOS-6 AOS X-PRI 500 Fujinon 75 mm Fixed  

AOS-7 AOS X-PRI 500 Fujinon 50 mm Fixed  

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

GP-7 GoPro Hero 4 120   

GP-8 GoPro Hero 4 120   

GP-9 GoPro Hero 4 120   

GP-10 GoPro Hero 4 120   

GP-11 GoPro Hero 4 240   

GP-16 GoPro Hero 4 240   

GP-17 GoPro Hero 4 120   

GP-18 GoPro Hero 6 240   

GP-20 GoPro Hero 6 240   

GP-21 GoPro Hero 6 120   

PAN-1 Panasonic HC-V770 120   

PAN-2 Panasonic HC-V770 120   

PAN-3 Panasonic HC-V770 120   

PAN-4 Panasonic HC-V770 120   

Figure 126. Camera Locations, Speeds, and Lens Settings, Test No. STBR-1 
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No. Type 
Operating Speed 

(frames/sec) 
Lens Lens Setting 

AOS-1 AOS Vitcam 500 Kowa 25 mm  

AOS-5 AOS X-PRI 500 100 mm  

AOS-6 AOS X-PRI 500 Fujinon 50 mm  

AOS-7 AOS X-PRI 500 Fujinon 75 mm  

AOS-8 AOS S-VIT 500 Kowa 16 mm  

AOS-9 AOS TRI-VIT 500 Kowa 12 mm  

GP-7 GoPro Hero 4 120   

GP-8 GoPro Hero 4 120   

GP-9 GoPro Hero 4 120   

GP-10 GoPro Hero 4 120   

GP-11 GoPro Hero 4 240   

GP-17 GoPro Hero 4 240   

GP-18 GoPro Hero 6 240   

GP-19 GoPro Hero 6 240   

GP-20 GoPro Hero 6 240   

GP-21 GoPro Hero 6 240   

PAN-1 Panasonic HC-V770 120   

PAN-2 Panasonic HC-V770 120   

PAN-3 Panasonic HC-V770 120   

PAN-4 Panasonic HC-V770 120   

Figure 127. Camera Locations, Speeds, and Lens Settings, Test No. STBR-2 
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No. Type 
Operating Speed 

(frames/sec) 
Lens Lens Setting 

AOS-1 AOS Vitcam CTM 500 Kowa 25 mm  

AOS-5 AOS X-PRI Gigabit 500 100 mm  

AOS-6 AOS X-PRI Gigabit 500 Fujinon 75 mm  

AOS-7 AOS X-PRI Gigabit 500 Fujinon 50 mm  

AOS-8 AOS S-VIT 500 Kowa 16 mm  

AOS-9 AOS TRI-VIT 500 Kowa 12 mm  

GP-10 GoPro Hero 4 120   

GP-11 GoPro Hero 4 240   

GP-17 GoPro Hero 4 240   

GP-19 GoPro Hero 6 240   

GP-20 GoPro Hero 6 240   

GP-21 GoPro Hero 6 120   

PAN-1 Panasonic HC-V770 120   

PAN-2 Panasonic HC-V770 120   

PAN-3 Panasonic HC-V770 120   

PAN-4 Panasonic HC-V770 120   

Figure 128. Camera Locations, Speeds, and Lens Settings, Test No. STBR-3
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No. Type 
Operating Speed 

(frames/sec) 
Lens Lens Setting 

AOS-1 AOS Vitcam CTM 500 Kowa 25 mm  

AOS-5 AOS X-PRI Gigabit 500 100 mm  

AOS-6 AOS X-PRI Gigabit 500 Fujinon 35 mm  

AOS-7 AOS X-PRI Gigabit 500 Fujinon 50 mm  

AOS-8 AOS S-VIT 500 Kowa 16 mm  

AOS-9 AOS TRI-VIT 500 Kowa 12 mm  

GP-8 GoPro Hero 4 120   

GP-9 GoPro Hero 4 120   

GP-10 GoPro Hero 4 120   

GP-11 GoPro Hero 4 240   

GP-16 GoPro Hero 6 240   

GP-17 GoPro Hero 6 240   

GP-18 GoPro Hero 6 240   

GP-19 GoPro Hero 6 240   

GP-20 GoPro Hero 6 240   

GP-21 GoPro Hero 6 240   

PAN-1 Panasonic HC-V770 120   

PAN-2 Panasonic HC-V770 120   

PAN-3 Panasonic HC-V770 120   

PAN-4 Panasonic HC-V770 120   

Figure 129. Camera Locations, Speeds, and Lens Settings, Test No. STBR-4
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11 CONSTRUCTION DETAILS - TEST NO. STBR-1 

The test installation for the bridge rail system consisted of steel rails, posts assemblies, 

post-to-rail and rail-to-rail connections, as well as a surrogate concrete bridge deck, as shown in 

Figures 130 through 154. The total length of the bridge rail was 159 ft – 11¼ in. long (48.7 m). 

Photographs of the test installation are shown in Figures 155 through 159. Material specifications, 

mill certifications, and certificates of conformity for the system materials are shown in Appendix 

D. 

The system was constructed with twenty galvanized ASTM A992, W6x15 (W150x22.5) 

steel post assemblies spaced on 96-in. (2,438-mm) centers. Post assembly nos. 1 through 13 were 

side-mounted to the vertical side edge of the surrogate, reinforced-concrete bridge deck. For the 

construction of the surrogate concrete bridge deck, the threaded rod and coupling nuts were held 

in place to the embedded vertical plates by placing bolts through the formwork, rather than utilizing 

the option of welding the coupling nuts to the embedded vertical plates, as shown in Figure 150. 

Post assembly nos. 14 through 20 were surface-mounted to the top of existing concrete tarmac, 

which provided the necessary system length for vehicle redirection and were used for testing-

purposes only. 

Post assembly nos. 1 through 13 were 58⅞ in. (1,495 mm) long. An ASTM A572 Grade 

50 steel plate PL 8-in. x 8-in. x ⅜-in. (PL 203-mm x 203-mm x 10-mm) was attached to the top of 

each post assembly with all-around 3/16-in. (4.8-mm) fillet welds. Similarly, an ASTM A572 Grade 

50 steel, vertical plate PL 13-in. x 17¾-in. x 1-in. (PL 330-mm x 451-mm x 25-mm) was attached 

to bottom of the front flange of each post with all-around ¼-in. (6.4-mm) fillet welds. Four gusset 

plates, fabricated with ASTM A572 Grade 50 steel plate, measuring PL 6⅛ -in. x 511/16-in. x ¼-

in. (PL 156-mm x 144-mm x 6-mm), were welded to the top and bottom of the vertical plates, 

inner faces of post flanges, and web with all-around ¼-in. (6.4-mm) fillet welds. Post assembly 

nos. 1 through 13 were bolted to the tension and compression sides of the vertical plates with 

ASTM A500 Grade 50 horizontal spacer tubes, which were specified as HSS 5-in. x 4-in. x ½-in. 

(HSS 127-mm x 102-mm x 13-mm) sections.  

Post assembly nos. 1 through 13 were bolted to the horizontal spacer tubes using ASTM 

F3125 Grade A325 1-in. (25.4-mm) diameter by 3½-in. (88.9-mm) long, heavy hex-head bolts 

with ¼-in. (6.4-mm) thick, ASTM A36 steel square washers and 1-in. (25.4-mm) diameter ASTM 

A563DH heavy hex nuts. The deck anchorage in the tension region consisted of two 1-in. (25.4-

mm) diameter by 32¾-in. (832-mm) long, ASTM F1554 Grade 105 all-thread anchor rods with 

ASTM A563DH heavy hex coupling nuts, and ASTM A563DH heavy hex nuts. The deck 

anchorage in the compression region consisted of two 1-in. (25.4-mm) diameter by 1½-in. (38.1-

mm) long, ASTM A449 anchor bolts with ¼-in. (6.4-mm) thick, 3-in. (76-mm) ASTM A36 steel 

square washers, and ASTM A563DH heavy hex coupling nuts. A 3/16-in. (4.8-mm) thick, vertical 

embedment plate was used at every post location.  

Post assembly nos. 14 through 20 were 32 in. (813 mm) long. Post assembly nos. 14 

through 20 consisted of three parts – a base plate, a top plate, and a vertical post. The top plate 

consisted of an ASTM A572 Grade 50 steel plate measuring PL 8-in. x 8-in. x ⅜-in. (PL 203-mm 

x 203-mm x 10-mm) with all-around 3/16-in. (4.8-mm) fillet welds. Similarly, the bottom plate 

consisted of an ASTM A572 Grade 50 steel plate measuring PL 12-in. x 12-in. x ¾-in. (PL 305-

mm x 305-mm x 19-mm) with all-around 3/16-in. (4.8-mm) fillet welds. Finally, the post was 
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fabricated with ASTM A992 W6x15 (W150x22.5) sections measuring 30⅞ in. (784 mm) long. 

The post assembly nos. 14 through 20 were anchored to the existing tarmac with four ¾-in. (19.1-

mm) diameter by 12-in. (305-mm) long ASTM F1554 Grade 36 all-thread anchor rods with ¼-in. 

(6.4-mm) thick, ASTM A36 steel square washers, and ASTM A563DH heavy hex nuts.  

The three rail elements consisted on an ASTM A500 Grade C HSS 12-in. x 4-in. x ¼-in. 

(HSS 304.8-mm x 101.6-mm x 6.4-mm) section for the top rail and ASTM A500 Grade C HSS 8-

in. x 6-in. x ¼-in. (HSS 203.2-mm x 152.4-mm x 6.4-mm) section for the lower two rails. Rail-to-

rail connections were located 2 ft (610 mm) downstream from every other post location. The top 

rails were attached to the post assemblies with four ¾-in. (19-mm) diameter by 6-in. (152-mm) 

long, ASTM A449 round-head bolts with ASTM F436 flat washers and ASTM A563DH heavy 

hex nuts. The middle and bottom rails were attached to the front flanges of the posts with two 

staggered ¾-in. (19-mm) diameter by 7½-in. (191-mm) long ASTM A449 round-head bolts with 

ASTM F436 flat washers and ASTM A563DH heavy hex nuts. 

The splice tube for the top rails consisted of two horizontal PL 30-in. x 10⅝-in. x 5/16-in. 

(PL 762-mm x 270-mm 8-mm) and two vertical PL 30-in. x 2⅝-in. x ⅜-in. (PL 762-mm x 67-mm 

x 10-mm) attached with ¼-in. (6.4-mm) fillet welds. The splice tubes for the middle and bottom 

rails consisted on two vertical PL 30-in. x 6⅝-in. x ⅜-in. (PL 762-mm x 168-mm 10-mm) and two 

horizontal PL 30-in. x 4⅝-in. x 5/16-in. (PL 762-mm x 117-mm x 8-mm) attached with ¼-in. (6.4-

mm) fillet welds. The top splice tubes were attached to the top rail end sections with four ¾-in. 

(19-mm) diameter by 6-in. (152-mm) long, ASTM A449 round-head bolts with ASTM F436 flat 

washers and ASTM A563DH heavy hex nuts. The middle and bottom splice tubes were attached 

to the rail end sections with two ¾-in. (19-mm) diameter by 9½-in. (241-mm) long, ASTM A449 

hex-head bolts with ASTM F436 flat washers and ASTM A563DH heavy hex nuts. 

After test no. STBR-1, post nos. 5, 6, 7, and 8, the nearest two railing elements for each of 

the three rails, and the three splice tube location connecting these rails were replaced for test no. 

STBR-2. 
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Figure 130. System Layout and Impact Location, Test No. STBR-1 
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Figure 131. Rail and Post Attachment Section Detail, Test No. STBR-1 
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Figure 132. Splice Section Detail, Test No. STBR-1 
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Figure 133. Top-Mounted Post Section, Test No. STBR-1 
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Figure 134. Lateral Reinforcement Detail, Test No. STBR-1 
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Figure 135. Backside Section View, Test No. STBR-1 
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Figure 136. Splice Tube Section Details, Test No. STBR-1 
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Figure 137. Welded Post Assembly Details, Test No. STBR-1 
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Figure 138. Post Components, Test No. STBR-1 



 

 

2
0
0
 

Ju
ly

 2
0

, 2
0

2
0

  

M
w

R
S

F
 R

ep
o

rt N
o
. T

R
P

-0
3

-4
1
0
-2

0
 

 

Figure 139. Post Components, Test No. STBR-1 
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Figure 140. Top-Mounted Welded Post Assembly, Test No. STBR-1 
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Figure 141. Top-Mounted Post Components, Test No. STBR-1 
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Figure 142. Upper Splice Tube Assembly, Test No. STBR-1 
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Figure 143. Upper Splice Tube Components, Test No. STBR-1 
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Figure 144. Middle/Lower Splice Tube Assembly, Test No. STBR-1 
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Figure 145. Middle/Lower Splice Tube Components, Test No. STBR-1 
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Figure 146. Rail Components, Test No. STBR-1 
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Figure 147. Test Slab Assembly Details, Test No. STBR-1 
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Figure 148. Test Slab Assembly Details, Test No. STBR-1 
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Figure 149. Reinforcement Details, Test No. STBR-1 
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Figure 150. Concrete Connector Plate Assembly Details, Test No. STBR-1 
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Figure 151. Test Slab Components, Test No. STBR-1 



 

 

2
1
3
 

Ju
ly

 2
0

, 2
0

2
0

  

M
w

R
S

F
 R

ep
o

rt N
o
. T

R
P

-0
3

-4
1
0
-2

0
 

 

Figure 152. Hardware, Test No. STBR-1 
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Figure 153. Bill of Materials, Test No. STBR-1 
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Figure 154. Bill of Materials, Test No. STBR-1
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Figure 155. Test Installation Photographs, Test No. STBR-1 
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Figure 156. Test Installation Photographs, Side-Mounted and Top-Mounted Posts, Test No. 

STBR-1 
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Figure 157. Bridge Railing End Views, Test No. STBR-1 
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Figure 158. Side-Mounted Post-to-Deck Connections, Test No. STBR-1 
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Figure 159. Splice Tubes, Test No. STBR-1 
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12 FULL-SCALE CRASH TEST NO. STBR-1 

12.1 Weather Conditions 

Test no. STBR-1 was conducted on February 8, 2019 at approximately 2:15 p.m. The 

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

14939/LNK) were reported and are shown in Table 67. 

Table 67. Weather Conditions, Test No. STBR-1 

 

Temperature 18° F 

Humidity 41% 

Wind Speed 4 mph 

Wind Direction 90° from True North 

Sky Conditions Sunny  

Visibility 10 Statute Miles 

Pavement Surface Dry  

Previous 3-Day Precipitation  2.26 in. 

Previous 7-Day Precipitation  2.26 in. 

 

12.2 Test Description 

Initial vehicle impact was to occur 60 in. (1.5 m) upstream from the splice between post 

nos. 6 and 7, as shown in Figure 160, which was selected as discussed in Chapter 9. In test no. 

STBR-1, the 22,277-lb (10,105-kg) SUT impacted the bridge rail at a speed of 53.6 mph (86.2 

km/h) and at an angle of 14.5 degrees with an impact severity of 133.2 kip-ft (180.6 KJ), which 

was below the lower allowable limit of 142.0 kip-ft (192.5 KJ) provided in MASH 2016. Thus, 

test no. STBR-1 was determined to be an invalid test according to the required MASH 2016 impact 

severity for test designation no. 4-12. The actual point of impact was 50.5 in. (1,283 mm) upstream 

from the splice between post nos. 6 and 7. The vehicle came to rest 290 ft – 9 in. (88.6 m) 

downstream from the original impact point and laterally 41 ft – 7 in. (12.7 m) in front of the bridge 

rail.  

The crash testing parameters are summarized in Table 68. A detailed description of the 

sequential impact events is contained in Table 69. Sequential photographs are shown in Figures 

161 and 162. Documentary photographs of the crash test are shown in Figure 163. The vehicle 

trajectory and final position are shown in Figure 164.  
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Figure 160. Impact Location, Test No. STBR-1
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Table 68. Actual, Lower-Bound, and Target Crash Test Parameters, Test No. STBR-1 

Test Parameter Actual Lower-Bound Target 

Speed 53.6 mph 53.5 mph 56.0 mph 

Angle 14.5 deg. 13.5 deg. 15.0 deg. 

Impact Severity 133.2 kip-ft 142.0 kip-ft 154.4 kip-ft 

 

Table 69. Sequential Description of Impact Events, Test No. STBR-1 

Time 

(sec): 
Event Description 

0.000 Vehicle's left-front bumper contacted rail between post nos. 6 and 7. 

0.002 Vehicle's left-front bumper deformed. 

0.006 Vehicle's left-front tire contacted rail. 

0.008 Vehicle's left fender contacted rail. 

0.010 Post no. 6 deflected backward. Vehicle's left fender deformed. 

0.014 Post no. 7 deflected backward. 

0.018 Post no. 8 deflected backward. 

0.020 Vehicle pitched upward. 

0.022 
Post no. 6 bent backward. Vehicle yawed away from system. Vehicle's left-front tire became 

airborne. 

0.026 Vehicle rolled toward system. 

0.032 Post no. 7 bent backward. Post no. 9 deflected forward. 

0.036 Vehicle's fuel tank deformed. 

0.120 Vehicle's right-front tire became airborne. 

0.162 Post no. 9 deflected backward. 

0.250 Vehicle's right-rear tire became airborne. 

0.292 Vehicle's left-rear cargo box corner contacted rail. 

0.294 Vehicle was parallel to system at a speed of 47.3 mph (76.1 km/h). 

0.304 Vehicle pitched downward. 

0.314 Vehicle's left-rear wheel contacted rail. 

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

0.514 Vehicle's left-rear tire became airborne. 

0.772 Vehicle rolled away from system. 

0.798 Vehicle pitched upward. 

0.892 Vehicle's left-rear bumper contacted rail. 

0.904 Vehicle's left-rear bumper deformed. 

1.056 Post no. 12 deflected backward. 

1.060 Post no. 13 deflected backward. 

1.082 Post no. 12 deflected forward. Post no. 13 deflected forward. 

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

1.176 Vehicle's left cargo box side contacted rail. 

1.250 Vehicle pitched downward. 

1.326 Vehicle exited system at a speed of 42.4 mph (68.3 km/h). 

1.336 Vehicle pitched upward. 

1.368 Vehicle came to rest. 

1.434 Vehicle's right-front tire regained contact with ground. 

1.798 Vehicle's right-rear tire regained contact with ground. 

1.852 Vehicle rolled toward system. 

1.962 Vehicle yawed toward system. 

2.242 Vehicle rolled away from system. 

2.260 Vehicle pitched downward. Vehicle pitched upward. 
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Figure 161. Sequential Photographs, Test No.  STBR-1
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Figure 162. Additional Sequential Photographs, Test No. STBR-1
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Figure 163. Documentary Photographs, Test No. STBR-1
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Figure 164. Vehicle Final Position and Trajectory Marks, Test No. STBR-1 
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12.3 System Damage 

Damage to the bridge rail was minimal, as shown in Figures 165 through 172. Note that 

shrinkage cracks were observed in the surrogate slab prior to the test and denoted with a black 

marker. System damage consisted of contact marks, scrapes, gouges, and dents on the rails, a 

plastic hinge at post no. 7 for a two-span collapse, and minimal concrete spalling near the post-to-

deck connection of post nos. 7 and 8. The length of vehicle contact along the barrier was 

approximately 71 ft – 2 in. (21.7 m), which spanned from 11½ in. (292 mm) upstream from the 

centerline of post no. 6 to 21½ in. (546 mm) upstream from the centerline of post no. 15. 

A plastic hinge was found 5 in. (127 mm) above the location of the tension anchor rods for 

post no. 7. Rail gouging extended 15 in. (381 mm) downstream starting from the impact point 

along the front face of the middle rail. Gouging was also found along the front face of the bottom 

rail, extending 7 in. (178 mm) downstream from the impact point. Denting was found in the front 

face of the middle rail located 29½ in. (749 mm) upstream from the splice tube between posts nos. 

6 and 7. Tire marks were visible on the front faces of all three rails starting at 51½ in. (1,308 mm) 

upstream from the splice tube between post nos. 6 and 7 and extending 10½ in. (267 mm) 

downstream from the splice tube between post nos. 8 and 9. Scuff marks were found on the top-

front corner of the top rail, extending from the splice tube between post nos. 6 and 7 to 17 in. (431 

mm) downstream from post no. 7. 
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Figure 165. System Damage, Test No. STBR-1
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Figure 166. Damage to Rail Span Between Posts Nos. 6 and 7, Test No. STBR-1 
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Figure 167. Damage to Rail Span Between Posts Nos. 7 and 8, Test No. STBR-1 
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Figure 168. Damage to Rail Span Between Posts Nos. 8 and 9, Test No. STBR-1
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Figure 169. Post No. 7 Damage, Test No. STBR-1 
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Figure 170. Post No. 8 Damage, Test No. STBR-1 
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Figure 171. Concrete Damage at Post No. 7, Test No. STBR-1 
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Figure 172. Concrete Damage at Post No. 8, Test No. STBR-1 
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Scuff marks were also found on the upper front edge of the top rail starting at 11½ in. (292 

mm) upstream from post no. 6 and extending to 15 in. (381 mm) downstream from post no. 6. 

Minimal denting was observed on the front flange of the middle rail bolt locations.  

 Minimal concrete spalling, measuring ¼ in. (6.4 mm) deep by 3¼ in. (79 mm) long by 1⅜ 

in. (35 mm) tall, was found in the surrogate slab on the top right corner of the embedded plate of 

post no. 7. Concrete spalling, measuring ¼ in. (6.4 mm) deep by 8¼ in. (210 mm) long by 3½ in. 

(89 mm) tall, was found at the top right corner of the embedded plate for post no. 8.  

The maximum lateral permanent set of the barrier system was measured to be 2.7 in. (69 

mm). The maximum lateral dynamic barrier deflection was 4.3 in. (109 mm) at the top rail between 

post nos. 6 and 7, as determined from high-speed digital video analysis. The working width of the 

system was found to be 69.2 in. (1,757 mm), also determined from high-speed digital video 

analysis. A schematic of the permanent set deflection, dynamic deflection, and working width is 

shown in Figure 173. 

 

Figure 173. Permanent Set Deflection, Dynamic Deflection, and Working Width, Test No. 

STBR-1
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12.4 Vehicle Damage 

The damage to the vehicle was minimal, as shown in Figures 174 through 179. The 

maximum occupant compartment intrusions are listed in Table 70 along with the intrusion limits 

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

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

no observed penetration. Note that none of the established MASH 2016 deformation limits were 

violated. The entire B-pillar (lateral), side front panel, side door (above and below seat), and roof 

deformed slightly outward. Outward deformations are not considered crush toward the occupant, 

are denoted as negative numbers in Table 70, and are not evaluated by MASH 2016 criteria. 

Complete occupant compartment and vehicle deformations and the corresponding locations are 

provided in Appendix F.  

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

impact occurred. The left side of the front bumper was dented inward and backward for 8¼ in. 

(210 mm). The left-front fender was detached from the vehicle. The gas tank located at the left 

side of the vehicle was dented 1 in. (25 mm). The left-side shock was dented, the bump stop 

bushing was disengaged, and the leaf spring mounting bracket was broken. The right-side leaf 

spring band was bent. The steering control arm was sheared off and disengaged from the steering 

gear box. The crossover link was broken and disengaged from the left-side steering knuckle. The 

oil pan of the drivetrain was cracked. The box sheer plates of the chassis were bent. The left-side 

floor pan was dented into the cab. Images of the damage done to the vehicle can be seen in Figures 

174 through 179.
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Figure 174. Vehicle Damage, Front and Rear Views, Test No. STBR-1 
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Figure 175. Vehicle Damage, Right and Left Views, Test No. STBR-1 
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Figure 176. Vehicle Damage, Right Corner Views, Test No. STBR-1 
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Figure 177. Vehicle Damage, Left Corner Views, Test No. STBR-1
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Figure 178. Vehicle Damage, Floor Pan and Undercarriage, Test No. STBR-1 
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Right Front 

 
Left Front 

Figure 179. Vehicle Damage, Left-Front and Shear Plate Damage Views, Test No. STBR-1
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Table 70. Maximum Occupant Compartment Intrusions by Location, Test No. STBR-1 

LOCATION 

MAXIMUM 

INTRUSION 

in. (mm) 

MASH  2016 ALLOWABLE 

INTRUSION 

in. (mm) 

Wheel Well & Toe Pan 2.7 (68.6) ≤ 9  (229) 

Floor Pan & Transmission Tunnel 1.0 (25.4) ≤ 12  (305) 

A-Pillar 0.1 (0.3) ≤ 5  (127) 

A-Pillar (Lateral) 0.1 (0.3) ≤ 3  (76) 

B-Pillar 0.0 (0.0) ≤ 5  (127) 

B-Pillar (Lateral) -0.1 (-2.5) N/A2 

Side Front Panel (in Front of A-Pillar) -0.1 (-2.5) N/A2 

Side Door (Above Seat) -0.3 (-7.6) N/A2 

Side Door (Below Seat) -0.3 (-7.6) N/A2 

Roof -0.2 (5.1) N/A2 

Windshield 0.0 (0.0) ≤ 3  (76) 

Side Window Intact 
No shattering due to contact with 

structural member of test article 

Dash 0.2 (5.1) N/A1 

Note: Negative values denote outward deformation 

N/A1 – No MASH 2016 criteria exist for this location 

N/A2 – MASH 2016 criteria are not applicable when deformation is outward  

 

12.5 Occupant Risk 

Occupant risk values are not required evaluation criteria for test designation no. 4-12. 

However, the occupant risk values were calculated with the same procedure as used for the 1100C 

and 2270P vehicles in order to make comparisons. The calculated occupant impact velocities 

(OIVs) and maximum 0.010-sec average occupant ridedown accelerations (ORAs) in both the 

longitudinal and lateral directions, as determined from the accelerometer data,  are shown in Table 

71. The calculated THIV, PHD, and ASI values are also shown in Table 71. The recorded data 

from the accelerometers and the rate transducers are shown graphically in Appendix G. Note, the 

SLICE-1 unit was designated as the primary unit during this test as it was mounted closer to the 

c.g. of the vehicle. The SLICE-2 unit was mounted in the vehicle’s cab. The data from the DTS 

unit was not used in the occupant risk calculations due to the unit’s distance from the vehicle’s c.g.
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Table 71. Summary of OIV, ORA, THIV, PHD, and ASI Values, Test No. STBR-1 

Evaluation Criteria 

Transducer 
MASH 2016 

Limits SLICE-1 

(primary) 
SLICE-2 

OIV 

ft/s (m/s) 

Longitudinal -7.29 (-2.22) -5.22 (-1.59) not required 

Lateral 11.55 (3.52) 13.71 (4.18) not required 

ORA 

g’s 

Longitudinal -6.54 -4.90 not required 

Lateral 9.22 5.34 not required 

MAXIMUM 

ANGULAR 

DISPLACEMENT 

deg. 

Roll -36.7 -28.9 not required 

Pitch -7.4 -7.2 not required 

Yaw 42.0 40.2 not required 

THIV 

ft/s (m/s) 
13.83 (4.21) 14.79 (4.51) not required 

PHD 

g’s 
9.27 5.35 not required 

ASI 0.27 0.22 not required 

 

12.6 10,000S Peak Lateral Impact Force Calculation 

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

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

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

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

perpendicular impact forces were determined for the bridge rail, as shown in Figures 180 and 181. 

The maximum perpendicular (i.e., lateral) load imparted to the barrier was 96.1 kips (427 kN) and 

102.4 kips (455 kN), as determined by the SLICE-1 (primary) unit and TDAS, respectively. 

12.7 Discussion 

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

contained and redirected the 10000S vehicle with controlled lateral displacements of the barrier. 

A summary of the test results and sequential photographs are shown in Figure 182. Detached 

elements, fragments, or other debris from the test article did not penetrate or show potential for 

penetrating the occupant compartment, or present an undue hazard to other traffic, pedestrians, or 

work-zone personnel. Deformations of, or intrusions into, the occupant compartment that could 

have caused serious injury did not occur. The test vehicle did not penetrate nor ride over the barrier 

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

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

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

orientation angle of 47.5 degrees, and its trajectory did not violate the bounds of the exit box. 

Although the test results were acceptable, test no. STBR-1 was determined to not be a valid test 

according to the required MASH 2016 impact severity for test designation no. 4-12. The actual 

impact severity was 133.2 kip-ft (180.6 KJ), which was below the lower bound of impact severity 

equal to 142.0 kip-ft (192.5 KJ), as noted in MASH 2016. 



 
 

 

Ju
ly

 2
0

, 2
0

2
0

  

M
w

R
S

F
 R

ep
o

rt N
o
. T

R
P

-0
3

-4
1
0
-2

0
 

2
4
7
 

 

Figure 180. Perpendicular and Tangential Forces Imparted to the Barrier System (SLICE-1), Test No. STBR-1
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Figure 181. Perpendicular and Tangential Forces Imparted to the Barrier System (DTS), Test No. STBR-1
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• Test Agency .........................................................................................................MwRSF 

• Test Number ......................................................................................................... STBR-1 

• Date ..................................................................................................................... 2/8/2019 

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

• Test Article......................................... Steel, Side-Mounted, Beam-and-Post, Bridge Rail 

• Total Length  ............................................................................. 159 ft – 11¼ in. (48.7 m) 

• Key Component – Top Rail 

Length ...................................................................................... 191¼ in. (4,858 mm) 

Width ................................................................................................ 12 in. (305 mm) 

Depth .................................................................................................. 4 in. (102 mm) 

• Key Component - Post 

Length ......................................................................................... 58½in. (1,486 mm) 

Width .................................................................................................. 6 in. (152 mm) 

Spacing ..................................................................................................... 8 ft (2.4 m) 

• Soil Type . .................................................................................................................. N/A 

• Vehicle Make /Model ............................................................... 2007 Freightliner M2 106 

Curb ............................................................................................ 13,725 lb (6,226 kg) 
Test Inertial............................................................................... 22,124 lb (10,035 kg) 

Gross Static............................................................................... 22,277 lb (10,105 kg) 

• Impact Conditions 

Speed ....................................................................................... 53.6 mph (86.2 km/h) 

Angle ........................................................................................................... 14.5 deg. 
Impact Location ..... 50.5 in. (1.3 m) upstream from splice between post nos. 6 and 7. 

• Impact Severity 133.2 kip-ft (180.6 kJ) < 142.0 kip-ft (192.5 kJ) limit from MASH 2016 

• Exit Conditions 

Speed ........................................................................................42.4 mph (68.3 km/h) 

Angle Approximation  .............................. ~10 deg. (based on tire skid marks at exit) 

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

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

• Vehicle Stopping Distance ..................... 290 ft – 9 in. (88.6 m) downstream from impact 

 .................................................  Laterally 41 ft – 7 in. (12.7 m) in front of bridge rail  

• Vehicle Damage .................................................................................................. Minimal 

VDS [56]  ................................................................................................... 11-LFQ-4 
CDC [57] ................................................................................................ 11-LFAW-4 

Maximum Interior Deformation ........................................................ 2.7 in. (69 mm) 

 
 

 

 
 

 

 
 

 

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

• Maximum Test Article Deflections 

Permanent Set .................................................................................... 2.7 in. (69 mm) 

Dynamic ........................................................................................... 4.3 in. (109 mm) 

Working Width............................................................................ 69.2 in. (1,758 mm) 

• Transducer Data 

Evaluation Criteria 

Transducer 

MASH 2016 Limit SLICE-1 

(primary) 
SLICE-2 

OIV 

ft/s  

(m/s) 

Longitudinal -7.29 (-2.22) -5.22 (-1.59) Not required 

Lateral 11.55 (3.52) 13.71 (4.18) Not required 

ORA 

g’s 

Longitudinal -6.54 -4.90 Not required 

Lateral 9.22 5.34 Not required 

MAX 

ANGULAR 
DISP. 

deg. 

Roll -36.7 -28.9 Not required 

Pitch -7.4 -7.2 Not required  

Yaw 42.0 40.2 Not required 

THIV – ft/s 
 (m/s) 

13.83 (4.21) 14.79 (4.51) Not required 

PHD – g’s 9.27 5.35 Not required 

ASI 0.27 0.22 Not required 

*Data discarded due to equipment malfunction

Figure 182. Summary of Test Results and Sequential Photographs, Test No. STBR-1

0.000 sec 0.200 sec 0.350 sec 0.500 sec 0.700 sec 
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13 CONSTRUCTION DETAILS TEST NO. STBR-2 

The test installation for the bridge rail system consisted of steel rails, posts assemblies, 

post-to-rail and rail-to-rail connections, as well as a surrogate concrete bridge deck, as shown in 

Figures 183 through 207. The total length of the bridge rail was 159 ft – 11¼ in. (48.7 m). 

Photographs of the test installation are shown in Figures 208 through 212. Material specifications, 

mill certifications, and certificates of conformity for the system materials are shown in Appendix 

D. After test no. STBR-1, post nos. 5, 6, 7, and 8, the nearest two railing elements for each of the 

three rails, and the three splice tube location connecting these rails, were replaced for test no. 

STBR-2. 

The system was constructed with 20 galvanized ASTM A992, W6x15 (W150x22.5) steel 

post assemblies spaced on 96-in. (2,438-mm) centers. Post assembly nos. 1 through 13 were side-

mounted to the vertical side edge of the surrogate, reinforced-concrete bridge deck. For the 

construction of the surrogate concrete bridge deck, the threaded rod and coupling nuts were held 

in place to the embedded vertical plates by placing bolts through the formwork, rather than utilizing 

the option of welding the coupling nuts to the embedded vertical plates, as shown in Figure 203. 

Post assembly nos. 14 through 20 were surface-mounted to the top of existing concrete tarmac, 

which provided the necessary system length for vehicle redirection and were used for testing-

purposes only. 

Post assembly nos. 1 through 13 were 58⅞ in. (1,495 mm) long. An ASTM A572 Grade 

50 steel plate PL 8 in. x 8 in. x ⅜ in. (PL 203 mm x 203 mm x 10 mm) was attached to the top of 

each post assembly with all-around 3/16-in. (4.8-mm) fillet welds. Similarly, an ASTM A572 Grade 

50 steel, vertical plate PL 13 in. x 17¾ in. x 1 in. (PL 330 mm x 451 mm x 25 mm) was attached 

to the bottom of the front flange of each post with all-around ¼-in. (6.4-mm) fillet welds. Four 

gusset plates, fabricated with ASTM A572 Grade 50 steel plate and measuring PL 6⅛ in. x 511/16 

in. x ¼ in. (PL 156 mm x 144 mm x 6 mm), were welded to the top and bottom of the vertical 

plates, inner faces of post flanges, and web with all-around ¼-in. (6.4-mm) fillet welds. Post 

assembly nos. 1 through 13 were bolted to the tension and compression sides of the vertical plates 

with ASTM A500 Grade 50 horizontal spacer tubes, which were specified as HSS 5-in. x 4-in. x 

½-in. (HSS 127-mm x 102-mm x 13-mm) sections.  

Post assembly nos. 1 through 13 were bolted to the horizontal spacer tubes using ASTM 

F3125 Grade A325 1-in. (25-mm) diameter by 3½-in. (89-mm) long, heavy hex-head bolts with 

¼-in. (6.4-mm) thick, ASTM A36 steel square washers and 1-in. (25-mm) diameter ASTM 

A563DH heavy hex nuts. The deck anchorage in the tension region consisted of two 1-in. (25-mm) 

diameter by 32¾-in. (832-mm) long, ASTM F1554 Grade 105 all-thread anchor rods with ASTM 

A563DH heavy hex coupling nuts, and ASTM A563DH heavy hex nuts. The deck anchorage in 

the compression region consisted of two 1-in. (25-mm) diameter, ASTM A449 anchor bolts with 

¼-in. (6.4-mm) thick, 3-in. (76-mm) ASTM A36 steel square washers, and ASTM A563DH heavy 

hex coupling nuts. A 3/16-in. (4.8-mm) thick, vertical embedment plate was used at every post 

location.  

Post assembly nos. 14 through 20 were 32 in. (813 mm) long. Post assembly nos. 14 

through 20 consisted of three parts – a base plate, a top plate, and a vertical post. The top plate 

consisted of an ASTM A572 Grade 50 steel plate measuring PL 8 in. x 8 in. x ⅜ in. (PL 203 mm 

x 203 mm x 10 mm) with all-around 3/16-in. (4.8-mm) fillet welds. Similarly, the bottom plate 
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consisted of an ASTM A572 Grade 50 steel plate measuring PL 12 in. x 12 in. x ¾ in. (PL 305 

mm x 305 mm x 19 mm) with all-around 3/16-in. (4.8-mm) fillet welds. Finally, the post was 

fabricated with ASTM A992 W6x15 (W150x22.5) sections measuring 30⅞ in. (784 mm) long. 

The post assembly nos. 14 through 20 were anchored to the existing tarmac with four ¾-in. (19-

mm) diameter by 12-in. (305-mm) long ASTM F1554 Grade 36 all-thread anchor rods with ¼-in. 

(6.4-mm) thick, ASTM A36 steel square washers, and ASTM A563DH heavy hex nuts.  

The three rail elements consisted on an ASTM A500 Grade C HSS 12 in. x 4 in. x ¼ in. 

(HSS 304.8-mm x 101.6-mm x 6.4-mm) section for the top rail and ASTM A500 Grade C HSS 8-

in. x 6-in. x ¼-in. (HSS 203.2-mm x 152.4-mm x 6.4-mm) section for the lower two rails. Rail-to-

rail connections were located 2 ft (610 mm) downstream from every other post location. The top 

rails were attached to the post assemblies with four ¾-in. (19-mm) diameter by 6-in. (152-mm) 

long, ASTM A449 round-head bolts with ASTM F436 flat washers and ASTM A563DH heavy 

hex nuts. The middle and bottom rails were attached to the front flanges of the posts with two 

staggered ¾-in. (19-mm) diameter by 7½-in. (191-mm) long ASTM A449 round-head bolts with 

ASTM F436 flat washers and ASTM A563DH heavy hex nuts. 

The splice tube for the top rails consisted of two horizontal PL 30 in. x 10⅝ in. x 5/16 in. 

(PL 762-mm x 270-mm 8-mm) and two vertical PL 30-in. x 2⅝-in. x ⅜-in. (PL 762-mm x 67-mm 

x 10-mm) attached with ¼-in. (6.4-mm) fillet welds. The splice tubes for the middle and bottom 

rails consisted on two vertical PL 30-in. x 6⅝-in. x ⅜-in. (PL 762-mm x 168-mm 10-mm) and two 

horizontal PL 30-in. x 4⅝-in. x 5/16-in. (PL 762-mm x 117-mm x 8-mm) attached with ¼-in. (6.4-

mm) fillet welds. The top splice tubes were attached to the top rail end sections with four ¾-in. 

(19-mm) diameter by 6-in. (152-mm) long, ASTM A449 round-head bolts with ASTM F436 flat 

washers and ASTM A563DH heavy hex nuts. The middle and bottom splice tubes were attached 

to the rail end sections with two ¾-in. (19-mm) diameter by 9½-in. (241-mm) long, ASTM A449 

hex-head bolts with ASTM F436 flat washers and ASTM A563DH heavy hex nuts. 

After test no. STBR-2, post nos. 7, 8, 9, and 10, and the nearest two railing elements for 

each of the three rails were replaced for test no. STBR-3. 
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Figure 183. System Layout and Impact Location, Test No. STBR-2 
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Figure 184. Rail and Post Attachment Section Detail, Test No. STBR-2 
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Figure 185. Splice Section Detail, Test No. STBR-2 
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Figure 186. Top-Mounted Post Section, Test No. STBR-2 
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Figure 187. Lateral Reinforcement Detail, Test No. STBR-2 
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Figure 188. Backside Section View, Test No. STBR-2 
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Figure 189. Splice Tube Section Details, Test No. STBR-2 
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Figure 190. Welded Post Assembly Details, Test No. STBR-2 



 

 

2
6
0
 

Ju
ly

 2
0

, 2
0

2
0

  

M
w

R
S

F
 R

ep
o

rt N
o
. T

R
P

-0
3

-4
1
0
-2

0
 

 

Figure 191. Post Components, Test No. STBR-2 
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Figure 192. Post Components, Test No. STBR-2 
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Figure 193. Top-Mounted Welded Post Assembly, Test No. STBR-2 
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Figure 194. Top-Mounted Post Components, Test No. STBR-2 
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Figure 195. Upper Splice Tube Assembly, Test No. STBR-2 
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Figure 196. Upper Splice Tube Components, Test No. STBR-2 
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Figure 197. Middle/Lower Splice Tube Assembly, Test No. STBR-2 
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Figure 198. Middle/Lower Splice Tube Components, Test No. STBR-2 
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Figure 199. Rail Components, Test No. STBR-2 
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Figure 200. Test Slab Assembly Details, Test No. STBR-2 
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Figure 201. Test Slab Assembly Details, Test No. STBR-2 
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Figure 202. Reinforcement Details, Test No. STBR-2 
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Figure 203. Concrete Connector Plate Assembly Details, Test No. STBR-2 
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Figure 204. Test Slab Components, Test No. STBR-2 
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Figure 205. Hardware, Test No. STBR-2 
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Figure 206. Bill of Materials, Test No. STBR-2 
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Figure 207. Bill of Materials, Test No. STBR-2
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Figure 208. Test Installation Photographs, Test No. STBR-2 
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Figure 209. Test Installation Photographs, Side-Mounted and Top-Mounted Posts, Test No. 

STBR-2 
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Figure 210. Bridge Railing End Views, Test No. STBR-2 
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Figure 211. Side-Mounted Post-to-Deck Connections, Test No. STBR-2 
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Figure 212. Splice Tubes, Test No. STBR-2
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14 FULL-SCALE CRASH TEST NO. STBR-2 

14.1 Weather Conditions 

Test no. STBR-2 was conducted on February 22, 2019 at approximately 2:30 p.m. The 

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

14939/LNK) were reported and are shown in Table 72. 

Table 72. Weather Conditions, Test No. STBR-2 

Temperature 33° F 

Humidity 58% 

Wind Speed 9 mph 

Wind Direction 90° from True North 

Sky Conditions Overcast 

Visibility 9 Statute Miles 

Pavement Surface Dry  

Previous 3-Day Precipitation  5.4 in. 

Previous 7-Day Precipitation  13.0 in. 

 

14.2 Test Description  

Initial vehicle impact was to occur 7 ft (2.1 m) upstream from post no. 9, as shown in Figure 

213, which was selected as discussed in Chapter 9. In test no. STBR-2, the 5,157-lb (2,339-kg) 

Dodge quad cab pickup truck impacted the bridge rail at a speed of 64.5 mph (103.8 km/h) and at 

an angle of 24.7 degrees. The actual point of impact was 6 ft – 10 in. (2.1 m) upstream from post 

no. 9. The vehicle came to rest 248 ft – 6 in. (75.7 m) downstream from the original impact point 

and laterally 30 ft – 5 in. (9.3 m) in front of the bridge rail after brakes were applied.  

The crash testing parameters are summarized in Table 73. A detailed description of the 

sequential impact events is contained in Table 74. Sequential photographs are shown in Figures 

214 and 215. Documentary photographs of the crash test are shown in Figure 216. The vehicle 

trajectory and final position are shown in Figure 217.  
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Figure 213. Impact Location, Test No. STBR-2 



July 20, 2020  
MwRSF Report No. TRP-03-410-20 

 

284 

Table 73. Actual, Lower-Bound, and Target Crash Test Parameters, Test No. STBR-2 

Test Parameter Actual Lower-Bound Target 

Speed 64.5 mph 59.5 mph 62.0 mph 

Angle 24.6 deg. 23.5 deg. 25.0 deg. 

Impact Severity 120.9 kip-ft 105.6 kip-ft 115.4 kip-ft 

 

Table 74. Sequential Description of Impact Events, Test No. STBR-2 

Time 

(sec): 
Event Description 

0.000 Vehicle front bumper contacted rail between post nos. 8 and 9. 

0.002 Vehicle bumper deformed. 

0.004 Vehicle left headlight contacted rail. 

0.006 Vehicle left fender contacted rail. 

0.008 Vehicle left fender deformed. Vehicle left-front tire contacted rail. 

0.010 Post no. 8 deflected backward. 

0.016 Post no. 9 deflected backward. 

0.020 Vehicle grille contacted rail. 

0.024 Post no. 10 deflected backward, Vehicle yawed away from barrier. 

0.030 Post no. 7 deflected backward and vehicle rolled toward barrier. 

0.048 Vehicle left-front door flexed away from door frame. Vehicle left-front door contacted rail. 

0.054 Vehicle left-front door deformed. Vehicle left-rear door flexed away from door frame. 

0.056 Post no. 11 deflected backward. 

0.070 Vehicle grille became disengaged. 

0.078 Vehicle right-front tire became airborne. 

0.100 Vehicle right-rear tire became airborne. 

0.102 Vehicle left headlight cracked. 

0.118 Vehicle right headlight became disengaged. 

0.122 Vehicle left headlight shattered. 

0.142 Vehicle left-rear door contacted rail. 

0.146 Vehicle was parallel to system at a speed of 53.9 mph (86.7 km/h). 

0.148 Vehicle left quarter panel contacted rail. 

0.150 Vehicle left quarter panel deformed. Vehicle left taillight contacted rail. 

0.154 Vehicle rear bumper contacted rail. 

0.170 Vehicle left headlight became disengaged. 

0.202 Vehicle yawed toward the barrier. 

0.224 Vehicle pitched downward. 

0.252 Vehicle left-rear tire became airborne. 

0.326 Vehicle exited system at a speed of 53.1 mph (85.4 km/h). 

0.354 Vehicle left-rear tire regained contact with ground. 

0.426 Vehicle rolled away from the barrier. 

0.566 Vehicle pitched upward. 

0.640 Vehicle right-rear tire regained contact with ground. 

0.668 Vehicle right-front tire regained contact with ground. 

0.814 Vehicle rolled toward the barrier. 

0.932 Vehicle pitched downward. 

0.106 Vehicle right-front tire became airborne. 

0.109 Vehicle rolled away from the barrier. 

0.116 Vehicle right-front tire regained contact with ground. 

0.130 Vehicle rolled toward the barrier. 
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Figure 214. Sequential Photographs, Test No. STBR-2
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Figure 215. Additional Sequential Photographs, Test No.  STBR-2
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Figure 216. Documentary Photographs, Test No. STBR-2
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Figure 217. Vehicle Final Position and Trajectory Marks, Test No. STBR-2
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14.3 System Damage 

Damage to the barrier was minimal, as shown in Figures 218 through 227. Note that 

shrinkage cracks were observed in the surrogate slab prior to the test and denoted with a black 

marker. System damage consisted of contact marks, scrapes, and dents on the rails, plastic hinges 

at post nos. 8 and 9 for a three-span collapse, and concrete cracks near the post-to-deck connections 

of post nos. 9 and 10. The length of vehicle contact along the barrier was approximately 14 ft – 

7½ in. (4.5 m), which spanned from 1 ft – 7¼ in. (0.5 m) upstream from the center of post no. 8 to 

5 ft – ¼ in. (1.5 m) downstream from the center of post no. 9.  

Plastic hinges were found 4 in. (102 mm) above the location of the tension anchor rods for 

post nos. 8 and 9. Contact marks were visible on the front faces of the top and middle rails starting 

at 19¼ in. (489 mm) upstream form the center of post no. 8 and extending to 5 ft – ¼ in. (1.5 m) 

downstream from the center of post no. 9. Tire marks were found on the front face of the bottom 

rail starting 2 in. (51 mm) upstream from post no. 8 center and extending to 3 ft – 8¼ in. (1.1 m) 

downstream from the center of post no. 9. Denting was found in the front face of the bottom rail 

located 1 ft – 2 in. (0.4 m) downstream from the centerline of post no. 8 and ending 2 ft – 5½ in. 

(0.7 m) upstream from post no. 9. Scuff marks were also found on the front face of the bottom rail 

starting 1 ft – 2 in. (0.4 m) downstream from the centerline of post no. 8 and extending to 2 ft – 4 

in. (0.7 m) upstream from the centerline of post no. 9. Further, 2-in. (51-mm) tall tire marks were 

observed at the left side of the front flange of post no. 9 located 13 in. (330 mm) above the tension 

anchor rods. Post no. 10 slightly bent backward at the height of the top stiffeners. 

Concrete spalling cracks were found at the bottom edge of the concrete deck extending 4 

ft – ½ in. (1.2 m) longitudinally and 11 in. (279 mm) above the bottom edge of the deck at post 

no. 9. Hairline concrete cracks were found at the top-left and top-right corners of the embedded 

plate of post no. 10.
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Figure 218. System Damage, Test No. STBR-2
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Figure 219. System Damage, Rail Span Between Posts Nos. 7 and 8, Test No. STBR-2 
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Figure 220. System Damage, Rail Span Between Posts Nos. 8 and 9, Test No. STBR-2 
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Figure 221. System Damage, Rail Span Between Posts Nos. 9 and 10, STBR-2 
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Figure 222. System Damage, Post No. 8, Test No. STBR-2 
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Figure 223. System Damage, Post No. 9, Test STBR-2 
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Figure 224. System Damage, Post No. 10, Test No. STBR-2 
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Figure 225. System Damage, Concrete Damage at Post No. 9, Test No. STBR-2 
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Figure 226. System Damage, Concrete Damage at Post No. 9, Test No. STBR-2 
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Figure 227. System Damage, Concrete Damage at Post No. 10, Test No. STBR-2 
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The maximum lateral permanent set of the barrier system was 3.5 in. (89 mm). The 

maximum lateral dynamic barrier deflection was 7.0 in. (178 mm) at the top rail expansion gap 

between post nos. 8 and 9, as determined from high-speed digital video analysis. The working 

width of the system was found to be 19.0 in. (483 mm), also determined from high-speed digital 

video analysis. A schematic of the permanent set deflection, dynamic deflection, and working 

width is shown in Figure 228. 

 

 

Figure 228. Permanent Set Deflection, Dynamic Deflection, and Working Width, Test No. 

STBR-2 

14.4 Vehicle Damage 

The damage to the vehicle was moderate, as shown in Figures 229 through 233. The 

maximum occupant compartment deformations are listed in Table 75 along with the intrusion 

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

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



July 20, 2020  
MwRSF Report No. TRP-03-410-20 

301 

with no observed penetration. Note that none of the established MASH 2016 deformation limits 

were violated. Complete occupant compartment and vehicle deformations and the corresponding 

locations are provided in Appendix F. 

Majority of the damage was concentrated on the left-front corner, left-front fender, and left 

side of the box where the impact had occurred. The left-front corner of the bumper was crushed 

inward and back. The left-front fender was pushed upward near the door panel and was dented and 

torn behind the left-front wheel. The left-front steel rim was deformed with tears and significant 

crushing. The left-side and right-side headlights were removed from the vehicle. The left-front 

door was dented and scraped. The left-rear door was crushed approximately 1 in. (25 mm). 

Denting and scraping were observed along the entire left side of the vehicle. The right-

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

assembly was deformed inward. The left taillight was removed. The left side of the rear bumper 

was dented and scuffed. The left-front tie rod was bent, and the steering rack was broken at the 

pinion gear. The transmission slightly shifted and rotated. The oil pan shifted with the transmission 

and engine. The engine mount was broken and disengaged. The cross members of the engine and 

transmission were severely bent due to compression from impact load. The left-side frame horn 

was bent toward the center of the vehicle slightly. The rear cab mount was slightly bent.
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Figure 229. Vehicle Damage, Front and Rear Views, Test No. STBR-2 
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Figure 230. Vehicle Damage, Right and Left Views, Test No. STBR-2 
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Figure 231. Vehicle Damage, Right-Corner Views, Test No. STBR-2 
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Figure 232. Vehicle Damage, Left-Corner Views, Test No. STBR-2
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Figure 233. Vehicle Damage, Floor Pan and Undercarriage, Test No. STBR-2
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Table 75. Maximum Occupant Compartment Intrusions by Location, Test No. STBR-2 

LOCATION 

MAXIMUM 

INTRUSION 

in. (mm) 

MASH  2016 ALLOWABLE 

INTRUSION 

in. (mm) 

Wheel Well & Toe Pan 0.3 (7.6) ≤ 9  (229) 

Floor Pan & Transmission Tunnel 0.0 (0.0) ≤ 12  (305) 

A-Pillar 0.4 (10.2) ≤ 5  (127) 

A-Pillar (Lateral) 0.1 (2.5) ≤ 3  (76) 

B-Pillar 0.2 (5.1) ≤ 5  (127) 

B-Pillar (Lateral) 0.0 (0.0) ≤ 3  (76) 

Side Front Panel (in Front of A-Pillar) 0.9 (22.9) ≤ 12  (305) 

Side Door (Above Seat) 0.3 (7.6) ≤ 9  (229) 

Side Door (Below Seat) 0.1 (2.5) ≤ 12  (305) 

Roof 0.3 (7.6) ≤ 4  (102) 

Windshield 0.0 (0.0) ≤ 3  (76) 

Side Window Intact 
No shattering due to contact with 

structural member of test article 

Dash 0.4 (10.2) N/A 

N/A – Not applicable 

14.5 Occupant Risk 

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

occupant ridedown accelerations (ORAs) in both the longitudinal and lateral directions, as 

determined from the accelerometer data, are shown in Table 76 and Figure 236. The recorded data 

from the accelerometers and the rate transducers are shown graphically in Appendix H. Note, the 

SLICE-2 unit was designated as the primary unit during this test as it was mounted closer to the 

c.g. of the vehicle. 
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Table 76. Summary of OIV, ORA, THIV, PHD, and ASI Values, Test No. STBR-2 

Evaluation Criteria 

Transducer 
MASH 2016 

Limit SLICE-1 
SLICE-2 

(primary) 

OIV 

ft/s  

(m/s) 

Longitudinal -14.50 (-4.42) -14.27 (-4.34) ±40 (12.2) 

Lateral 26.32 (8.02) 28.61 (8.72) ±40 (12.2) 

ORA 

g’s 

Longitudinal 3.70 -3.64 ±20.49 

Lateral 20.35 17.62 ±20.49 

MAXIMUM 

ANGULAR 

DISPLACEMENT 

deg. 

Roll -23.6 -20.0 ±75 

Pitch -4.0 -5.2 ±75 

Yaw 32.8 32.3 not required 

THIV – ft/s (m/s) 30.54 (9.31) 32.40 (9.88) not required 

PHD – g’s 20.35 17.62 not required 

ASI 0.93 0.61 not required 

 

14.6 2,270P Peak Lateral Impact Force Calculation 

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

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

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

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

perpendicular impact force was determined for the bridge rail, as shown in Figures 234 and 235. 

The maximum perpendicular (i.e., lateral) load imparted to the barrier was 72.1 kips (321 kN) and 

82.0 kips (365 kN), as determined by the SLICE-1 and SLICE-2, respectively. Note that SLICE-2 

was the primary accelerometer unit. 

14.7 Discussion 

The analysis of the results for test no. STBR-2 showed that the system adequately contained 

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

of the test results and sequential photographs are shown in Figure 236. Detached elements, 

fragments, or other debris from the test article did not penetrate or show potential for penetrating 

the occupant compartment, or present an undue hazard to other traffic, pedestrians, or work-zone 

personnel. Deformations of, or intrusions into, the occupant compartment that could have caused 

serious injury did not occur. The test vehicle did not penetrate nor ride over the barrier and 

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

as shown in Appendix H, were deemed acceptable as they did not adversely influence occupant 

risk nor cause rollover. After impact, the vehicle exited the barrier at a trajectory angle of 6.8 

degrees, and its trajectory did not violate the bounds of the exit box. Therefore, test no. STBR-2 

was determined to be acceptable according to the MASH 2016 safety performance criteria for test 

designation no. 4-11.
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Figure 234. Perpendicular and Tangential Forces Imparted to the Barrier System (SLICE-1), Test No. STBR-2 
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Figure 235. Perpendicular and Tangential Forces Imparted to the Barrier System (SLICE-2), Test No. STBR-2 
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• Test Agency .........................................................................................................MwRSF 

• Test Number ......................................................................................................... STBR-2 

• Date ................................................................................................................... 2/22/2019 

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

• Test Article......................................... Steel, Side-Mounted, Beam-and-Post, Bridge Rail 

• Total Length  ............................................................................. 159 ft – 11½ in. (48.8 m) 

• Key Component – Top Rail 

Length ...................................................................................... 191¼ in. (4,858 mm)  

Width ................................................................................................ 12 in. (305 mm) 

Depth .................................................................................................. 4 in. (102 mm) 

• Key Component - Post 

Length ........................................................................................ 58½ in. (1,486 mm)  

Width .................................................................................................. 6 in. (152 mm) 

Spacing ..................................................................................................... 8 ft (2.4 m) 

• Soil Type  

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

Curb .............................................................................................. 4,938 lb (2,240 kg) 
Test Inertial................................................................................... 4,992 lb (2,264 kg) 

Gross Static................................................................................... 5,157 lb (2,339 kg) 

• Impact Conditions 

Speed ......................................................................................64.5 mph (103.8 km/h) 

Angle ........................................................................................................... 24.7 deg. 
Impact Location ................................... 6 ft – 10 in. (2.1 m) upstream from post no. 9 

• Impact Severity 120.9 kip-ft (163.9 kJ) > 105.6 kip-ft (143.1 kJ) limit from MASH 2016 

• Exit Conditions 

Speed ........................................................................................53.1 mph (85.4 km/h) 
Angle  ............................................................................................................ 6.8 deg. 

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

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

• Vehicle Stopping Distance ................................... 248 ft – 6 in. (75.7 m) DS from impact 

  30 ft – 6 in. laterally in front 

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

VDS [56]  ................................................................................................... 11-LFQ-5 
CDC [57] ................................................................................................ 11-LFAW-5 

Maximum Interior Deformation ........................................................ 0.9 in. (23 mm)

 

 

 
 

 

 
 

 

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

• Maximum Test Article Deflections 

Permanent Set .................................................................................... 3.5 in. (89 mm) 

Dynamic ........................................................................................... 7.0 in. (178 mm) 

Working Width............................................................................... 19.0 in. (483 mm) 

• Transducer Data 

Evaluation Criteria 

Transducer 
MASH 2016 

Limit SLICE-1 
SLICE-2 

(primary) 

OIV 
ft/s  

(m/s) 

Longitudinal -14.50 (-4.42) -14.27 (-4.34) ±40 (12.2) 

Lateral 
26.32 (8.02) 

28.61 (8.72) ±40 (12.2) 

ORA 
g’s 

Longitudinal 3.70 -3.64 ±20.49 

Lateral 20.35 17.62 ±20.49 

MAX 
ANGULAR 

DISP. 

deg. 

Roll -23.6 -20.0 ±75 

Pitch -4.0 -5.2 ±75 

Yaw 32.8 32.3 Not required 

THIV – ft/s (m/s) 30.54 (9.31) 32.40 (9.88) Not required 

PHD – g’s 20.35 17.62 Not required 

ASI 0.93 0.61 Not required 

Figure 236. Summary of Test Results and Sequential Photographs, Test No. STBR-2

0.000 sec 0.100 sec 0.200 sec 0.300 sec 0.400 sec 
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15 CONSTRUCTION DETAILS TEST NO. STBR-3 

The test installation for the bridge rail system consisted of steel rails, posts assemblies, 

post-to-rail and rail-to-rail connections, as well as a surrogate concrete bridge deck, as shown in 

Figures 237 through 258. The total length of the bridge rail was 111 ft – 11¼ in. long (34.1 m). 

Photographs of the test installation are shown in Figures 259 through 262 . Material specifications, 

mill certifications, and certificates of conformity for the system materials are shown in Appendix 

D. After test no. STBR-2, post nos. 7, 8, 9, and 10, and the nearest two railing elements for each 

of the three rails, were replaced for test no. STBR-3. 

The system was constructed with fourteen galvanized ASTM A992, W6x15 (W150x22.5) 

steel post assemblies spaced on 96 in. (2,438 mm) centers. Post assembly nos. 1 through 14 were 

side-mounted to the vertical side edge of the surrogate, reinforced-concrete bridge deck. For the 

construction of the surrogate concrete bridge deck, the threaded rod and coupling nuts were held 

in place to the embedded vertical plates by placing bolts through the formwork, rather than utilizing 

the option of welding the coupling nuts to the embedded vertical plates, as shown in Figure 254.  

Post assembly nos. 1 through 14 were 58⅞ in. (1,495 mm) long. An ASTM A572 Grade 

50 steel plate PL 8 in. x 8 in. x ⅜ in. (PL 203 mm x 203 mm x 10 mm) was attached to the top of 

each post assembly with all-around 3/16-in. (4.8-mm) fillet welds. Similarly, an ASTM A572 Grade 

50 steel, vertical plate PL 13-in. x 17¾-in. x 1-in. (PL 330 mm x 451 mm x 25 mm) was attached 

to bottom of the front flange of each post with all-around ¼-in. (6.4-mm) fillet welds. Four gusset 

plates, fabricated with ASTM A572 Grade 50 steel plate, measuring PL 6⅛ -in. x 511/16-in. x ¼-

in. (PL 156-mm x 144-mm x 6.4-mm), were welded to the top and bottom of the vertical plates, 

inner faces of post flanges, and web with all-around ¼-in. (6.4-mm) fillet welds. Post assembly 

nos. 1 through 14 were bolted to the tension and compression sides of the vertical plates with 

ASTM A500 Grade 50 horizontal spacer tubes, which were specified as HSS 5-in. x 4-in. x ½-in. 

(HSS 127-mm x 102-mm x 13-mm) sections.  

Post assembly nos. 1 through 14 were bolted to the horizontal spacer tubes using ASTM 

F3125 Grade A325 1-in. (25-mm) diameter by 3½-in. (89-mm) long, heavy hex-head bolts with 

¼-in. (6.4-mm) thick, ASTM A36 steel square washers and 1-in. (25-mm) diameter ASTM 

A563DH heavy hex nuts. The deck anchorage in the tension region consisted of two 1-in. (25-mm) 

diameter by 32¾-in. (832-mm) long, ASTM F1554 Grade 105 all-thread anchor rods with ASTM 

A563DH heavy hex coupling nuts, and ASTM A563DH heavy hex nuts. The deck anchorage in 

the compression region consisted of two 1-in. (25-mm) diameter, ASTM A449 anchor bolts with 

¼-in. (6.4-mm) thick, 3-in. (76-mm) ASTM A36 steel square washers, and ASTM A563DH heavy 

hex coupling nuts. A 3/16-in. (4.8-mm) thick, vertical embedment plate was used at every post 

location.  

The three rail elements consisted on an ASTM A500 Grade C HSS 12-in. x 4-in. x ¼-in. 

(HSS 304.8-mm x 101.6-mm x 6.4-mm) section for the top rail and ASTM A500 Grade C HSS 8-

in. x 6-in. x ¼-in. (HSS 203.2-mm x 152.4-mm x 6.4-mm) section for the lower two rails. Rail-to-

rail connections were located 2 ft (610 mm) downstream from every other post location. The top 

rails were attached to the post assemblies with four ¾-in. (19-mm) diameter by 6-in. (152-mm) 

long, ASTM A449 round-head bolts with ASTM F436 flat washers and ASTM A563DH heavy 

hex nuts. The middle and bottom rails were attached to the front flanges of the posts with two 
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staggered ¾-in. (19-mm) diameter by 7½-in. (191-mm) long ASTM A449 round-head bolts with 

ASTM F436 flat washers and ASTM A563DH heavy hex nuts. 

The splice tube for the top rails consisted of two horizontal PL 30 in. x 10⅝ in. x 5/16 in. 

(PL 762 mm x 270 mm x 8 mm) and two vertical PL 30 in. x 2⅝ in. x ⅜ in. (PL 762 mm x 67 mm 

x 10 mm) attached with ¼-in. (6.4-mm) fillet welds. The splice tubes for the middle and bottom 

rails consisted on two vertical PL 30-in. x 6⅝-in. x ⅜-in. (PL 762-mm x 168-mm 10-mm) and two 

horizontal PL 30-in. x 4⅝-in. x 5/16-in. (PL 762-mm x 117-mm x 8-mm) attached with ¼-in. (6.4-

mm) fillet welds. The top splice tubes were attached to the top rail end sections with four ¾-in. 

(19-mm) diameter by 6-in. (152-mm) long, ASTM A449 round-head bolts with ASTM F436 flat 

washers and ASTM A563DH heavy hex nuts. The middle and bottom splice tubes were attached 

to the rail end sections with two ¾-in. (19-mm) diameter by 9½-in. (241-mm) long, ASTM A449 

hex-head bolts with ASTM F436 flat washers and ASTM A563DH heavy hex nuts. 

After test no. STBR-3, post nos. 5, 6, 7, and 8, the nearest two railing elements for each of 

the three rails, and the three splice tubes connecting these rails were replaced for further MASH 

2016 test designation no. 4-12 crash testing. 
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Figure 237. System Layout and Impact Location, Test No. STBR-3 
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Figure 238. Rail and Post Attachment Section Detail, Test No. STBR-3 
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Figure 239. Splice Section Detail, Test No. STBR-3 



 

 

Ju
ly

 2
0

, 2
0

2
0

  

M
w

R
S

F
 R

ep
o

rt N
o
. T

R
P

-0
3

-4
1
0
-2

0
 

3
1
7
 

 

Figure 240. Lateral Reinforcement Detail, Test No. STBR-3 
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Figure 241. Backside Section View, Test No. STBR-3 
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Figure 242. Splice Tube Section Details, Test No. STBR-3 
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Figure 243. Welded Post Assembly Details, Test No. STBR-3 
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Figure 244. Post Components, Test No. STBR-3 
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Figure 245. Post Components, Test No. STBR-3 
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Figure 246. Upper Splice Tube Assembly, Test No. STBR-3 
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Figure 247. Upper Splice Tube Components, Test No. STBR-3 
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Figure 248. Middle/Lower Splice Tube Assembly, Test No. STBR-3 
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Figure 249. Middle/Lower Splice Tube Components, Test No. STBR-3 
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Figure 250. Rail Components, Test No. STBR-3 
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Figure 251. Test Slab Assembly Details, Test No. STBR-3 
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Figure 252. Test Slab Assembly Details, Test No. STBR-3 
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Figure 253. Reinforcement Details, Test No. STBR-3 
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Figure 254. Concrete Connector Plate Assembly Details, Test No. STBR-3 
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Figure 255. Test Slab Components, Test No. STBR-3 
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Figure 256. Hardware, Test No. STBR-3 
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Figure 257. Bill of Materials, Test No. STBR-3 
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Figure 258. Bill of Materials, Test No. STBR-3
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Figure 259. Test Installation Photographs, Test No. STBR-3 
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Figure 260. Test Installation Photograph, Side-Mounted Posts and Post-to-Deck Connections, 

Test No. STBR-3 
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Figure 261. Bridge Railing End Views, Test No. STBR-3 
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Figure 262. Splice Tubes, Test No. STBR-3
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16 FULL-SCALE CRASH TEST NO. STBR-3 

16.1 Weather Conditions 

Test no. STBR-3 was conducted on March 1, 2019 at approximately 2:00 p.m. The weather 

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

were reported and are shown in Table 77. 

Table 77. Weather Conditions, Test No. STBR-3 

Temperature 18° F 

Humidity 41% 

Wind Speed 4 mph 

Wind Direction 90° from True North 

Sky Conditions Sunny  

Visibility 10 Statute Miles 

Pavement Surface Dry  

Previous 3-Day Precipitation  2.26 in. 

Previous 7-Day Precipitation  2.26 in. 

 

16.2 Test Description 

Initial vehicle impact was to occur 60 in. (1.5 m) upstream from post no. 7, as shown in 

Figure 263, which was selected as discussed in Chapter 9. In test no. STBR-3, the 2,569-lb (1,165-

kg) Kia Rio small car impacted the bridge rail at a speed of 62.0 mph (99.8 km/h) and at an angle 

of 24.8 degrees. The actual point of impact was 61.3 in. (1.6 m) upstream from post no. 7. The 

vehicle came to rest 198 ft – 2 in. (60.4 m) downstream from the original impact point and laterally 

34 ft – 2 in. (10.4 m) in front of the bridge rail.  

The crash testing parameters are shown in Table 78. A detailed description of the sequential 

impact events is contained in Table 79. Sequential photographs are shown in Figures 264 and 265. 

Documentary photographs of the crash test are shown in Figure 266. The vehicle trajectory and 

final position are shown in Figure 267.
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Figure 263. Impact Location, Test No. STBR-3 
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Table 78. Actual, Lower-Bound, and Target Crash Test Parameters, Test No. STBR-3 

Test Parameter Actual Lower-Bound Target 

Speed 62.0 mph 59.5 mph 62.0 mph 

Angle 24.8 deg. 23.5 deg. 25.0 deg. 

Impact Severity 54.5 kip-ft 51.0 kip-ft 55.9 kip-ft 

 

Table 79. Sequential Description of Impact Events, Test No. STBR-3 

Time 

(sec): 
Event Description 

0.000 Vehicle's front bumper contacted rail between post nos. 6 and 7. 

0.002 Vehicle's front bumper deformed. 

0.006 Vehicle's left fender contacted rail, Vehicle's left headlight contacted rail. 

0.008 Vehicle's left fender deformed. Vehicle's left-front tire contacted rail. 

0.012 Vehicle yawed away from system. 

0.016 Post no. 7 deflected backward. 

0.018 Vehicle's hood contacted rail. 

0.020 Vehicle's hood deformed. 

0.024 Post no. 6 deflected backward. 

0.028 Vehicle's left mirror contacted rail. Vehicle rolled toward system. 

0.030 Vehicle's left mirror deformed. 

0.034 Post no. 8 deflected backward. Vehicle's left-front door flexed away from frame. 

0.038 Vehicle pitched downward. 

0.064 Vehicle's right-rear tire became airborne. 

0.066 Vehicle's windshield shattered. 

0.068 Vehicle's left-front tire contacted post no. 7. 

0.070 Vehicle's left-front tire snagged on post no. 7. 

0.072 Post no. 6 deflected forward, Post no. 7 deflected forward. 

0.076 Vehicle's left-front tire deflated. 

0.088 Vehicle rolled away from system. 

0.112 Post no. 8 deflected forward. 

0.124 Vehicle's front bumper disengaged and underrode vehicle. 

0.150 Vehicle's right-rear tire regained contact with ground. 

0.164 Post no. 7 deflected backward. Vehicle was parallel to system. 

0.170 
Vehicle's left-rear tire contacted rail. Vehicle's left quarter panel contacted rail. Vehicle's rear bumper 

contacted rail. 

0.172 Vehicle's left quarter panel deformed. Post no. 6 deflected backward. 

0.176 Post no. 8 deflected backward. 

0.188 Vehicle rolled toward system. 

0.190 Vehicle pitched upward. 

0.228 Vehicle exited system at a speed of 45.1 mph (72.6 km/h). 

0.344 Vehicle rolled away from system. 

0.626 Vehicle rolled toward system. 

0.658 System came to a rest. 
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Figure 264. Sequential Photographs, Test No. STBR-3
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Figure 265. Additional Sequential Photographs, Test No. STBR-3
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Figure 266. Documentary Photographs, Test No. STBR-3
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Figure 267. Vehicle Final Position and Trajectory Marks, Test No. STBR-3
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16.3 System Damage 

Damage to the bridge rail was minimal, as shown in Figures 268 through 271. Note that 

shrinkage cracks were observed in the surrogate slab prior to the test and denoted with a black 

marker. System damage consisted of contact marks on the rails, post no. 7, and post-to-deck 

connection deck spacer, and minimal concrete cracks near the post-to-deck connection of post no. 

7. The length of vehicle contact along the barrier was approximately 21 ft – 10 in. (6.7 m), which 

spanned from 3½ in. (89 mm) downstream from post no. 6 to 66½ in. (1.7 m) downstream from 

the centerline of post no. 8. 

Contact marks were visible on the upper front-corner of the top rail starting at 3½ in. (89 

mm) downstream from the centerline of post no. 6 and extending 21 ft – 10 in. (6.7 m) downstream. 

Contact marks were visible in the front face of the middle rail starting at 21½ in. (258 mm) 

downstream from the centerline of post no. 6 and extending 116½ in. (3.0 m) downstream. Contact 

marks were also noted in the front face of the bottom rail starting at 22 in. (559 mm) downstream 

from the centerline of post no. 6 and extending 113½ in. (2.9 m) downstream. Tire marks extended 

along the top face of the upstream, top post stiffener to its center for a total offset distance equal 

to 9¼ in. (235 mm). Tire marks were also visible along the top face of the top deck spacer at post 

no. 7 and along the top face of the 1-in. (25-mm) thick plate attachment. The upstream edge of the 

front flange of post no. 7 slightly buckled above the top stiffener. Plastic vehicle remnants were 

embedded into middle and bottom rail expansions between post nos. 6 and 7.  

Concrete deck spalling was visible on the top corner starting 29¾ in. (756 mm) downstream 

from the centerline of post no. 6 and extending 48½ in. (1.2 m) downstream. Concrete deck 

spalling was also visible on the top corner and starting 15¼ in. (387 mm) upstream from post no. 

7 and extending 103 in. (2.6 m) downstream. A ¼-in. (6.4-mm) thick by 4¼-in. (108-mm) long 

concrete crack was found on the top right corner of embedded plate of post no. 7. 
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Figure 268. System Damage, Test No. STBR-3
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Figure 269. System Damage, Rail Span Between Posts Nos. 6 and 7, Test No. STBR-3
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Figure 270. System Damage, Post No. 7, Test. No. STBR-3 
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Figure 271. System Damage, Concrete Damage at Post No. 7 Location, Test No. STBR-3 
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The maximum lateral permanent set of the barrier system was 0.6 in. (15 mm). The 

maximum lateral dynamic barrier deflection was 2.9 in. (74 mm) at the top rail between posts nos. 

6 and 7, as determined from high-speed digital video analysis. The working width of the system 

was found to be 15.2 in. (386 mm), also determined from high-speed digital video analysis. A 

schematic of the permanent set deflection, dynamic deflection, and working width is shown in 

Figure 272. 

 

Figure 272. Permanent Set Deflection, Dynamic Deflection, and Working Width, Test No. 

STBR-3 

16.4 Vehicle Damage 

The damage to the vehicle was minimal, as shown in Figures 273 through 277. The 

maximum occupant compartment deformations are listed in Table 80 along with the deformation 

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

defined intrusion or deformation as an occupant compartment being deformed and reduced in size 

with no observed penetration. Note that none of the established MASH 2016 deformation limits 

were violated. The entire B-pillar (lateral) and side door (above and below seat) deformed slightly 

outward. Outward deformations are not considered crush toward the occupant, are denoted as 

negative numbers in Table 80, and are not evaluated by MASH 2016 criteria. Complete occupant 

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

F. 

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

impact had occurred. The front bumper cover crushed and was nearly disengaged away from the 

body. The front bumper crushed 6.5 in. (165 mm) inward and bent forward. The left-front side of 

the hood was crushed inward 8 in. (203 mm). The left-front fender crushed inward 8 in. (203 mm). 

The left-front door and the left-back door crushed inward 0.5 in. (13 mm). The left-rear fender 

crushed inward 0.5 in. (13 mm). The left-front shocks and springs bent inward due to the tire being 

crushed inward. The left-rear shocks slightly bent due to small inward tire crush. The tie rod of the 

steering control arm bent toward the rear of the car. The left-front corner of the frame was bent 

inward and upward.
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Figure 273. Vehicle Damage, Front and Rear Views, Test No. STBR-3 
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Figure 274. Vehicle Damage, Right and Left Views, Test No. STBR-3 
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Figure 275. Vehicle Damage, Right Corner Views, Test No. STBR-3 
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Figure 276. Vehicle Damage, Left Side, Test No. STBR-3
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Figure 277. Vehicle Damage, Floor Pan and Undercarriage, Test No. STBR-3 
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Table 80. Maximum Occupant Compartment Intrusions by Location, Test No. STBR-3 

LOCATION 

MAXIMUM 

INTRUSION 

in. (mm) 

MASH  2016 ALLOWABLE 

INTRUSION 

in. (mm) 

Wheel Well & Toe Pan 0.2 (5.1) ≤ 9  (229) 

Floor Pan & Transmission Tunnel 0.6 (15.2) ≤ 12  (305) 

A-Pillar  0.7 (17.8) ≤ 5  (127) 

A-Pillar (Lateral) 0.6 (15.2) ≤ 3  (76) 

B-Pillar 0.3 (7.6) ≤ 5  (127) 

B-Pillar (Lateral) -0.4 (-10.2) N/A2 

Side Front Panel (in Front of A-Pillar) 0.6 (15.2) ≤ 12  (305) 

Side Door (Above Seat) 0.4 (10.2) ≤ 9  (229) 

Side Door (Below Seat) -0.9 (-22.9) N/A2 

Roof 0.8 (20.3) ≤ 4  (102) 

Windshield 0.9 (22.9) ≤ 3  (76) 

Side Window Intact  
No shattering resulting from contact 

with structural member of test article 

Dash 0.6 (15.2) N/A1 

Note: Negative values denote outward deformation 

N/A1 – No MASH 2016 criteria exist for this location 

N/A2 – MASH 2016 criteria are not applicable when deformation is outward  

16.5  Occupant Risk 

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

occupant ridedown accelerations (ORAs) in both the longitudinal and lateral directions, as 

determined from the accelerometer data,  are shown in Table 81. 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 81. The recorded data from the accelerometers and the rate 

transducers are shown graphically in Appendix I. Note, the SLICE-1 unit was designated as the 

primary unit during this test as it was mounted closer to the c.g. of the vehicle.
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Table 81. Summary of OIV, ORA, THIV, PHD, and ASI Values, Test No. STBR-3 

Evaluation Criteria 

Transducer 
MASH 2016 

Limit 
SLICE-1 

(primary) 
SLICE-2 

OIV 

ft/s  

(m/s) 

Longitudinal -18.46 (-5.63) -18.70 (-5.63) ±40 (12.2) 

Lateral 33.19 (10.12) 31.48 (9.59) ±40 (12.2) 

ORA 

g’s 

Longitudinal -16.82 -15.76 ±20.49 

Lateral -14.77 -13.31 ±20.49 

MAX 

ANGULAR 

DISP. 

deg. 

Roll -7.9 -4.6 ±75 

Pitch -3.6 -4.4 ±75 

Yaw 33.7 32.7 not required 

THIV – ft/s (m/s) 41.82 (12.75) 39.77 (12.12) not required 

PHD – g’s 19.13 18.37 not required 

ASI 2.33 2.17 not required 

 

16.6 Discussion 

The analysis of the test results for test no. STBR-3 showed that the system adequately 

contained and redirected the 1100C vehicle with controlled lateral displacements of the barrier. A 

summary of the test results and sequential photographs are shown in Figure 278. Detached 

elements, fragments, or other debris from the test article did not penetrate or show potential for 

penetrating the occupant compartment, or present an undue hazard to other traffic, pedestrians, or 

work-zone personnel. Deformations of, or intrusions into, the occupant compartment that could 

have caused serious injury did not occur. The test vehicle did not penetrate nor ride over the barrier 

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

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

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

trajectory angle of 4.6 degrees, and its trajectory did not violate the bounds of the exit box. 

Therefore, test no. STBR-3 was determined to be acceptable according to the MASH 2016 safety 

performance criteria for test designation no. 4-10.
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• Test Agency .........................................................................................................MwRSF 

• Test Number ......................................................................................................... STBR-3 

• Date ..................................................................................................................... 3/1/2019 

• MASH 2016 Test Designation No. ............................................................................. 4-10 

• Test Article......................................... Steel, Side-Mounted, Beam-and-Post, Bridge Rail 

• Total Length  ............................................................................ 111 ft – 11¼  in. (34.1 m) 

• Key Component – Top Rail 

Length ...................................................................................... 191¼ in. (4,858 mm) 

Width ................................................................................................ 12 in. (305 mm) 

Depth .................................................................................................. 4 in. (102 mm) 

• Key Component - Post 

Length ........................................................................................ 58½ in. (1,486 mm) 
Width .................................................................................................. 6 in. (152 mm) 

Spacing ..................................................................................................... 8 ft (2.4 m) 

• Soil Type  

• Vehicle Make /Model ................................................................................... 2009 Kia Rio 

Curb .............................................................................................. 2,456 lb (1,114 kg) 
Test Inertial................................................................................... 2,408 lb (1,092 kg) 

Gross Static................................................................................... 2,569 lb (1,120 kg) 

• Impact Conditions 

Speed ....................................................................................... 62.0 mph (99.8 km/h) 

Angle ........................................................................................................... 24.8 deg. 
Impact Location .......................................... 61.3 in (1.6 m) upstream from post no. 7 

• Impact Severity  .......54.5 kip-ft (73.9 kJ) > 51.0 kip-ft (69.7 kJ) limit from MASH 2016 

• Exit Conditions 

Speed ........................................................................................45.1 mph (72.6 km/h) 

Angle  ............................................................................................................ 4.6 deg. 

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

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

• Vehicle Stopping Distance ................. 198 ft – 2 in. (60.4 m) downstream from of impact 

  43 ft – 8 in. (13.3 m) laterally in front 

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

VDS [56]  ................................................................................................... 11-LFQ-6 
CDC [57] ................................................................................................ 11-LFAW-6 

Maximum Interior Deformation ........................................................ 0.9 in. (23 mm)

 

 
 

 

 
 

 

 

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

• Maximum Test Article Deflections 

Permanent Set .................................................................................... 0.6 in. (15 mm) 

Dynamic ............................................................................................. 2.9 in. (74 mm) 

Working Width............................................................................... 15.2 in. (386 mm) 

• Transducer Data 

Evaluation Criteria 

Transducer 
MASH 2016 

Limit 
SLICE-1 

(primary) 
SLICE-2 

OIV 
ft/s  

(m/s) 

Longitudinal -18.46 (-5.63) -18.70 (-5.63) ±40 (12.2) 

Lateral 
33.19 (10.12) 

31.48 (9.59) ±40 (12.2) 

ORA 
g’s 

Longitudinal -16.82 -15.76 ±20.49 

Lateral -14.77 -13.31 ±20.49 

MAX 

ANGULAR 

DISP. 
deg. 

Roll -7.9 -4.6 ±75 

Pitch -3.6 -4.4 ±75 

Yaw 33.7 32.7 Not required 

THIV – ft/s (m/s) 41.82 (12.75) 39.77 (12.12) Not required 

PHD – g’s 19.13 18.37 Not required 

ASI 2.33 2.17 Not required 

 

Figure 278. Summary of Test Results and Sequential Photographs, Test No. STBR-3 

0.000 sec 0.100 sec 0.200 sec 0.300 sec 0.400 sec 
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17 CONSTRUCTION DETAILS - TEST NO. STBR-4 

The test installation for the bridge rail system consisted of steel rails, posts assemblies, 

post-to-rail and rail-to-rail connections, as well as a surrogate concrete bridge deck, as shown in 

Figures 279 through 305. The total length of the bridge rail was 159 ft – 11¼ in. (48.7 m). 

Photographs of the test installation are shown in Figures 306 through 310. Material specifications, 

mill certifications, and certificates of conformity for the system materials are shown in Appendix 

D. 

The system was constructed with twenty galvanized ASTM A992, W6x15 (W150x22.5) 

steel post assemblies spaced on 96-in. (2,438-mm) centers. Post assembly nos. 1 through 13 were 

side-mounted to the vertical side edge of the surrogate, reinforced-concrete bridge deck. For the 

construction of the surrogate concrete bridge deck, the threaded rod and coupling nuts were held 

in place to the embedded vertical plates by placing bolts through the formwork, rather than utilizing 

the option of welding the coupling nuts to the embedded vertical plates, as shown in Figure 301. 

For the concrete slab that was repaired at post no. 9, four studs were welded to the embedded 

vertical plate and the coupling nuts were not welded to the embedded vertical plate, as shown in 

Figure 282. Post assembly nos. 14 through 20 were surface-mounted to the top of existing concrete 

tarmac, which provided the necessary system length for vehicle redirection and were used for 

testing-purposes only. 

Post assembly nos. 1 through 13 were 58⅞ in. (1,495 mm) long. An ASTM A572 Grade 

50 steel plate PL 8 in. x 8 in. x ⅜ in. (PL 203 mm x 203 mm x 10 mm) was attached to the top of 

each post assembly with all-around 3/16-in. (4.8-mm) fillet welds. Similarly, an ASTM A572 Grade 

50 steel, vertical plate PL 13 in. x 17¾ in. x 1 in. (PL 330 mm x 451 mm x 25 mm) was attached 

to bottom of the front flange of each post with all-around ¼-in. (6.4-mm) fillet welds. Four gusset 

plates, fabricated with ASTM A572 Grade 50 steel plate, measuring PL 6⅛ in. x 511/16 in. x ¼ in. 

(PL 156 mm x 144 mm x 6.4 mm), were welded to the top and bottom of the vertical plates, inner 

faces of post flanges, and web with all-around ¼-in. (6.4-mm) fillet welds. Post assembly nos. 1 

through 13 were bolted to the tension and compression sides of the vertical plates with ASTM 

A500 Grade 50 horizontal spacer tubes, which were specified as HSS 5-in. x 4-in. x ½-in. (HSS 

127-mm x 102-mm x 13-mm) sections.  

Post assembly nos. 1 through 13 were bolted to the horizontal spacer tubes using ASTM 

F3125 Grade A325 1-in. (25-mm) diameter by 3½-in. (89-mm) long, heavy hex-head bolts with 

¼-in. (6.4-mm) thick, ASTM A36 steel square washers and 1-in. (25-mm) diameter ASTM 

A563DH heavy hex nuts. The deck anchorage in the tension region consisted of two 1-in. (25-mm) 

diameter by 32¾-in. (832-mm) long, ASTM F1554 Grade 105 all-thread anchor rods with ASTM 

A563DH heavy hex coupling nuts and ASTM A563DH heavy hex nuts. The deck anchorage in 

the compression region consisted of two 1-in. (25-mm) diameter, ASTM A449 anchor bolts with 

¼-in. (6.4-mm) thick, 3-in. (76-mm) ASTM A36 steel square washers, and ASTM A563DH heavy 

hex coupling nuts. A 3/16-in. (4.8-mm) thick, vertical embedment plate was used at every post 

location.  

Post assembly nos. 14 through 20 were 32 in. (813 mm) long. Post assembly nos. 14 

through 20 consisted of three parts – a base plate, a top plate, and a vertical post. The top plate 

consisted of an ASTM A572 Grade 50 steel plate measuring PL 8 in. x 8 in. x ⅜ in. (PL 203 mm 

x 203 mm x 10 mm) with all-around 3/16-in. (4.8-mm) fillet welds. Similarly, the bottom plate 
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consisted of an ASTM A572 Grade 50 steel plate measuring PL 12 in. x 12 in. x ¾ in. (PL 305 

mm x 305 mm x 19 mm) with all-around 3/16-in. (4.8-mm) fillet welds. Finally, the post was 

fabricated with ASTM A992 W6x15 (W150x22.5) sections measuring 30⅞ in. (784 mm) long. 

Post assembly nos. 14 through 20 were anchored to the existing tarmac with four ¾-in. (19-mm) 

diameter by 12-in. (305-mm) long ASTM F1554 Grade 36 all-thread anchor rods with ¼-in. (6.4-

mm) thick, ASTM A36 steel square washers, and ASTM A563DH heavy hex nuts.  

The three rail elements consisted on an ASTM A500 Grade C HSS 12 in. x 4 in. x ¼ in. 

(HSS 304.8 mm x 101.6 mm x 6.4 mm) section for the top rail and ASTM A500 Grade C HSS 8 

in. x 6 in. x ¼ in. (HSS 203.2 mm x 152.4 mm x 6.4 mm) section for the lower two rails. Rail-to-

rail connections were located 2 ft (610 mm) downstream from every other post location. The top 

rails were attached to the post assemblies with four ¾-in. (19-mm) diameter by 6-in. (152-mm) 

long, ASTM A449 round-head bolts with ASTM F436 flat washers and ASTM A563DH heavy 

hex nuts. The middle and bottom rails were attached to the front flanges of the posts with two 

staggered ¾-in. (19-mm) diameter by 7½-in. (191-mm) long ASTM A449 round-head bolts with 

ASTM F436 flat washers and ASTM A563DH heavy hex nuts. 

The splice tube for the top rails consisted of two horizontal PL 30 in. x 10⅝ in. x 5/16 in. 

(PL 762 mm x 270 mm x 8 mm) and two vertical PL 30 in. x 2⅝ in. x ⅜ in. (PL 762 mm x 67 mm 

x 10 mm) attached with ¼-in. (6.4-mm) fillet welds. The splice tubes for the middle and bottom 

rails consisted on two vertical PL 30 in. x 6⅝ in. x ⅜ in. (PL 762 mm x 168 mm 10 mm) and two 

horizontal PL 30 in. x 4⅝ in. x 5/16 in. (PL 762 mm x 117 mm x 8 mm) attached with ¼-in. (6.4-

mm) fillet welds. The top splice tubes were attached to the top rail end sections with four ¾-in. 

(19-mm) diameter by 6-in. (152-mm) long ASTM A449 round-head bolts with ASTM F436 flat 

washers and ASTM A563DH heavy hex nuts. The middle and bottom splice tubes were attached 

to the rail end sections with two ¾-in. (19-mm) diameter by 9½-in. (241-mm) long, ASTM A449 

hex-head bolts with ASTM F436 flat washers and ASTM A563DH heavy hex nuts. 



 

 

3
6
3
 

Ju
ly

 2
0

, 2
0

2
0

  

M
w

R
S

F
 R

ep
o

rt N
o
. T

R
P

-0
3

-4
1
0
-2

0
 

 

Figure 279. System Layout and Impact Location, Test No. STBR-4 
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Figure 280. Rail and Post Attachment Section Detail, Test No. STBR-4 
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Figure 281. Post-to-Deck Connection Details, Test No. STBR-4 
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Figure 282. Concrete Connector Plate Assembly Details, Test No. STBR-4 
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Figure 283. Splice Section Detail, Test No. STBR-4 
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Figure 284. Top-Mounted Post Section, Test No. STBR-4 
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Figure 285. Lateral Reinforcement Detail, Test No. STBR-4 
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Figure 286. Backside Section View, Test No. STBR-4 
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Figure 287. Splice Tube Section Details, Test No. STBR-4 
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Figure 288. Welded Post Assembly Details, Test No. STBR-4 
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Figure 289. Post Components, Test No. STBR-4 
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Figure 290. Post Components, Test No. STBR-4 
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Figure 291. Top-Mounted Welded Post Assembly, Test No. STBR-4 



 

 

3
7
6
 

Ju
ly

 2
0

, 2
0

2
0

  

M
w

R
S

F
 R

ep
o

rt N
o
. T

R
P

-0
3

-4
1
0
-2

0
 

 

Figure 292. Top-Mounted Post Components, Test No. STBR-4 
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Figure 293. Upper Splice Tube Assembly, Test No. STBR-4 
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Figure 294. Upper Splice Tube Components, Test No. STBR-4 
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Figure 295. Middle/Lower Splice Tube Assembly, Test No. STBR-4 
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Figure 296. Middle/Lower Splice Tube Components, Test No. STBR-4 
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Figure 297. Rail Components, Test No. STBR-4 
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Figure 298. Test Slab Assembly Details, Test No. STBR-4 
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Figure 299. Test Slab Assembly Details, Test No. STBR-4 
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Figure 300. Reinforcement Details, Test No. STBR-4 
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Figure 301. Concrete Connector Plate Assembly Details, Test No. STBR-4 
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Figure 302. Concrete Connector Plate Components, Test No. STBR-4 
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Figure 303. Hardware, Test No. STBR-4 
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Figure 304. Bill of Materials, Test No. STBR-4 
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Figure 305. Bill of Materials, Test No. STBR-4
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Figure 306. Test Installation Photographs, Test No. STBR-4 
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Figure 307. Test Installation Photographs, Side-Mounted and Top-Mounted Posts, Test No. 

STBR-4 
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Figure 308. Test Installation Photographs, Bridge Railing End Views, Test No. STBR-4 



July 20, 2020  
MwRSF Report No. TRP-03-410-20 

393 

 

 

Figure 309. Side-Mounted Post-to-Deck Connections, Test No. STBR-4 
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Figure 310. Splice Tubes, Test No. STBR-4 
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18 FULL-SCALE CRASH TEST NO. STBR-4 

18.1 Weather Conditions 

Test no. STBR-4 was conducted on June 6, 2019 at approximately 3:00 p.m. The weather 

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

were reported and are shown in Table 82. 

Table 82. Weather Conditions, Test No. STBR-4 

Temperature 82° F 

Humidity 58% 

Wind Speed 8 mph 

Wind Direction 150° from True North 

Sky Conditions Sunny  

Visibility 10 Statute Miles 

Pavement Surface Dry  

Previous 3-Day Precipitation  1.37 in. 

Previous 7-Day Precipitation  1.37 in. 

 

18.2 Test Description 

Initial vehicle impact was to occur 60 in (1.5 m) upstream from the splice between post 

nos. 6 and 7, as shown in Figure 311, which was selected as discussed in Chapter 9. In test no. 

STBR-4, the 22,152-lb (10,048-kg) 2007 Freightliner M2 106 SUT impacted the bridge rail at a 

speed of 56.4 mph (90.8 km/h) and at an angle of 14.7 degrees. The actual point of impact was 6.8 

in. (173 mm) downstream from the target impact location. The vehicle came to rest 242 ft – 10 in. 

(74.0 m) downstream from the original impact point and laterally 22 ft – 6 in. (6.8 m) in front of 

the bridge rail.  

The crash testing parameters are shown in Table 83. A detailed description of the sequential 

impact events is contained in Table 84. Sequential photographs are shown in Figures 312 and 313. 

Documentary photographs of the crash test are shown in Figures 314 through 318. The vehicle 

trajectory and final position are shown in Figure 319.
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Figure 311. Impact Location, Test No. STBR-4 
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Table 83. Actual, Lower-Bound, and Target Crash Test Parameters, Test No. STBR-4 

Test Parameter Actual Lower-Bound Target 

Speed 56.4 mph 53.5 mph 56.0 mph 

Angle 14.7 deg. 13.5 deg. 15.0 deg. 

Impact Severity 151.7 kip-ft 142.0 kip-ft 154.4 kip-ft 

 

Table 84. Sequential Description of Impact Events, Test No. STBR-4 

Time 

(sec): 
Event Description 

0.000 Vehicle's front bumper contacted rail between post nos. 6 and 7. 

0.004 Vehicle's front bumper deformed. 

0.008 Vehicle's left-front tire and left fender contacted rail. 

0.010 Post no. 6 deflected backward and vehicle's left fender deformed. 

0.014 Post no. 7 deflected backward. 

0.018 Post no. 5 deflected backward. 

0.024 Vehicle's left-front tire became airborne. 

0.028 Post no. 8 deflected backward and vehicle rolled toward system. 

0.030 Vehicle cab yawed away from system. 

0.034 Post no. 7 bent backward. 

0.050 Post no. 6 bent backward. 

0.066 Vehicle's left-front door deformed. 

0.080 Vehicle's left-front tire deflated and vehicle trailer yawed away from system. 

0.092 Vehicle pitched upward 

0.094 Vehicle's left fuel tank deformed. 

0.112 Vehicle's right-front tire became airborne. 

0.118 Vehicle's left window shattered. 

0.148 Post no. 9 deflected backward. 

0.274 Vehicle's right-rear tire became airborne. 

0.282 Vehicle's left cargo box contacted rail. 

0.292 Vehicle's left-rear tire contacted rail. 

0.296 Vehicle was parallel to the system at a speed of 50.3 mph (80.9 km/h). 

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

0.320 Vehicle pitched downward. 

0.604 Vehicle's left-rear tire became airborne. 

0.716 Vehicle's front bumper contacted ground. 

0.882 Vehicle's left cargo box side contacted rail. 

1.020 Vehicle's left cargo box side deformed. 

1.048 Vehicle's box placard became disengaged. 

1.094 Vehicle's left fender contacted ground. 

2.000 Vehicle exited system at a speed of 36.0 mph (58.0 km/h). 

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

2.372 Vehicle's left cargo box contacted ground. 
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0.550 sec 

 
0.900 sec 

 

Figure 312. Sequential Photographs, Test No. STBR-4
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Figure 313. Additional Sequential Photographs, Test No. STBR-4
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Figure 314. Documentary Photographs, Test No. STBR-4
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Figure 315. Documentary Photographs, Test No. STBR-4
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Figure 316. Documentary Photographs, Test No. STBR-4



July 20, 2020  
MwRSF Report No. TRP-03-410-20 

403 

 

 

 

 

 

 

 

 

Figure 317. Documentary Photographs, Test No. STBR-4
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Figure 318. Documentary Photographs, Test No. STBR-4
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Figure 319. Vehicle Final Position and Trajectory Marks, Test No. STBR-4 
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18.3 System Damage 

Damage to the bridge rail was moderate, as shown in Figures 320 through 326. Note that 

shrinkage cracks were observed in the surrogate slab prior to the test and denoted with a black 

marker. System damage consisted of contact marks, scraping, denting, and gouging on the rails, 

plastic hinges at post nos. 6, 7, and 8 for a four-span collapse, and minimal concrete spalling 

between post nos. 6 and 7, as well as near the post-to-deck connection of post no. 7. The length of 

vehicle contact along the barrier was approximately 118 ft – 11⅝ in. (36.3 m), which spanned from 

12 in. (305 mm) upstream from post no. 6 to the end of the barrier system. 

Plastic hinges were found 3 in. (76 mm) above the location of the tension anchor rods for 

post nos. 6, 7, and 8. Contact marks were visible on the front of the top rail starting at 12 in. (305 

mm) upstream from the centerline of post no. 6 and extending 64 in. (1,626 mm). Contact marks 

were visible on the front face of the middle rail starting at 23½ in. (597 mm) downstream from the 

centerline of post no. 6 and extending 259 in. (6,579 mm) downstream. Contact marks were also 

noted in the front face of the bottom rail starting 23½ in. (597 mm) downstream from the centerline 

of post no. 6 and extending 239½ in. (6,083 mm). Contact marks were again visible on the top rail 

beginning 51 in. (1,295 mm) upstream from the centerline of post no. 7 and extending 24 in. (610 

mm) downstream, and 16½ in. (419 mm) upstream from the centerline of post no. 7 extending 

193½ in. (4,915 mm) downstream. The box of the single unit truck came into contact with the top 

face of the top rail further downstream at 32 in. (813 mm) upstream from the centerline of post no. 

12 extending for approximately 72 ft – 7 in. (22.1 m) to the end of the rail system.  

A gouge was found at the center of the middle rail beginning 13½ in. (342 mm) downstream 

from the centerline of post no. 6 extending 22½ in. (572 mm) farther downstream, and on the 

bottom rail beginning 11 in. (279 mm) downstream from the centerline of post no. 6 extending for 

11 in. (279 mm) downstream. Beginning 24 in. (610 mm) downstream from the centerline of post 

no. 6, a dent was found measuring roughly 6 in. (152 mm) in height and ¼ in. (6.4 mm) deep that 

extended 21 in. (533 mm) downstream. Another dent was visible beginning 43½ in. (1,105 mm) 

upstream from the centerline of post no. 7, measuring 7¾ in. (197 mm) in height, ⅛ in. (3 mm) 

deep, and extending 13 in. (330 mm) downstream. On the top face of the top rail, scraping was 

observed beginning 27½ in. (699 mm) downstream from the centerline of post no. 7, extending 

175 in. (4.4 m) downstream. 

Post no. 5 bent backward beginning 9 in. (229 mm) below the top of the post. 

Approximately 40½ in. (1,029 mm) below the top of post no. 6, the post bent backward and began 

to twist in the counterclockwise direction, and galvanization flaking was visible. The front flanges 

of post no. 6 bent outward at the middle and lower rail-to-post connections, and all bolts in the top 

rail-to-post connection were loosened. Post no. 7 bent backward and began to rotate clockwise 

with galvanization flaking visible, all located approximately 40½ in. (1,029 mm) below the top of 

the post. Again, the front flanges of post no. 7 bent outward at the middle and lower rail-to-post 

connections, and all bolts in the top rail-to-post connection were loosened. The upstream bolt in 

the lower rail-to-post connection was also loosened on post no. 7. Backward bending and 

galvanization flaking were also evident approximately 40½ in. (1,029 mm) below the top of post 

no. 8.



 

 

Ju
ly

 2
0

, 2
0

2
0

  

M
w

R
S

F
 R

ep
o

rt N
o
. T

R
P

-0
3

-4
1
0
-2

0
 

4
0
7
 

  

            

Figure 320. System Damage, Rail Span Between Posts Nos. 6 and 7, Test No. STBR-4 
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Figure 321. System Damage, Rail Span Between Posts Nos. 7 and 8, Test No. STBR-4
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Figure 322. System Damage, Rail Span Between Posts Nos. 8 and 9, Test No. STBR-4
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Figure 323. System Damage, Post No. 5, Test No. STBR-4 
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Figure 324. System Damage, Post No. 6, Test No. STBR-4 
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Figure 325. System Damage, Post No. 7, Test No. STBR-4 
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Figure 326. System Damage, Post No. 8, Test No. STBR-4 
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Concrete deck spalling was visible on the top corner starting 37 in. (940 mm) downstream 

from the centerline of post no. 6 and extending 59 in. (1,499 mm) downstream to the centerline of 

post no.7. Concrete spalling was also visible on the downstream top corner of the post-to-deck 

connection of post no. 7. This spall measured 2½ in. (64 mm) across diagonally.  

The maximum lateral permanent set of the barrier system was 7.3 in. (185 mm). The 

maximum lateral dynamic barrier deflection was 7.9 in. (201 mm) at the top rail between post nos. 

6 and 7, as determined from high-speed digital video analysis. The working width of the system 

was found to be 87.7 in. (2,228 mm), also determined from high-speed digital video analysis. A 

schematic of the permanent set deflection, dynamic deflection, and working width is shown in 

Figure 327. 

 

Figure 327. Permanent Set Deflection, Dynamic Deflection, and Working Width, Test No. 

STBR-4 

18.4 Vehicle Damage 

The damage to the vehicle was moderate, as shown in Figures 328 through 333. The 

maximum occupant compartment deformations are listed in Table 85 along with the deformation 

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

defined intrusion or deformation as an occupant compartment being deformed and reduced in size 

with no observed penetration. Note that none of the established MASH 2016 deformation limits 

were violated. The A-pillar (lateral), B-pillar (lateral), side front panel (in front of the A-pillar), 

and side door (above and below seat) all deformed slightly outward. Outward deformations are not 

considered crush toward the occupant, are denoted as negative numbers in Table 85, and are not 

evaluated by MASH 2016 criteria. Complete occupant compartment and vehicle deformations and 

the corresponding locations are provided in Appendix F. 
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Majority of the damage was concentrated on the left front-corner of the vehicle where the 

impact had occurred. The front bumper cover bent inward toward the engine compartment. The 

hood was scraped and cracked on the left side. The crack was located under the left headlight, and 

the scrape started behind the left headlight and traveled to the back of the wheel well. The left 

headlight was also disengaged from its compartment. The left-front inner wheel well was 

disengaged and shredded. The bottom of the left door was bent into itself. The stairs and fuel tank 

on the left side of the vehicle were bent and crushed in toward the middle of the truck. The front 

bubble on the box of the truck was scraped and cracked on the left side. The left side of the box 

was also scraped and cracked, with the scrape stretching from the top front corner of the box to 

the lower back corner. The ballast in the box of the truck shifted toward the left side, bending the 

thread bolts holding each component of the ballast in place. The windshield was also disengaged, 

and the left side window was shattered due to contact with the head of the simulated occupant. In 

general, the front axle and frame were twisted and bent on the left side of the truck. The front-left 

lower leaf in the leaf spring pack was disengaged from the rest of the pack on the undercarriage of 

the truck. The back-left leaf spring keeper was also bent, causing it to open. The lower control arm 

that connects the wheels together was bent, as well as the front control arm on the left side. The 

front axle U-bolts that were part of the steering control arm were broken. The shear plates and U-

bolts that connected the box to the frame were all slightly bent to the left. The left-side floor pan 

was crushed inward into the cab. 
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Figure 328. Vehicle Damage, Front and Rear Views, Test No. STBR-4 
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Figure 329. Vehicle Damage, Right and Left Views, Test No. STBR-4 
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Figure 330. Vehicle Damage, Right Side, Test No. STBR-4 
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Figure 331. Vehicle Damage, Left Side, Test No. STBR-4
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Figure 332. Vehicle Damage, Left Side Interior and Vehicle Undercarriage, Test No. STBR-4
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Right Front 

 
Left Front 

Figure 333. Vehicle Damage, Left-Front and Shear Plate Damage Views, Test No. STBR-4
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Table 85. Maximum Occupant Compartment Intrusions by Location 

LOCATION 

MAXIMUM 

INTRUSION 

in. (mm) 

MASH  2016 ALLOWABLE 

INTRUSION 

in. (mm) 

Wheel Well & Toe Pan 4.5 (114) ≤ 9  (229) 

Floor Pan & Transmission Tunnel 1.2 (30) ≤ 12  (305) 

A-Pillar 0.4 (10) ≤ 5  (127) 

A-Pillar (Lateral) -0.4 (-10) ≤ 3  (76) 

B-Pillar 0.4 (10) ≤ 5  (127) 

B-Pillar (Lateral) -0.3 (-8) N/A2 

Side Front Panel (in Front of A-Pillar) -1.3 (-33) ≤ 12  (305) 

Side Door (Above Seat) -0.7 (-18) ≤ 9  (229) 

Side Door (Below Seat) -0.6 (-15) N/A2 

Roof 0.2 (5) ≤ 4  (102) 

Windshield 0.0 (0) ≤ 3  (76) 

Side Window 
Shattered due to contact with 

head of simulated occupant 

No shattering resulting from contact 

with structural member of test article 

Dash 0.7 (18) N/A1 

Note: Negative values denote outward deformation 

N/A1 – No MASH 2016 criteria exist for this location 

N/A2 – MASH 2016 criteria are not applicable when deformation is outward  

 

18.5 Occupant Risk 

Occupant risk values are not required evaluation criteria for test designation no. 4-12. 

However, the occupant risk values were calculated with the same procedure as used for the 1100C 

and 2270P vehicles in order to make comparisons. The calculated occupant impact velocities 

(OIVs) and maximum 0.010-sec average occupant ridedown accelerations (ORAs) in both the 

longitudinal and lateral directions, as determined from the accelerometer data,  are shown in Table 

86. The calculated THIV, PHD, and ASI values are also shown in Table 86. The recorded data 

from the accelerometers and the rate transducers are shown graphically in Appendix J. Note, the 

SLICE-1 unit was designated as the primary unit during this test as it was mounted closer to the 

c.g. of the vehicle. The SLICE-2 unit was mounted in the vehicle’s cab. The data from the DTS 

unit was not used in the occupant risk calculations due to the unit’s distance from the vehicle’s c.g.
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Table 86. Summary of OIV, ORA, THIV, PHD, and ASI Values, Test No. STBR-4 

Evaluation Criteria 

Transducer 
MASH 2016 

Limits SLICE-1 

(primary) 
SLICE-2 

OIV 

ft/s (m/s) 

Longitudinal -6.72 (-2.05) -5.00 (-1.52) not required 

Lateral 11.16 (3.40) 18.26 (5.56) not required 

ORA 

g’s 

Longitudinal -8.49 -4.31 not required 

Lateral 18.50 -7.34 not required 

MAXIMUM 

ANGULAR 

DISPLACEMENT 

deg. 

Roll -95.2 -93.3 not required 

Pitch -9.1 -8.5 not required 

Yaw 81.7 80.1 not required 

THIV 

ft/s (m/s) 
19.28 (5.88) 19.12 (5.83)  not required 

PHD 

g’s 
18.50 7.87 not required 

ASI 0.59 0.77 not required 

 

18.6 10,000S Peak Lateral Impact Force Calculation 

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

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

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

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

perpendicular impact forces were determined for the bridge rail, as shown in Figures 334 and 335. 

The maximum perpendicular (i.e., lateral) load imparted to the barrier was 106.4 kips (473 kN) 

and 110.3 kips (491 kN), as determined by the SLICE-1 (primary) unit and DTS, respectively. 

18.7 Discussion 

The analysis of the test results for test no. STBR-4 showed that the system adequately 

contained and redirected the 10000S vehicle with controlled lateral displacements of the barrier. 

A summary of the test results and sequential photographs are shown in Figure 336. 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 contained and redirected with the box 

riding along the top rail of the system, and although the vehicle rolled onto its left side, it did so 

of the traffic side of the bridge rail, which is acceptable. Vehicle roll, pitch, and yaw angular 

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

influence occupant risk. Therefore, test no. STBR-4 was determined to be acceptable according to 

the MASH 2016 safety performance criteria for test designation no. 4-12. 
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Figure 334. Perpendicular and Tangential Forces Imparted to the Barrier System (SLICE-1), Test No. STBR-4 
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Figure 335. Perpendicular and Tangential Forces Imparted to the Barrier System (DTS), Test No. STBR-4
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• Test Agency .........................................................................................................MwRSF 

• Test Number ......................................................................................................... STBR-4 

• Date ..................................................................................................................... 6/6/2019 

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

• Test Article......................................... Steel, Side-Mounted, Beam-and-Post, Bridge Rail 

• Total Length  ............................................................................. 159 ft – 11¼ in. (48.7 m) 

• Key Component – Top Rail 

Length ...................................................................................... 191¼ in. (4,858 mm) 

Width ................................................................................................ 12 in. (305 mm) 
Depth .................................................................................................. 4 in. (102 mm) 

• Key Component - Post 

Length ........................................................................................ 58½ in. (1,486 mm) 

Width .................................................................................................. 6 in. (152 mm) 

Spacing ..................................................................................................... 8 ft (2.4 m) 

• Soil Type . .................................................................................................................. N/A 

• Vehicle Make /Model ............................................................... 2007 Freightliner M2 106 

Curb ............................................................................................ 13,884 lb (6,298 kg) 

Test Inertial............................................................................... 22,152 lb (10,048 kg) 
Gross Static............................................................................... 22,314 lb (10,121 kg) 

• Impact Conditions 

Speed ....................................................................................... 56.4 mph (90.8 km/h) 
Angle ........................................................................................................... 14.7 deg. 

Impact Location .......... 53.2 in (1.4 m) US from the splice between post nos. 6 and 7 

• Impact Severity 151.7 kip-ft (205.7 kJ) > 142.0 kip-ft (192.5 kJ) limit from MASH 2016 

• Exit Conditions 

Speed ........................................................................................36.0 mph (58.0 km/h) 

Angle  .................................................................................................................. N/A 

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

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

• Vehicle Stopping Distance ................................ 242 ft – 10 in.  (74.0 m) DS from impact 

  22 ft – 6 in. (6.8 m) laterally in front 

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

VDS [56]  ................................................................................................... 11-LFQ-6 

CDC [57] ................................................................................................ 11-LFAW-6 

Maximum Interior Deformation ...................................................... 4.5 in. (114 mm)

 

 
 

 

 
 

 

 
 

 

 

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

• Maximum Test Article Deflections 

Permanent Set .................................................................................. 7.3 in. (185 mm) 

Dynamic ........................................................................................... 7.9 in. (201 mm) 

Working Width............................................................................ 87.7 in. (2,228 mm) 

• Transducer Data 

Evaluation Criteria 

Transducer 
MASH 2016 

Limit 
SLICE-1 

(primary) 
SLICE-2 

OIV 

ft/s  

(m/s) 

Longitudinal -6.72 (-2.05) -5.00 (-1.52) Not required 

Lateral 11.16 (3.40) 18.26 (5.56) Not required 

ORA 

g’s 

Longitudinal -8.49 -4.31 Not required 

Lateral 18.50 -7.34 Not required 

MAX 
ANGULAR 

DISP. 

deg. 

Roll -95.2 -93.3 Not required 

Pitch -9.1 -8.5 Not required  

Yaw 81.7 80.1 Not required 

THIV – ft/s  (m/s) 19.28 (5.88) 19.12 (5.83) Not required 

PHD – g’s 18.50 7.87 Not required 

ASI 0.59 0.77 Not required 

 

Figure 336. Summary of Test Results and Sequential Photographs, Test No. STBR-4 

0.000 sec 0.150 sec 0.250 sec 0.450 sec 0.700 sec 
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19 FULL-SCALE CRASH TESTING DISCUSSION 

For test no. STBR-1 (MASH 2016 test designation no. 4-12), the SUT impacted the system 

with an impact severity of 133.2 kip-ft (180.6 kJ), which was below the allowable limit of 142.0 

kip-ft (192.5 kJ) according to MASH 2016. Although test no. STBR-1 was not acceptable for 

determining MASH 2016 crashworthiness, the existing crash test was used to access progress 

toward compliance while preparations were underway to rerun the 10,000S crash test. For an 

impact severity of 93.8% of the lower-bound, MASH 2016 TL-4 impact condition, the bridge rail 

performed successfully.  

The primary concerns associated with MASH 2016 test designation no. 4-12 were 

vehicular containment, stability, and override, as well as peak lateral impact loading to the bridge 

rail and deck. Note that peak lateral impact loading to the structural deck systems was evaluated 

in the dynamic bogie testing program. As such, vehicle containment, stability, and override were 

evaluated with test no. STBR-1. A minimum barrier height of 36 in. (914 mm) was utilized for the 

new bridge rail based on research performed on a successfully crash-tested, single-slope, concrete 

barrier with a height equal to 36 in. (914 mm) using a MASH 2016 SUT [38]. 

At the time of this research, only one steel, side-mounted, beam-and-post, bridge rail was 

successfully crash-tested under the MASH TL-4 safety performance criteria, which consisted of 

the California ST-70, Side-Mounted, Bridge Rail [20]. The overall height of the bridge rail was 42 

in. (1,067 mm), as measured from the concrete deck surface to the top of upper rail. The California 

ST-70, Side-Mounted, Bridge Rail utilized four rails that were supported by vertical posts. The 

California ST-70 weighed 152.9 lb/ft (21.1 kg/m), while the new bridge rail developed in this 

project only weighed approximately 107.4 lb/ft (14.8 kg/m).  

During testing with passenger vehicles, no bridge rail elements contacted and shattered the 

side windows of the small car and pickup truck vehicles, which was largely attributed to the 1-in. 

(25-mm) top rail setback behind the front faces of the middle and bottom rails. For test designation 

no. 4-10, the bridge rail had a vertical clear opening of 12 in. (305 mm) below the bottom rail. 

During test no. STBR-3, the front wheel of the small car snagged on the upstream front flange of 

post no. 7. However, the vehicle was contained and redirected, and the occupant ridedown 

accelerations met the MASH 2016 limits. The post-to-rail connections and rail-to-rail connections 

performed in an acceptable manner without bolt tear-out during all four full-scale crash tests. 

The maximum lateral impact force imparted to the system in test no. STBR-1, based on the 

primary accelerometer system, was determined to be 96.1 kips (427.5 kN) at a time of 0.085 

seconds. Later, the vehicle started to yaw toward the bridge rail, and a second impact occurred 

when the rear of the vehicle contacted the bridge rail, as shown in Figure 337.
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          (a)                                      (b) 

 

     (c) 

Figure 337. (a) Front-End Impact, (b) Rear-End Impact, and (c) Perpendicular Wall Impact 

Forces, Test No. STBR-1 

For SUT impact scenarios, the lateral barrier resistance when considering all three of the 

rails was calculated as 81.5 kips (362.5 kN) for a five-span collapse when considering a DMF 

equal to 1.5 applied on the posts. However, after considering a DMF equal to 1.0 based on 

component testing results and after reducing the plastic section modulus of the three rails to 

consider the final post-to-deck connection attachments, the lateral barrier capacity of the bridge 

rail decreased to 65.8 kips (292.7 kN) for a five-span collapse. In test no. STBR-1, only one post 

plastically deformed, which occurred 5 in. (127 mm) above the location of the tension anchor rods.  

Permanent deformation data was obtained from surveying with GPS equipment and high-

speed digital video analysis of the SUT crash test to determine the actual number of spans 

deflected. The permanent set of the side-mounted posts and midspans of the bridge rail is shown 

in Figure 338. For test no. STBR-1, the permanent set of the bridge rail was 2.7 in. (68.6 mm), as 

stated in Chapter 12 and based on GPS data. Also as stated in Chapter 12, a plastic hinge at post 

no. 7 was visually observed after the crash test, forming a two-span collapse mechanism. However, 

based on Figure 338, both GPS and high-speed digital video analysis curves indicated that four 

spans (i.e., from post no. 5 to post no. 9) plastically deformed.  
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Figure 338. Permanent Set, Test No. STBR-1 

For test no. STBR-1, the dynamic deflections for the side-mounted posts and midspans in 

between were obtained from high-speed digital video analysis. Two time-steps were considered, 

specifically, the time when peak loading was observed based on Figure 337 and when the 

maximum dynamic deflection occurred. As shown in Figure 339, the maximum visible dynamic 

deflection was approximately 4.3 in. (109 mm). With gaps in the data due to the box blocking the 

deflecting rail, there may have been greater dynamic deflection than observed. Moreover, both 

curves indicated that four spans (i.e., from post no. 5 to post no. 9) deformed. Again, some data 

points were not visible as the SUT rolled and leaned on top of the upper rail of the system. 

 

Figure 339. Visible Dynamic Deflections, Test No. STBR-1 

Inelastic analysis calculations were made while considering a DMF equal to 1.0, a four-

span collapse based on permanent and dynamic deflections, and having plastic hinges 5 in. (127 

mm) above the tension anchor rods. This analysis revealed a modified lateral barrier resistance 

equal to 73.9 kips (328.7 kN). 
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For test no. STBR-2, the maximum lateral impact force imparted to the bridge rail was 

determined to be 82.0 kips (364.8 kN) at a time of 0.05 seconds. Later, the vehicle started to yaw 

toward the bridge rail and a second impact occurred when the rear of the vehicle contacted the 

bridge rail, as shown in Figure 340. 

                           

                     (a)                               (b) 

 

(c) 

Figure 340. (a) Front-End Impact, (b) Rear-End Impact, and (c) Perpendicular Wall Impact 

Forces, Test No. STBR-2 

For pickup truck impact scenarios, the lateral barrier resistances considering a DMF equal 

to 1.5 were 67.1 kips (298.5 kN) for a three-span collapse when only considering the lower two 

rails and 107.2 kips (476.9 kN) for a five-span collapse when considering all three rails. After 

considering a DMF equal to 1.0 based on component testing results and after reducing the plastic 

section modulus of the three rails to consider the final post-to-deck connection attachments, the 

lateral barrier capacities decreased to 48.9 kips (217.5 kN) with a three-span collapse when only 

considering the lower two rails and 75.8 kips (337 kN) with a five-span collapse when considering 

all three rails. In test no. STBR-2, two posts developed plastic hinges 4 in. (102 mm) above the 

location of the tension anchor rods.  
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For the pickup truck crash test (test no. STBR-2), the permanent set of the side-mounted 

posts and midspans were also obtained from surveying with GPS equipment and high-speed digital 

video analysis, as shown in Figure 341. The permanent set of the bridge rail was 3.5 in. (89 mm), 

as stated in Chapter 14 and based on GPS data. As stated in Chapter 14, plastic hinges at post nos. 

8 and 9 for a three-span collapse were observed after the crash test. Based on Figure 341, both 

GPS and high-speed digital video analysis curves indicated that five spans (i.e., from post no. 6 to 

post no. 11) plastically deformed.  

 

Figure 341. Permanent Set, Test No. STBR-2 

For test no. STBR-2, the dynamic deflections for the side-mounted posts and midspans 

were also obtained for the pickup truck crash test from high-speed digital video analysis. Two 

time-steps were considered, specifically, the time when peak loading was observed based on 

Figure 340 and when the maximum dynamic deflection occurred. As shown in Figure 342, the 

maximum dynamic deflection was approximately 7.0 in. (178 mm). Moreover, both curves 

indicated that five spans (i.e., from post no. 6 to post no. 11) deformed. It should be noted that 

some data points were not visible as the pickup truck rolled and leaned on top of the upper rail of 

the system. 

-1

-0.5

0

0.5

1

1.5

2

2.5

3

3.5

P
er

m
an

en
t 

D
ef

le
ct

io
n

, (
in

.)

STBR-2 - Permanent Set

GPS Video Analysis (t=1.078 sec.)



July 20, 2020  
MwRSF Report No. TRP-03-410-20 

 

432 

 

Figure 342. Dynamic Deflection, Test No. STBR-2 

Inelastic analysis calculations were made while considering a five-span collapse and 

having plastic hinges 4 in. (102 mm) above the tension anchor rods. This analysis revealed a 

modified lateral barrier resistance equal to 55.0 kips (244.7 kN) with the contribution of only the 

lower two rails and 80.4 kips (357.6 kN) when considering all three of the rails. 

As noted with the details of the pickup truck test, significant concrete damage was observed 

along the lower edge of the surrogate bridge deck found at post no. 9. In this crash test, at 7 ft (2.1 

m) downstream from impact point, post no. 9 was the first post downstream from the where the 

truck impacted the system. Several factors may have contributed to the observed concrete damage 

near the compression zone of the vertical mounting plate. In the post-test investigation, the rails 

were observed to largely deform elastically with limited to no permanent deformations within the 

actual rail segments (splice joints rotated), while the posts deformed plastically. As the system 

unloaded, the former compression anchors were subjected to tension, and along with being in close 

proximity to the bottom of the surrogate bridge deck corner, the impact resulted in concrete 

breakout. Efforts were made to reconfigure the bottom anchorage. In place of each square washer 

at the end of the compression anchor bolts, which were originally cast into the deck, a 36-in. (914-

mm) long by ⅜-in. (10-mm) thick steel plate was to be bolted to the coupling nuts, which would 

extend behind the no. 5 stirrups adjacent to the anchorages. The steel plate placed behind the 

stirrups further reinforced the bottom anchorage and reduced the risk of pryout and concrete 

failure. This new bottom anchorage was installed at post no. 9 for the full-scale crash test (retest) 

with MASH 2016 test designation no. 4-12. 

For the small car crash test (test no. STBR-3), the permanent set of the side-mounted posts 

and midspans were also obtained from surveying with GPS equipment and high-speed digital video 

analysis, as shown in Figure 343. The permanent set of the bridge rail was 0.6 in. (15 mm), as 

stated in Chapter 16, which was based on GPS data. As stated in Chapter 16, no plastic hinges 
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were observed at posts or rails after the crash test. However, based on both the GPS and the high-

speed digital video analysis curves, it is indicated that three spans (i.e., from post no. 5 to post no. 

8) plastically deformed. 

 

Figure 343. Permanent Set, Test No. STBR-3 

For test no. STBR-3, the dynamic deflections for the side-mounted posts and midspans 

were also obtained for the small car crash test from high-speed digital video analysis. Two time-

steps were considered. One time-step included the time when the maximum dynamic deflection 

occurred, while the second included small car impact with the bridge rail at the rear end. As shown 

in Figure 344, the maximum dynamic deflection was approximately 2.9 in (73.7 mm). Moreover, 

both curves indicated that three spans (i.e., from post no. 5 to post no. 8) deformed. 

 

Figure 344. Dynamic Deflections, Test No. STBR-3 
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For test no. STBR-4, a re-run of MASH 2016 test designation no. 4-12, the SUT impacted 

the system with an impact severity of 151.7 kip-ft (205.7 kJ), which was above the minimum value 

set by MASH 2016, therefore validating test designation no. 4-12 on this bridge rail system. 

Similar to test no STBR-1, the primary concerns associated with MASH 2016 test designation no. 

4-12 were vehicular containment, stability, and override, as well as peak lateral impact loading to 

the bridge rail and deck. Note that peak lateral impact loading to the structural deck system was 

evaluated in the dynamic bogie testing program. As such, vehicle containment, stability, and 

override were again evaluated with test no. STBR-4 in the same manner as in test no. STBR-1. 

The maximum lateral impact force imparted to the system in test no. STBR-4, based on the 

primary accelerometer system, was determined to be 106.4 kips (473.3 kN) at a time of 0.347 

seconds. This impact force occurred when the rear of the vehicle contacted the bridge rail after it 

had yawed, as shown in Figure 345. 

For SUT impact scenarios, the lateral barrier resistance when considering all three of the 

rails was calculated as 81.5 kips (362.5 kN) for a five-span collapse when considering a DMF 

equal to 1.5 applied on the posts. However, after considering a DMF equal to 1.0 based on 

component testing results and after reducing the plastic section modulus of the three rails to 

consider the final post-to-deck connection attachments, the lateral barrier capacity of the bridge 

rail decreased to 65.8 kips (292.7 kN) for a five-span collapse. In test no. STBR-4, three posts 

plastically deformed, which occurred roughly 5 in. (127 mm) above the location of the tension 

anchor rods. 
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            (a)                                     (b) 

 

(c) 

Figure 345. (a) Front-End Impact, (b) Rear-End Impact, and (c) Perpendicular Wall Impact 

Forces, Test No. STBR-4 

Permanent deformation data was obtained from surveying with GPS equipment and high-

speed digital video analysis of the SUT crash test to determine the actual number of spans that 

deflected. The permanent set of the side-mounted posts and midspans of the bridge rail is shown 

in Figure 346. For test no. STBR-4, the permanent set of the bridge rail was 7.3 in. (185 mm), as 

stated in Chapter 18 and based on GPS data. Also as stated in Chapter 18, plastic hinges were 

observed at post nos. 6, 7, and 8 after the crash test, forming a four-span collapse mechanism. 

However, based on Figure 346, both GPS and high-speed digital video analysis curves indicated 

that five spans (i.e., from midspan between post nos. 4 and 5 to midspan between post nos. 9 and 

10) plastically deformed.  
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Figure 346. Permanent Set, Test No. STBR-4 

For test no. STBR-4, the dynamic deflections for the side-mounted posts and midspans in 

between were obtained from high-speed digital video analysis. Two time-steps were considered, 

specifically, the time when peak loading was observed based on Figure 345 and when the 

maximum dynamic deflection occurred. As shown in Figure 347, the maximum visible dynamic 

deflection was approximately 7.9 in. (201 mm). With gaps in the data due to the box blocking the 

deflecting rail, there may have been greater dynamic deflection than observed. Moreover, both 

curves roughly indicated that five spans (i.e., from midspan between post nos. 4 and 5 to midspan 

between post nos. 9 and 10) deformed. Again, some data points were not visible as the SUT rolled 

and leaned on top of the upper rail of the system. 

 

Figure 347. Visible Dynamic Deflections, Test No. STBR-4 

Inelastic analysis calculations were made while considering a DMF equal to 1.0, a five-

span collapse based on permanent and dynamic deflections, and assumed plastic hinges located 3 

in. (76 mm) above the tension anchor rods. This analysis revealed a modified lateral barrier 

resistance equal to 72.7 kips (323.4 kN). 
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20 SUMMARY 

The objective of this study was to develop and evaluate a new steel, side-mounted, beam-

and-post, bridge rail according to the MASH 2016 TL-4 safety performance criteria for the Illinois 

and Ohio DOTs. The new bridge rail was designed to be adaptable to three bridge deck 

configurations utilized by the States of Illinois and Ohio and with or without future 3-in. (76-mm) 

thick roadway overlays. Moreover, the new bridge rail was side-mounted to the exterior, vertical 

edge of the bridge deck and with the front faces of the middle and bottom steel rails positioned 

vertically flush with the exterior edge of deck. The configuration increased the traversable deck 

width, and thus, reduced the overall width of the bridge deck. Finally, the new bridge rail was 

designed without a lower curb to allow water to drain off the outer vertical edges of the bridge 

deck. Finally, the MASH 2016 TL-4 system was configured with a minimum 36-in. (914-mm) 

height after a 3-in. (76-mm) thick future roadway overlay was applied. 

First, a literature search was performed to review (1) historical and current crash testing 

criteria, (2) relevant steel, side-mounted and top-mounted, beam-and-post, bridge rails, (3) prior 

NCHRP Report 350 TL-4 and current MASH TL-4 lateral design loading for barriers, and (4) prior 

and current NCHRP Report 350 TL-4 and MASH TL-4 minimum barrier heights, which can be 

found in Chapter 2.  

In Chapter 3, design criteria were established for the development of the new bridge rail. 

The critical bridge deck configurations were determined after evaluating the primary risks 

associated with the three MASH 2016 TL-4 full-scale vehicle crash tests. The critical deck 

configuration for MASH 2016 test designation no. 4-10 was determined to be bridge deck 

configuration #1 without a roadway overlay. For MASH 2016 test designation nos. 4-11 and 4-12, 

the critical deck configuration was bridge deck configuration #3 with a 3-in. (76-mm) roadway 

overlay. A top rail setback of 1 in. (25 mm) was selected to reduce the propensity for side window 

contact with the upper horizontal rail. Note that any bridge rail contact with side window and 

subsequent side window fracture would result in a test failure. A minimum bridge rail height of 36 

in. (914 mm) was determined for the new bridge rail configuration based on a successful full-scale 

crash test of a 36 in. (914 mm) tall, single-slope, concrete barrier using a MASH SUT [38]. The 

minimum rail height for the MASH pickup truck was determined to be 29 in. (737 mm) based on 

finite element simulations impacting a 29-in. (737-mm) tall rigid barrier [36]. Initially, the research 

team disregarded the contribution of the top rail in providing containment and stability for pickup 

truck. Therefore, the middle rail was required to have a minimum top height of 29 in. (737 mm). 

Lateral and vertical design impact loadings for MASH TL-4 vehicles were identified and then used 

to design the new bridge rail. Moreover, the bridge rail was configured to mitigate vehicle snag 

into posts through identifying appropriate vertical clear openings, rail heights, and rail offsets away 

from the front face of posts. Geometric relationships provided by AASHTO LRFD Bridge Design 

Specifications as well as the geometry of the front bumper’s structural components for each of the 

three MASH TL-4 test vehicles were analyzed and used to configure the bridge rail’s geometry. 

Finally, personnel from the Illinois and Ohio DOTs provided additional design criteria to ease the 

fabrication and installation of the new bridge rail. 

In Chapter 4, the two most common analysis methods for the design of steel, beam-and-

post, bridge rails were reviewed – (1) nonlinear, finite element simulations of vehicle models 

impacting barrier systems and (2) inelastic or plastic analysis of a bridge rail under design impact 
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loading. The inelastic or plastic analysis was selected for the design of the new steel, side-mounted, 

beam-and-post, bridge rail.  

In Chapter 5, the inelastic or plastic analysis was demonstrated and used to estimate the 

lateral barrier resistance of the IL/OH Prototype Bridge Rail under MASH 2016 TL-4 SUT and 

pickup truck design loadings. Dynamic magnification factors of 1.0 and 1.5 were considered for 

the posts. A DMF equal to 1.5 was initially believed to account for strain rate effects as well as an 

elevated yield strength of a ASTM A36, 36-ksi (248 MPa) minimum, W6x9 (W150x13.5) steel 

post subjected to cantilevered loading. Guidance plots were created to identify the required plastic 

moment capacity for a combined number of rails at the height of the selected design impact loading 

in order to resist both pickup truck and SUT impact events. These plots provided guidance to 

design the preliminary bridge rail for the four bridge deck types utilized by the Illinois and Ohio 

DOTs with DMFs equal to 1.0 and 1.5. Improved bridge rail configurations were designed, while 

considering the critical bridge deck for SUT impact events and reducing the overall weight per 

foot of the system.  

For the development of final bridge rail configurations, an analysis of the lateral bending 

resistance of the two lower rails within a single span was performed for MASH pickup truck impact 

events prior to post yielding and no assumed impact loading imparted to the top rail. The results 

from this analysis identified and ruled out lower rail sections that were unable to resist pickup 

truck design lateral loading within a single span. Moreover, the plastic section moduli of the three 

horizontal rails were reduced in order to include post-to-rail connection bolt holes before 

configuring final bridge rail prototypes. After the final bridge rail prototypes were designed, the 

weight per foot and preferences from the Illinois and Ohio DOTs were again considered. Then, 

the most efficient bridge rail was identified for subsequent full-scale vehicle crash testing and 

evaluation. 

In Chapter 6, post-to-rail and rail-to-rail connections were designed for the new bridge rail 

configuration. For the post-to-rail connections, two concepts were produced to attach the top rail 

to the post. The first concept consisted of a double-angle bracket bolted between the top rail and 

each post’s web. The second concept consisted of a ⅜-in. (10-mm) thick, fully-welded, horizontal 

steel plate anchored to the top of each post. After discussion with the Illinois and Ohio DOTs, the 

fully-welded plate with ¾-in. (19-mm) diameter bolts was selected. A pair of staggered, ASTM 

A449 ¾-in. (19-mm) diameter, round-head bolts were used to attach the middle and bottom rails 

to the front flanges of the posts. Horizontal slotted bolt holes at the front flange of the posts and at 

the mounting brackets were used to provide a ⅝-in. (16-mm) horizontal construction tolerance for 

the installation and removal of the rails. For the rail-to-rail connections, both rectangular HSS steel 

section tubes with external shim plates as well as welded, built-up steel tubes were designed to 

properly connect the ends of the three rails, while providing continuity across the joints. After 

discussion with representatives from the Illinois and Ohio DOTs, built-up tubes were preferred for 

the new bridge rail. The installation and removal processes of the splice tubes and splice tube bolts 

were analyzed. Procedures for these processes were presented and explained.  

In Chapter 7 and simultaneous to the design of the bridge railing, Mauricio, et al. was 

conducting research to develop the post-to-deck attachment hardware, which included performing 

seven dynamic bogie tests [13,14]. Post anchorage hardware was selected featuring fully threaded 

1-in. (25-mm) diameter ASTM F1554 Grade 105 anchor rods with coupling nuts welded to an 

embedded plate cast into the edge of the deck for the tensile connection. Two anchor rods at the 
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top were tensile connections embedded 32½ in. (826 mm) into the deck. Shear welded studs 3 in. 

(76 mm) long and ½ in. (13 mm) in diameter with heavy hex nuts were utilized in the compression 

connection. The tensile rods and the compression connection were spaced 11 in. (279 mm) 

vertically and 16 in. (406 mm) longitudinally to fully develop the tensile forces required for the 

anchor rods. The average forces resisted by the posts in seven dynamic bogie tests were analyzed 

in order to evaluate the suitability for using a DMF equal to 1.5, which potentially would be applied 

to the posts and used to recalculate the lateral barrier capacity of the new bridge rail. This analysis 

showed that a DMF equal to 1.0 rather than 1.5 was appropriate for use in the development of the 

new bridge rail. Therefore, further review of successfully crash-tested, beam-and-post, bridge rails 

was made. After this additional analysis, the research team and representatives of the Illinois and 

Ohio DOTs decided to not strengthen the new bridge rail even though a DMF equal to 1.0 resulted 

in a lateral barrier capacity of 65.8 kips (292.7 kN), which was less than the 80-kip (356 kN) design 

load . 

In Chapter 8, a surrogate bridge deck was designed to require only one surrogate bridge 

slab to be constructed for critically testing and evaluating the three MASH 2016 TL-4 full-scale 

vehicle crash tests. This surrogate bridge deck had a depth of 26 in. (660 mm) to allow for the 

critical installation of both post-to-deck connections at their appropriate heights. 

The bridge rail system and the surrogate concrete bridge deck were then constructed and 

subjected to MASH 2016 TL-4 full-scale vehicle crash testing. The system installation for test no. 

STBR-1 was 159 ft – 11¼ in. long (48.8 m) with a nominal height of 36 in. (914 mm), including 

side-mounted and top-mounted posts. Only the side-mounted bridge rail system was evaluated, 

and the top-mounted system was only included for testing purposes to achieve the necessary 

system length to ensure vehicle redirection. In test no. STBR-1, the 22,124-lb (10,035-kg) SUT 

impacted the system at an angle of 14.5 degrees and a speed of 53.6 mph (86.2 km/h). According 

to MASH 2016, the target impact speed is 56.0 mph (90 km/h) with a tolerance of ± 2.5 mph (4.0 

km/h), which was met, and the target impact angle is 15 degrees with a tolerance of ± 1.5 degrees, 

which was met. Although the test was within the limits for individual test parameters, the 

combination of the impact speed and the impact angle resulted in an impact severity of 133.2 kip-

ft (180.6 kJ), which was below the allowable limit of 142.0 kip-ft (192.5 kJ). Nonetheless, the 

bridge rail properly contained and redirected the SUT. The maximum lateral load imparted to the 

barrier was approximately 96.1 kips (427.5 kN), as determined by the primary accelerometer 

system at the c.g. The maximum lateral load at the rear axle was found to be 102.4 kips (455.5 

kN). During test no. STBR-1, post no. 7 developed a plastic hinge 5 in. (127 mm) above the 

location of the tension anchor rods. The remainder of the posts did not visually show signs of 

permanent damage. The middle and bottom rails were gouged from contact with the left-front 

wheel near the actual impact point. Denting was found in the front face of the middle rail upstream 

splice tube between post nos. 6 and 7. Additionally, minimal concrete spalling was found on the 

top-right corner of the embedded plates at post nos. 7 and 8. The maximum dynamic deflection 

was determined to be 4.3 in. (109 mm), as determined from high-speed digital video analysis.  

The system installation for test no. STBR-2 was 159 ft – 11¼ in. long (48.8 m) with a 

nominal height of 36 in. (914 mm), including side-mounted and top-mounted posts. Only the side-

mounted bridge rail system was evaluated, and the top-mounted system was only included for 

testing purposes to achieve the necessary system length to ensure vehicle redirection. The bridge 

rail properly contained and redirected the pickup truck, and all occupant risk values were within 
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MASH 2016 limits. The maximum lateral load imparted to the barrier was approximately 82.0 

kips (364.8 kN), as determined by the primary accelerometer system. After test no. STBR-2,  

denting was found in the front face of the bottom rail near post no. 8. Post nos. 8 and 9 had plastic 

hinges 4 in. (102 mm) above the location of the tension anchor rods. There were 2-in. tall (5.1-

mm) tire marks at the left side of the front flange of post no. 9 at located 13 in. (330 mm) above 

the height of the tension anchor rods. Post no. 10 slightly rotated backward at the height of the top 

post stiffeners. Additionally, significant concrete spalling and cracks were found at the bottom 

edge of the concrete deck, extending 4 ft – ½ in. (1.2 m) longitudinally and 11 in. (279 mm) above 

the bottom edge of the concrete deck at post no. 9. The maximum dynamic deflection of the system 

was determined to be 7.0 in. (178 mm), as determined from high-speed digital video analysis. 

The system installation for test no. STBR-3 was 111 ft – 11¼ in. long (34.1 m) with a 

nominal height of 39 in. (991 mm), including only side-mounted posts. The system contained and 

redirected the small car, and all occupant risk values were within MASH 2016 limits. Tire marks 

were visible in the front flange of the post no. 7, top stiffeners, and deck spacer due to the snagging 

of the left-front wheel.  

The system installation for test no. STBR-4 was 159 ft – 11¼ in. long (48.8 m) with a 

nominal height of 36 in. (914 mm), including side-mounted and top-mounted posts. Only the side-

mounted bridge rail system was evaluated, and the top-mounted system was only included for 

testing purposes to achieve the necessary system length to ensure vehicle redirection. In test no. 

STBR-4, the 22,152-lb (10,048-kg) SUT impacted the system at an angle of 14.7 degrees and a 

speed of 56.4 mph (90.8 km/h). These conditions met the target impact speed set by MASH 2016 

of 56.0 mph (90 km/h) with a tolerance of ± 2.5 mph (4.0 km/h), and the target impact angle set 

by MASH 2016 of 15 degrees with a tolerance of ± 1.5 degrees. The impact severity for this test 

was calculated to be 151.7 kip-ft (205.7 kJ), which is above the minimum limit of 142.0 kip-ft 

(192.5 kJ) set in MASH 2016. The bridge rail properly contained and redirected the SUT, and the 

maximum lateral load imparted to the barrier was approximately 106.4 kips (473 kN), as 

determined by the primary accelerometer system at the c.g. The maximum lateral load at the rear 

axle was found to be 110.3 kips (490.6 kN). During test no. STBR-4, post nos. 6, 7, and 8 each 

developed a plastic hinge 3 in. (76 mm) above the location of the tension anchor rods. Post no. 5 

also experienced a small degree of bending, but the remainder of the posts experience no other 

permanent damage. The middle and bottom rails were gouged and dented from contact with the 

left-front wheel near the actual impact point. There was evidence of contact between the top rail 

of the system and the box of the vehicle extending from near the impact point all the way to the 

end of the bridge rail system. Additionally, minimal concrete spalling was found on the top corner 

of the surrogate bridge deck between post nos. 6 and 7, as well as at the top downstream corner of 

the post to deck connection of post no. 7. The maximum dynamic deflection was determined to be 

7.9 in. (201 mm), as determined from high-speed digital video analysis.  

In test no. STBR-1, the impact severity did not meet the allowable lower limit of 142.0 

kip-ft for MASH 2016 test designation no. 4-12. Thus, test designation no. 4-12 was re-run in test 

no. STBR-4, and after the successful completion of the test, the bridge railing system was proven 

to be compliant with all MASH 2016 TL-4 impact safety standards.
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21 CONCLUSIONS AND RECOMMENDATIONS 

21.1 Conclusions 

A new MASH 2016 TL-4 steel, side-mounted, beam-and-post, bridge rail was developed, 

crash tested, and evaluated. The new bridge rail was configured with W6x15 (W150x22.5) steel 

posts which were weaker that the W6x25 (W150x37.1) posts utilized in prior steel, side-mounted, 

beam-and-post, bridge rails utilized by Illinois and Ohio DOTs. This change was made to reduce 

the impact loads transferred to the deck, and consequently, reduce the potential for bridge deck 

damage. The bridge railing and post-to-deck connections were designed to be adaptable to multiple 

concrete deck configurations utilized by the States of Illinois and Ohio. These deck configurations 

include a minimum 18-in. thick slab deck and a minimum 17-in. thick box beam deck with up to 

a 6-in. thick concrete or asphalt wearing surface. A minimum height of 36 in. (914 mm) is used 

for MASH 2016 TL-4 systems, which takes into consideration a future 3-in. (76-mm) roadway 

overlay being used with the system. The new bridge rail was configured to reduce the required 

deck width by using side-mounted posts with the front faces of the lower two rails vertically 

aligned with the exterior bridge deck edge. A 1-in. (25-mm) top rail setback was utilized for full-

scale crash testing and prevented vehicle-to-rail contact and shattering of the side windows of 

passenger vehicles with the top rail. Each of the rail segments weighed no more than 500 lb (227 

kg) in order to eliminate the need for heavy construction equipment during installation. 

The new bridge rail successfully mitigated snag risks for passenger vehicles with 

appropriate railing configurations and heights. The left-front wheel of the small car contacted and 

snagged against a post without excessive risk to occupants in test designation no. 4-10.  

The fully-welded plate mounting bracket for the top rail, as well as the middle and bottom 

post-to-rail connections, performed adequately throughout the four full-scale crash tests. The 

splice tubes successfully performed and provided ease of installation, maintenance, and repair. 

Moreover, the removal and replacement processes of the splice tubes were successfully performed 

with no complications. The surrogate concrete bridge deck was successfully designed to allow for 

only one bridge deck to be constructed for all four of the full-scale crash tests.  

The new steel, side-mounted, beam-and-post, bridge rail successfully contained and 

redirected the three MASH 2016 TL-4 vehicles. Therefore, it was determined that the plastic 

collapse mechanism represented an appropriate method for the design of steel-beam-and-post, 

bridge rails.  

The tension anchor hardware performed adequately during the four full-scale crash tests 

without severe concrete deck damage. However, concrete damage was observed at the bottom 

region of one post location of the surrogate concrete bridge deck during test designation no. 4-11. 

The damage revealed that the bottom, square anchor plates performed ineffectively when the post 

was subjected to reverse-bending, resulting in concrete breakout and anchorage pullout. Due to the 

concrete damage in the pickup truck crash test, modifications were made to the post-to-deck 

connection and the surrogate concrete bridge deck before test no. STBR-4, as stated in Chapter 19. 
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21.2 Recommendations 

Due to concrete damage in the pickup truck crash test (test no. STBR-2), modifications of 

the post-to-deck connection and the surrogate concrete bridge deck as stated in Chapter 19 were 

implemented for the re-run of test designation no. 4-12. If it is desired to reduce the potential for 

concrete breakout near the bottom region of the deck, then it is recommended that either the 

internal washer plate that was utilized in test no. STBR-4 be used at the lower anchor location 

and/or that the deck thickness be increased to reduce the potential for concrete breakout near the 

bottom region of the deck.  

For the construction of the surrogate concrete bridge deck, the anchorage hardware was 

embedded within the form, rather than utilizing the option of welding the coupling nuts to the 

embedded vertical plates. When the form was removed, some vertical plates detached from the 

exterior, vertical edge of the slab. The use of welded studs or welded coupling nuts on the 

embedded vertical plates is recommended for future implementation of this bridge rail system in 

the field to ease installation. The welded stud option and the welded coupling nut options are 

shown in Figure 282.  

An adequate MASH 2016 TL-3 approach guardrail transition must be developed and 

evaluated to safely connect the new, steel, side-mounted, beam-and-post, bridge rail to adjacent 

approach guardrail systems. The lateral barrier capacity of the transition will need to be 

investigated and compared with design impact loading using computer simulation. Post spacing 

near the bridge ends can also be modified to meet MASH 2016 crashworthiness requirements. The 

development of the transition is documented in Rasmussen, et al. [11]. Complete implementation 

details and recommendations for the bridge rail will be provided in a guidance and implementation 

report after the completion of the transition testing [12].  
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Appendix A. Derivation of Single-Span Plastic Collapse 
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The plastic collapse or inelastic analysis method relies on the principle of virtual work, 

which involves the balance of external work imparted by vehicular impact loading and internal 

work represented by the energy absorbed by the bridge rail.  

Consider the partially loaded fixed beam shown in Figure A-1 with a distributed load. As 

distributed load, WT, increases, the bending stresses at the support locations reach the yield 

strength of the material. Eventually, as the load increases, the entire cross section reaches its yield 

stress. This bending state is known as the plastic moment capacity, MP, of the cross section. The 

cross section is not capable to resist additional moment, but it maintains this moment capacity for 

the rotation, θ, or plastic hinges in the beam, one at each end for a total of combined 2θ and one at 

midspan for 2θ.     

 

Figure A-1. Plastic Hinges at Midspan and End Sections of a Partially-Loaded, Single-Span 

Fixed Beam 

where: 

L = beam length; 

LT = length of design distributed load; 

WT =design impact distributed load; 

Δ1 = maximum deflection of beam at midspan; 

Δ2 = deflection at ends of the length of design distributed load; 

θ = angle of rotation of deflected shape; and 

MP = plastic moment capacity of beam. 

The internal and external work of the beam are expressed by Equation 9: 

WT ∗ LT ∗ ∆1= 4θ ∗ MP                                                              (9) 

The angle of rotation of the deflected shape, θ, can be simplified using a small-angle 

approximation for a relatively-small deflection, Δ, as shown in Equation 10. 

 θ ≈ tan θ                                                                        (10) 

  Using a small-angle approximation with Equation 10 along with a substitution for tan θ 

equal to 
∆1

L/2
 , leads to Equation 11 for the angle of rotation, θ, at the midspan location:   
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θ = tan θ =
∆1

L/2
                                                                  (11) 

The equation for the midspan deflection can be expressed as Equation 12: 

∆1=
θL

2
                                                                       (12) 

Similarly, a small-angle approximation with Equation 9 can be sued to obtain beam 

deflections at the end of the distributed load, thus resulting in Equation 13:   

θ = tan θ =
∆2

L
2 −

LT

2

                                                               (13) 

The equation for the deflection, Δ2, at the ends of the distribution load is expressed as: 

∆2=  
θL − θLT

2
                                                                     (14) 

The average of deflection Δ1 and deflection Δ2 is expressed in Equation 15: 

∆AVG=
∆1 + ∆2

2
=  

θL + θL − θLT

2
2

 =  
θL

2
−  

θLT

4
=

θ

4
[2L − LT]                    (15) 

The internal and external work in the beam with ΔAVG can be expressed by Equation 16: 

WT ∗ LT ∗
θ

4
[2L − LT] = 4θ ∗ MP                                                  (16a) 

WT ∗ LT ∗
2L − LT

4
= 4 MP                                                      (16𝑏) 

The final equation for the plastic capacity of a fixed-beam is expressed by Equation 17, 

which corresponds to a single span with a partially-distributed load over the midspan. 

WT ∗ LT =
16MP

2L − LT
                                                              (17) 

Using Equation 2 from Section 4 with N=1 (single-span), the lateral beam or barrier 

capacity is: 

𝑅 =
16 𝑀𝑃 + (1 − 1)(1 + 1)𝑃𝑃𝐿

2(1)𝐿 − 𝐿𝑇
 

𝑅 =
16 𝑀𝑃 + (0)(2)𝑃𝑃𝐿

2𝐿 − 𝐿𝑇
 

𝑅 =
16 𝑀𝑃

2𝐿 − 𝐿𝑇
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Appendix B. Bridge Rail Design 
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Table B-1. IL/OH MASH TL-4 Bridge Rail Prototype Design with DMF=1.0 

 

Number of Rails 3 Mp Post (kip - in.) 486

ɸ 0.9 Mp Upper Rail (kip - in.) 1039.5 Mp Upper Rail (kip - in.) 1039.5 YRAILS (in.) 34.44 Ppost (kip) 14.11 ONE-SPAN 308.80 R(kip) 77.09 FIVE-SPAN RDESIGN (kip) 78.1

Dynamic Magnification Factor 1 Mp Middle Rail (kip - in.) 445.95 Mp Middle Rail (kip - in.) 445.95 TWO-SPAN 133.44

Fy (ksi.) 50 Mp Lower Rail (kip - in.) 251.55 Mp Lower Rail (kip - in.) 251.55 THREE-SPAN 92.97

L (Post Spacing)(in.) 75 Mp Ʃ Rails (kip - in.) 1737 Mp Ʃ Rails (kip - in.) 1737 FOUR-SPAN 82.82

Asphalt Overlay (in.) 0 FIVE-SPAN 77.09

Tension anchor Center to top of deck (in.) 4 SIX-SPAN 78.44

Tension Anchor Center to top overlay (in.) 4 SEVEN-SPAN 79.38

EIGHT-SPAN 83.79

Pickup Truck,  Ft Lateral Load (kips) 70

Single-Unit Truck, Ft Lateral Load (kips) 80 Mp Middle Rail (kip - in.) 445.95 YRAILS (in.) 24.67 Ppost (kip) 19.70 ONE-SPAN 109.41 R(kip) 57.16 THREE-SPAN RDESIGN (kip) 50.4

Mp Lower Rail (kip - in.) 251.55 TWO-SPAN 67.74

Pickup Truck ,Lt  Distributed Length (in.) 48 Mp Ʃ Rails (kip - in.) 697.5 THREE-SPAN 57.16

Single-Unit Truck, Lt Distributed Length (in.) 60 FOUR-SPAN 63.04

FIVE-SPAN 66.41

Pickup Truck (Load Height)(in.) 24 SIX-SPAN 75.52

Single-Unit Truck (Load Height)(in.) 30 SEVEN-SPAN 81.91

EIGHT-SPAN 91.76

Z, Plastic Section Modulus (in.
3
) 10.8 Mp Upper Rail (kip - in.) 1039.5 YRAILS (in.) 34.44 Ppost (kip) 14.11 ONE-SPAN 272.47 R (kip) 75.77 FIVE-SPAN RDESIGN (kip) 93.2

Mp Middle Rail (kip - in.) 445.95 TWO-SPAN 127.08

Mp Lower Rail (kip - in.) 251.55 THREE-SPAN 90.19

Z, Plastic Section Modulus (in.
3
) 23.1 Mp Ʃ Rails (kip - in.) 1737 FOUR-SPAN 81.02

Rail Center Height to Road Surface (in.) 37 FIVE-SPAN 75.77

Top Anchor Center to Rail Center (in.) 41 SIX-SPAN 77.33

SEVEN-SPAN 78.43

EIGHT-SPAN 82.92

Z, Plastic Section Modulus (in.
3
) 9.91

Rail Center Height to Road Surface (in.) 25

Top Anchor Center to Rail Center (in.) 29

Z, Plastic Section Modulus (in.
3
) 5.59

Rail Center Height to Road Surface (in.) 13

Top Anchor Center to Rail Center (in.) 17

Pickup Truck, two rails

Pickup Truck, three rails

BARRIER RESISTANCE 

NO. OF SPANS, R (kips)

 MINIMUM BARRIER 

RESISTANCE  

BARRIER RESISTANCE 

AT LOAD HEIGHT

Single-Unit Truck, three rails

POST SHEAR 

DESIGN CONSIDERATIONS

SYSTEM INFORMATION
RAIL AND POST PLASTIC 

MOMENTS

RAIL AND POST PLASTIC 

MOMENTS

EFFECTIVE 

HEIGHT OF RAILS 

Upper Rail

Middle Rail

Lower Rail

SECTION SELECTION

W6x15 Posts
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Table B-2. IL/OH MASH TL-4 Bridge Rail Prototype Design with DMF=1.5 

Number of Rails 3 Mp Post (kip - in.) 729

ɸ 0.9 Mp Upper Rail (kip - in.) 1039.5 Mp Upper Rail (kip - in.) 1039.5 YRAILS (in.) 34.44 Ppost (kip) 21.17 ONE-SPAN 308.80 R(kip) 95.49 FIVE-SPAN RDESIGN (kip) 96.7

Dynamic Magnification Factor 1.5 Mp Middle Rail (kip - in.) 445.95 Mp Middle Rail (kip - in.) 445.95 TWO-SPAN 142.26

Fy (ksi.) 50 Mp Lower Rail (kip - in.) 251.55 Mp Lower Rail (kip - in.) 251.55 THREE-SPAN 103.82

L (Post Spacing)(in.) 75 Mp Ʃ Rails (kip - in.) 1737 Mp Ʃ Rails (kip - in.) 1737 FOUR-SPAN 98.50

Asphalt Overlay (in.) 0 FIVE-SPAN 95.49

Tension anchor Center to top of deck (in.) 4 SIX-SPAN 101.12

Tension Anchor Center to top overlay (in.) 4 SEVEN-SPAN 105.04

EIGHT-SPAN 113.50

Pickup Truck,  Ft Lateral Load (kips) 70

Single-Unit Truck, Ft Lateral Load (kips) 80 Mp Middle Rail (kip - in.) 445.95 YRAILS (in.) 24.67 Ppost (kip) 29.55 ONE-SPAN 109.41 R(kip) 71.86 THREE-SPAN RDESIGN (kip) 63.3

Mp Lower Rail (kip - in.) 251.55 TWO-SPAN 79.46

Pickup Truck ,Lt  Distributed Length (in.) 48 Mp Ʃ Rails (kip - in.) 697.5 THREE-SPAN 71.86

Single-Unit Truck, Lt Distributed Length (in.) 60 FOUR-SPAN 84.45

FIVE-SPAN 91.66

Pickup Truck (Load Height)(in.) 24 SIX-SPAN 106.73

Single-Unit Truck (Load Height)(in.) 30 SEVEN-SPAN 117.30

EIGHT-SPAN 132.80

Z, Plastic Section Modulus (in.
3
) 10.8 Mp Upper Rail (kip - in.) 1039.5 YRAILS (in.) 34.44 Ppost (kip) 21.17 ONE-SPAN 272.47 R (kip) 93.86 FIVE-SPAN RDESIGN (kip) 115.5

Mp Middle Rail (kip - in.) 445.95 TWO-SPAN 135.48

Mp Lower Rail (kip - in.) 251.55 THREE-SPAN 100.72

Z, Plastic Section Modulus (in.
3
) 23.1 Mp Ʃ Rails (kip - in.) 1737 FOUR-SPAN 96.36

Rail Center Height to Road Surface (in.) 37 FIVE-SPAN 93.86

Top Anchor Center to Rail Center (in.) 41 SIX-SPAN 99.69

SEVEN-SPAN 103.78

EIGHT-SPAN 112.31

Z, Plastic Section Modulus (in.
3
) 9.91

Rail Center Height to Road Surface (in.) 25

Top Anchor Center to Rail Center (in.) 29

Z, Plastic Section Modulus (in.
3
) 5.59

Rail Center Height to Road Surface (in.) 13

Top Anchor Center to Rail Center (in.) 17

Pickup Truck, two rails

Pickup Truck, three rails

BARRIER RESISTANCE 

NO. OF SPANS, R (kips)

 MINIMUM BARRIER 

RESISTANCE  

BARRIER RESISTANCE 

AT LOAD HEIGHT

Single-Unit Truck, three rails

POST SHEAR 

DESIGN CONSIDERATIONS

SYSTEM INFORMATION
RAIL AND POST PLASTIC 

MOMENTS

RAIL AND POST PLASTIC 

MOMENTS

EFFECTIVE 

HEIGHT OF RAILS 

Upper Rail

Middle Rail

Lower Rail

SECTION SELECTION

W6x15 Posts
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Table B-3. Additional Guidance Plots for Single-Unit Trucks for 30 in. Effective Height of Rails 

 

3500 149.4 131.3 118.1 115.5 101.8 90.0 81.2

3400 147.1 129.6 116.4 113.9 100.5 88.6 80.0

3300 144.9 127.5 114.8 112.2 99.3 87.2 78.8

3200 142.6 125.5 113.1 110.6 98.0 85.8 77.7

3100 140.3 123.4 111.4 109.0 96.6 84.4 76.5

3000 138.1 121.4 109.7 107.4 94.8 83.0 75.4

2900 135.8 119.3 108.0 105.8 93.0 81.6 74.2

2800 133.6 117.3 106.3 104.2 91.2 80.2 73.0

2700 131.3 115.2 104.6 102.5 89.5 78.8 71.9

2600 129.0 113.1 102.9 100.9 87.7 77.4 70.7

2500 126.3 111.1 101.3 99.3 85.9 76.0 69.6

2400 123.7 109.0 99.6 97.7 84.1 74.6 68.4

2300 121.1 107.0 97.9 95.6 82.4 73.2 67.2

2200 118.5 104.9 95.7 93.3 80.6 71.8 66.1

2100 115.9 102.9 93.3 91.0 78.8 70.4 64.9

2000 113.3 100.8 90.9 88.6 77.0 69.0 63.0

1900 110.7 98.8 88.5 86.3 75.2 67.6 61.0

1800 108.0 96.5 86.1 84.0 73.5 66.2 59.0

1700 105.4 93.6 82.5 81.7 71.7 64.8 57.0

1600 102.8 90.6 81.2 79.4 69.9 62.4 55.1

1500 100.2 87.6 78.8 77.0 68.1 59.9 53.1

1400 97.6 84.7 76.4 74.7 66.4 57.5 51.1

1300 94.0 81.7 73.9 72.4 64.4 55.1 49.1

1200 90.1 78.8 71.5 70.1 61.3 52.7 47.1

1100 86.3 75.8 69.1 67.8 58.2 50.2 45.1

1000 82.5 72.8 66.7 65.4 55.1 47.8 43.1

900 78.7 69.9 63.8 61.8 52.0 45.4 41.1

800 74.9 66.9 59.5 57.7 48.9 43.0 39.1

700 71.1 63.3 55.2 53.6 45.8 40.5 37.1

600 67.3 57.9 50.9 49.5 42.7 38.1 35.2

500 62.4 52.6 46.6 45.4 39.6 35.7 33.2

400 55.4 47.3 42.3 41.3 36.5 33.3 28.1

300 48.3 41.9 38.0 37.2 33.4 26.7 21.1

200 41.3 36.6 33.7 33.1 24.2 17.8 14.0

100 34.3 26.7 19.0 17.8 12.1 8.9 7.0

48 60 72 75 96 120 144

4 ft 5 ft 6 ft 6 ft - 3 in 8 ft 10 ft 12 ft

SUT

DMF=1.0

Post Spacing 

30" Effective height of rails

Ʃ 
M

p
 (

ki
p

s 
- 

in
) 2300 151.6 132.9 119.4 116.7 103.1 91.1 80.6

2200 149.0 130.0 117.0 114.4 101.3 88.7 78.6

2100 146.4 127.0 114.5 112.1 99.5 86.3 76.6

2000 142.8 124.1 112.1 109.8 97.8 83.8 74.6

1900 139.0 121.1 109.7 107.4 95.1 81.4 72.6

1800 135.2 118.1 107.3 105.1 92.0 79.0 70.6

1700 131.4 115.2 103.7 102.8 88.9 76.6 68.6

1600 127.6 112.2 102.4 100.5 85.8 74.1 66.7

1500 123.8 109.2 100.0 98.2 82.7 71.7 64.7

1400 120.0 106.3 97.6 94.8 79.6 69.3 62.7

1300 116.2 103.3 93.5 90.7 76.5 66.9 60.7

1200 112.4 100.4 89.2 86.6 73.4 64.4 58.7

1100 108.6 97.4 84.9 82.5 70.3 62.0 56.7

1000 104.7 92.2 80.6 78.4 67.2 59.6 54.7

900 100.9 86.9 76.3 74.3 64.1 57.2 52.7

800 97.1 81.5 72.0 70.2 61.0 54.7 50.7

700 90.0 76.2 67.7 66.1 57.9 52.3 48.7

600 83.0 70.9 63.4 62.0 54.8 49.9 42.1

500 76.0 65.5 59.1 57.9 51.7 44.4 35.1

400 69.0 60.2 54.8 53.8 48.5 35.6 28.1

300 62.0 54.9 50.5 49.7 36.4 26.7 21.1

200 55.0 49.5 38.1 35.6 24.2 17.8 14.0

100 44.4 26.7 19.0 17.8 12.1 8.9 7.0

48 60 72 75 96 120 144

4 ft 5 ft 6 ft 6 ft - 3 in 8 ft 10 ft 12 ft

Ʃ 
M

p
 (

ki
p

s 
- 

in
)

SUT

DMF=1.5

Post Spacing 

30" Effective height of rails
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Table B-4. Additional Guidance Plots for Single-Unit Trucks for 31 in. Effective Height of Rails  

  

 

 

 

3600 149.4 130.9 117.9 115.2 101.1 90.1 81.0

3500 147.1 129.1 116.2 113.6 99.9 88.7 79.8

3400 144.9 127.3 114.5 112.0 98.6 87.3 78.7

3300 142.6 125.6 112.8 110.3 97.4 85.9 77.5

3200 140.3 123.5 111.2 108.7 96.1 84.5 76.4

3100 138.1 121.5 109.5 107.1 94.9 83.1 75.2

3000 135.8 119.4 107.8 105.5 93.5 81.7 74.0

2900 133.6 117.4 106.1 103.9 91.7 80.3 72.9

2800 131.3 115.3 104.4 102.3 89.9 78.9 71.7

2700 129.0 113.3 102.7 100.6 88.1 77.5 70.6

2600 126.8 111.2 101.0 99.0 86.4 76.1 69.4

2500 124.4 109.2 99.3 97.4 84.6 74.7 68.2

2400 121.8 107.1 97.7 95.8 82.8 73.3 67.1

2300 119.2 105.1 96.0 94.2 81.0 71.9 65.9

2200 116.5 103.0 94.3 91.9 79.2 70.5 64.8

2100 113.9 101.0 92.0 89.6 77.5 69.1 63.6

2000 111.3 98.9 89.5 87.3 75.7 67.7 62.3

1900 108.7 96.9 87.1 85.0 73.9 66.3 60.3

1800 106.1 94.8 84.7 82.6 72.1 64.9 58.3

1700 103.5 92.2 81.2 80.3 70.4 63.5 56.3

1600 100.9 89.2 79.8 78.0 68.6 61.6 54.3

1500 98.2 86.3 77.4 75.7 66.8 59.2 52.3

1400 95.6 83.3 75.0 73.4 65.0 56.7 50.3

1300 92.5 80.3 72.6 71.0 63.2 54.3 48.3

1200 88.7 77.4 70.1 68.7 60.5 51.9 46.3

1100 84.9 74.4 67.7 66.4 57.4 49.5 44.4

1000 81.1 71.4 65.3 64.1 54.3 47.0 42.4

900 77.3 68.5 62.9 61.0 51.2 44.6 40.4

800 73.5 65.5 58.7 56.9 48.1 42.2 38.4

700 69.7 62.4 54.4 52.8 45.0 39.8 36.4

600 65.9 57.1 50.1 48.7 41.9 37.3 34.4

500 61.5 51.8 45.8 44.6 38.8 34.9 32.4

400 54.5 46.4 41.5 40.5 35.7 32.5 28.1

300 47.5 41.1 37.2 36.4 32.6 26.7 21.1

200 40.4 35.8 32.9 32.3 24.2 17.8 14.0

100 33.4 26.7 19.0 17.8 12.1 8.9 7.0

48 60 72 75 96 120 144

4 ft 5 ft 6 ft 6 ft - 3 in 8 ft 10 ft 12 ft

Ʃ 
M

p
 (

ki
p

s 
- 

in
)

SUT

DMF=1.0

Post Spacing 

31" Effective height of rails

2400 151.3 133.8 119.8 117.0 102.9 92.4 81.5

2300 148.7 130.9 117.3 114.7 101.1 90.0 79.5

2200 146.0 127.9 114.9 112.4 99.3 87.5 77.5

2100 143.4 124.9 112.5 110.0 97.5 85.1 75.5

2000 140.7 122.0 110.1 107.7 95.8 82.7 73.5

1900 136.9 119.0 107.6 105.4 93.9 80.3 71.5

1800 133.1 116.0 105.2 103.1 90.8 77.8 69.5

1700 129.3 113.1 101.6 100.8 87.7 75.4 67.5

1600 125.5 110.1 100.4 98.4 84.6 73.0 65.5

1500 121.6 107.2 97.9 96.1 81.5 70.6 63.5

1400 117.8 104.2 95.5 93.6 78.4 68.1 61.6

1300 114.0 101.2 92.3 89.5 75.3 65.7 59.6

1200 110.2 98.3 88.0 85.4 72.2 63.3 57.6

1100 106.4 95.3 83.7 81.3 69.1 60.9 55.6

1000 102.6 91.0 79.4 77.2 66.0 58.4 53.6

900 98.8 85.6 75.1 73.1 62.9 56.0 51.6

800 95.0 80.3 70.8 69.0 59.8 53.6 49.6

700 88.7 75.0 66.5 64.9 56.7 51.2 47.6

600 81.7 69.6 62.2 60.8 53.6 48.8 42.1

500 74.7 64.3 57.9 56.7 50.5 44.4 35.1

400 67.7 59.0 53.6 52.6 47.4 35.6 28.1

300 60.7 53.6 49.3 48.5 36.4 26.7 21.1

200 53.6 48.3 38.1 35.6 24.2 17.8 14.0

100 44.4 26.7 19.0 17.8 12.1 8.9 7.0

48 60 72 75 96 120 144

4 ft 5 ft 6 ft 6 ft - 3 in 8 ft 10 ft 12 ft

Ʃ 
M

p
 (

ki
p

s 
- 

in
)

SUT

DMF=1.5

Post Spacing 

31" Effective height of rails
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Table B-5. Additional Guidance Plots for Single-Unit Trucks for 32 in. Effective Height of Rails 

  

 

 

 

3700 149.5 130.6 117.8 115.0 100.6 90.3 80.9

3600 147.3 128.8 116.1 113.4 99.4 88.9 79.8

3500 145.0 127.0 114.4 111.8 98.1 87.5 78.6

3400 142.7 125.2 112.8 110.2 96.9 86.1 77.5

3300 140.5 123.5 111.1 108.6 95.6 84.7 76.3

3200 138.2 121.7 109.4 106.9 94.4 83.3 75.1

3100 136.0 119.7 107.7 105.3 93.1 81.9 74.0

3000 133.7 117.6 106.0 103.7 91.9 80.5 72.8

2900 131.4 115.6 104.3 102.1 90.4 79.1 71.7

2800 129.2 113.5 102.6 100.5 88.7 77.7 70.5

2700 126.9 111.5 100.9 98.9 86.9 76.3 69.3

2600 124.7 109.4 99.2 97.2 85.1 74.9 68.2

2500 122.4 107.4 97.6 95.6 83.3 73.5 67.0

2400 119.9 105.3 95.9 94.0 81.5 72.1 65.9

2300 117.3 103.3 94.2 92.4 79.8 70.6 64.7

2200 114.7 101.2 92.5 90.6 78.0 69.2 63.5

2100 112.1 99.2 90.7 88.3 76.2 67.8 62.4

2000 109.5 97.1 88.2 86.0 74.4 66.4 61.2

1900 106.8 95.1 85.8 83.7 72.7 65.0 59.6

1800 104.2 93.0 83.4 81.4 70.9 63.6 57.6

1700 101.6 90.9 79.9 79.0 69.1 62.2 55.6

1600 99.0 87.9 78.6 76.7 67.3 60.8 53.6

1500 96.4 84.9 76.1 74.4 65.5 58.5 51.6

1400 93.8 82.0 73.7 72.1 63.8 56.0 49.6

1300 91.2 79.0 71.3 69.8 62.0 53.6 47.6

1200 87.4 76.1 68.9 67.4 59.8 51.2 45.6

1100 83.6 73.1 66.4 65.1 56.7 48.8 43.7

1000 79.8 70.1 64.0 62.8 53.6 46.3 41.7

900 75.9 67.2 61.6 60.3 50.5 43.9 39.7

800 72.1 64.2 57.9 56.2 47.4 41.5 37.7

700 68.3 61.2 53.6 52.1 44.3 39.1 35.7

600 64.5 56.3 49.3 48.0 41.2 36.6 33.7

500 60.7 51.0 45.0 43.9 38.1 34.2 31.7

400 53.6 45.6 40.7 39.8 35.0 31.8 28.1

300 46.6 40.3 36.4 35.7 31.9 26.7 21.1

200 39.6 35.0 32.1 31.6 24.2 17.8 14.0

100 32.6 26.7 19.0 17.8 12.1 8.9 7.0

48 60 72 75 96 120 144

4 ft 5 ft 6 ft 6 ft - 3 in 8 ft 10 ft 12 ft

Ʃ 
M

p
 (

ki
p

s 
- 

in
)

SUT

DMF=1.0

Post Spacing 

32" Effective height of rails

2400 148.5 131.9 117.8 115.1 101.0 91.2 80.4

2300 145.9 128.9 115.4 112.8 99.2 88.9 78.4

2200 143.3 125.9 113.0 110.4 97.4 86.5 76.4

2100 140.7 123.0 110.6 108.1 95.7 84.0 74.4

2000 138.1 120.0 108.1 105.8 93.9 81.6 72.4

1900 134.9 117.0 105.7 103.5 92.1 79.2 70.5

1800 131.1 114.1 103.3 101.2 89.7 76.8 68.5

1700 127.2 111.1 99.7 98.8 86.6 74.3 66.5

1600 123.4 108.2 98.4 96.5 83.5 71.9 64.5

1500 119.6 105.2 96.0 94.2 80.4 69.5 62.5

1400 115.8 102.2 93.6 91.9 77.3 67.1 60.5

1300 112.0 99.3 91.2 88.4 74.2 64.7 58.5

1200 108.2 96.3 86.9 84.3 71.1 62.2 56.5

1100 104.4 93.3 82.6 80.2 68.0 59.8 54.5

1000 100.6 89.8 78.3 76.1 64.9 57.4 52.5

900 96.8 84.5 74.0 72.0 61.8 55.0 50.6

800 93.0 79.1 69.7 67.9 58.7 52.5 48.6

700 87.5 73.8 65.4 63.8 55.6 50.1 46.6

600 80.5 68.5 61.1 59.7 52.5 47.7 42.1

500 73.5 63.1 56.8 55.6 49.4 44.4 35.1

400 66.4 57.8 52.5 51.5 46.3 35.6 28.1

300 59.4 52.5 48.2 47.4 36.4 26.7 21.1

200 52.4 47.1 38.1 35.6 24.2 17.8 14.0

100 44.4 26.7 19.0 17.8 12.1 8.9 7.0

48 60 72 75 96 120 144

4 ft 5 ft 6 ft 6 ft - 3 in 8 ft 10 ft 12 ft

Ʃ 
M

p
 (

ki
p

s 
- 

in
)

SUT

DMF=1.5

Post Spacing 

32" Effective height of rails
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Table B-6. Additional Guidance Plots for Single-Unit Trucks for 33 in. Effective Height of Rails 

  

 

 

 

3800 149.8 130.4 117.8 115.0 100.2 89.9 80.9

3700 147.5 128.6 116.1 113.4 99.0 88.9 79.8

3600 145.3 126.8 114.4 111.7 97.7 87.7 78.6

3500 143.0 125.1 112.8 110.1 96.5 86.3 77.5

3400 140.7 123.3 111.1 108.5 95.2 84.9 76.3

3300 138.5 121.5 109.4 106.9 94.0 83.5 75.1

3200 136.2 119.7 107.7 105.3 92.7 82.1 74.0

3100 134.0 117.9 106.0 103.7 91.5 80.7 72.8

3000 131.7 115.9 104.3 102.0 90.2 79.3 71.7

2900 129.4 113.9 102.6 100.4 89.0 77.9 70.5

2800 127.2 111.8 100.9 98.8 87.5 76.5 69.3

2700 124.9 109.8 99.3 97.2 85.7 75.1 68.2

2600 122.7 107.7 97.6 95.6 83.9 73.7 67.0

2500 120.4 105.7 95.9 94.0 82.1 72.3 65.9

2400 118.1 103.6 94.2 92.3 80.4 70.9 64.7

2300 115.6 101.6 92.5 90.7 78.6 69.5 63.5

2200 113.0 99.5 90.8 89.1 76.8 68.1 62.4

2100 110.3 97.5 89.1 87.1 75.0 66.7 61.2

2000 107.7 95.4 87.0 84.8 73.3 65.3 60.1

1900 105.1 93.4 84.6 82.5 71.5 63.9 58.9

1800 102.5 91.3 82.2 80.2 69.7 62.5 56.9

1700 99.9 89.2 78.7 77.8 67.9 61.1 54.9

1600 97.3 86.7 77.3 75.5 66.1 59.7 52.9

1500 94.7 83.7 74.9 73.2 64.4 57.8 51.0

1400 92.0 80.8 72.5 70.9 62.6 55.4 49.0

1300 89.4 77.8 70.1 68.6 60.8 52.9 47.0

1200 86.1 74.8 67.6 66.2 59.0 50.5 45.0

1100 82.3 71.9 65.2 63.9 56.0 48.1 43.0

1000 78.5 68.9 62.8 61.6 52.9 45.7 41.0

900 74.7 65.9 60.4 59.3 49.8 43.2 39.0

800 70.9 63.0 57.2 55.5 46.7 40.8 37.0

700 67.1 60.0 52.9 51.4 43.6 38.4 35.0

600 63.3 55.6 48.6 47.3 40.5 36.0 33.0

500 59.4 50.2 44.3 43.2 37.4 33.5 31.1

400 52.9 44.9 40.0 39.1 34.3 31.1 28.1

300 45.9 39.6 35.7 35.0 31.2 26.7 21.1

200 38.8 34.2 31.4 30.9 24.2 17.8 14.0

100 31.8 26.7 19.0 17.8 12.1 8.9 7.0

48 60 72 75 96 120 144

4 ft 5 ft 6 ft 6 ft - 3 in 8 ft 10 ft 12 ft

Ʃ 
M

p
 (

ki
p

s 
- 

in
)

SUT

DMF=1.0

Post Spacing 

33" Effective height of rails

2500 148.5 132.8 118.4 115.6 101.0 90.9 81.4

2400 145.9 130.0 116.0 113.3 99.2 89.5 79.4

2300 143.3 127.1 113.6 111.0 97.4 87.9 77.4

2200 140.7 124.1 111.2 108.6 95.7 85.5 75.4

2100 138.1 121.1 108.7 106.3 93.9 83.0 73.4

2000 135.5 118.2 106.3 104.0 92.1 80.6 71.5

1900 132.8 115.2 103.9 101.7 90.3 78.2 69.5

1800 129.2 112.2 101.5 99.4 88.6 75.8 67.5

1700 125.4 109.3 97.9 97.0 85.6 73.3 65.5

1600 121.5 106.3 96.6 94.7 82.5 70.9 63.5

1500 117.7 103.4 94.2 92.4 79.4 68.5 61.5

1400 113.9 100.4 91.8 90.1 76.3 66.1 59.5

1300 110.1 97.4 89.4 87.3 73.2 63.6 57.5

1200 106.3 94.5 85.8 83.2 70.1 61.2 55.5

1100 102.5 91.5 81.5 79.1 67.0 58.8 53.5

1000 98.7 88.5 77.2 75.0 63.9 56.4 51.6

900 94.9 83.3 72.9 70.9 60.8 54.0 49.6

800 91.1 78.0 68.6 66.8 57.7 51.5 47.6

700 86.3 72.7 64.3 62.7 54.6 49.1 45.6

600 79.3 67.3 60.0 58.6 51.5 46.7 42.1

500 72.3 62.0 55.7 54.5 48.4 44.3 35.1

400 65.3 56.7 51.4 50.4 45.3 35.6 28.1

300 58.3 51.3 47.1 46.3 36.4 26.7 21.1

200 51.2 46.0 38.1 35.6 24.2 17.8 14.0

100 44.2 26.7 19.0 17.8 12.1 8.9 7.0
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Table B-7. Additional Guidance Plots for Single-Unit Trucks for 34 in. Effective Height of Rails  

  

 

 

 

3900 150.2 130.3 117.5 114.9 99.9 89.3 81.0

3800 147.9 128.5 116.0 113.4 98.7 88.4 79.9

3700 145.6 126.8 114.5 111.8 97.4 87.4 78.7

3600 143.4 125.0 112.9 110.2 96.2 86.4 77.5

3500 141.1 123.2 111.2 108.5 94.9 85.2 76.4

3400 138.9 121.4 109.5 106.9 93.7 83.8 75.2

3300 136.6 119.7 107.8 105.3 92.4 82.4 74.1

3200 134.3 117.9 106.1 103.7 91.2 81.0 72.9

3100 132.1 116.1 104.4 102.1 89.9 79.6 71.7

3000 129.8 114.3 102.7 100.5 88.7 78.2 70.6

2900 127.6 112.3 101.1 98.8 87.4 76.8 69.4

2800 125.3 110.2 99.4 97.2 86.2 75.4 68.3

2700 123.0 108.2 97.7 95.6 84.6 74.0 67.1

2600 120.8 106.1 96.0 94.0 82.8 72.6 65.9

2500 118.5 104.1 94.3 92.4 81.0 71.2 64.8

2400 116.3 102.0 92.6 90.8 79.3 69.8 63.6

2300 113.9 100.0 90.9 89.2 77.5 68.4 62.5

2200 111.3 97.9 89.2 87.5 75.7 67.0 61.3

2100 108.7 95.9 87.6 85.9 73.9 65.6 60.1

2000 106.1 93.8 85.9 83.7 72.1 64.2 59.0

1900 103.5 91.8 83.5 81.3 70.4 62.8 57.8

1800 100.9 89.7 81.1 79.0 68.6 61.4 56.3

1700 98.3 87.7 77.6 76.7 66.8 60.0 54.3

1600 95.6 85.5 76.2 74.4 65.0 58.6 52.3

1500 93.0 82.6 73.8 72.1 63.3 57.2 50.3

1400 90.4 79.6 71.4 69.8 61.5 54.7 48.3

1300 87.8 76.6 68.9 67.4 59.7 52.3 46.4

1200 84.9 73.7 66.5 65.1 57.9 49.9 44.4

1100 81.1 70.7 64.1 62.8 55.4 47.5 42.4

1000 77.3 67.7 61.7 60.5 52.3 45.0 40.4

900 73.5 64.8 59.2 58.2 49.2 42.6 38.4

800 69.7 61.8 56.5 54.8 46.1 40.2 36.4

700 65.9 58.9 52.2 50.7 43.0 37.8 34.4

600 62.1 54.9 47.9 46.6 39.9 35.3 32.4

500 58.3 49.5 43.6 42.5 36.8 32.9 30.4

400 52.1 44.2 39.3 38.4 33.7 30.5 28.1

300 45.1 38.9 35.0 34.3 30.6 26.7 21.1

200 38.1 33.5 30.7 30.2 24.2 17.8 14.0

100 31.1 26.7 19.0 17.8 12.1 8.9 7.0

48 60 72 75 96 120 144

4 ft 5 ft 6 ft 6 ft - 3 in 8 ft 10 ft 12 ft
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SUT

DMF=1.0

Post Spacing 

34" Effective height of rails

2500 146.1 130.4 116.7 113.9 99.3 89.3 80.5

2400 143.5 128.3 114.3 111.6 97.6 87.9 78.5

2300 140.9 125.3 111.9 109.3 95.8 86.4 76.5

2200 138.2 122.4 109.5 106.9 94.0 84.5 74.5

2100 135.6 119.4 107.0 104.6 92.2 82.1 72.5

2000 133.0 116.4 104.6 102.3 90.4 79.7 70.5

1900 130.4 113.5 102.2 100.0 88.7 77.2 68.5

1800 127.4 110.5 99.8 97.7 86.9 74.8 66.5

1700 123.6 107.5 96.2 95.4 84.6 72.4 64.6

1600 119.8 104.6 94.9 93.0 81.5 70.0 62.6

1500 116.0 101.6 92.5 90.7 78.4 67.6 60.6

1400 112.1 98.7 90.1 88.4 75.3 65.1 58.6

1300 108.3 95.7 87.7 86.1 72.2 62.7 56.6

1200 104.5 92.7 84.8 82.2 69.1 60.3 54.6

1100 100.7 89.8 80.5 78.1 66.0 57.9 52.6

1000 96.9 86.8 76.2 74.0 62.9 55.4 50.6

900 93.1 82.3 71.9 69.9 59.8 53.0 48.6

800 89.3 77.0 67.6 65.8 56.7 50.6 46.6

700 85.2 71.6 63.3 61.7 53.6 48.2 44.7

600 78.2 66.3 59.0 57.6 50.5 45.7 42.1

500 71.2 61.0 54.7 53.5 47.4 43.3 35.1

400 64.2 55.6 50.4 49.4 44.3 35.6 28.1

300 57.2 50.3 46.1 45.3 36.4 26.7 21.1

200 50.1 45.0 38.1 35.6 24.2 17.8 14.0

100 43.1 26.7 19.0 17.8 12.1 8.9 7.0
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4 ft 5 ft 6 ft 6 ft - 3 in 8 ft 10 ft 12 ft
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Table B-8. Additional Guidance Plots for Single-Unit Trucks for 35 in. Effective Height of Rails 

  

 

4000 150.6 130.4 117.2 114.6 99.7 88.9 81.2

3900 148.4 128.6 115.7 113.2 98.4 87.9 80.0

3800 146.1 126.8 114.3 111.8 97.2 86.9 78.8

3700 143.9 125.0 112.8 110.3 95.9 85.9 77.7

3600 141.6 123.2 111.3 108.7 94.7 84.9 76.5

3500 139.3 121.5 109.7 107.1 93.4 83.9 75.4

3400 137.1 119.7 108.0 105.4 92.2 82.8 74.2

3300 134.8 117.9 106.3 103.8 91.0 81.4 73.0

3200 132.6 116.1 104.6 102.2 89.7 80.0 71.9

3100 130.3 114.4 102.9 100.6 88.5 78.6 70.7

3000 128.0 112.6 101.3 99.0 87.2 77.2 69.6

2900 125.8 110.8 99.6 97.4 86.0 75.8 68.4

2800 123.5 108.7 97.9 95.7 84.7 74.4 67.2

2700 121.3 106.7 96.2 94.1 83.5 73.0 66.1

2600 119.0 104.6 94.5 92.5 81.8 71.6 64.9

2500 116.7 102.6 92.8 90.9 80.0 70.2 63.8

2400 114.5 100.5 91.1 89.3 78.2 68.8 62.6

2300 112.2 98.4 89.4 87.7 76.4 67.4 61.4

2200 109.8 96.4 87.8 86.0 74.7 66.0 60.3

2100 107.2 94.3 86.1 84.4 72.9 64.6 59.1

2000 104.6 92.3 84.4 82.6 71.1 63.1 58.0

1900 101.9 90.2 82.4 80.3 69.3 61.7 56.8

1800 99.3 88.2 80.0 78.0 67.5 60.3 55.6

1700 96.7 86.1 76.5 75.6 65.8 58.9 53.7

1600 94.1 84.1 75.1 73.3 64.0 57.5 51.7

1500 91.5 81.5 72.7 71.0 62.2 56.1 49.7

1400 88.9 78.5 70.3 68.7 60.4 54.1 47.8

1300 86.3 75.5 67.9 66.4 58.7 51.7 45.8

1200 83.6 72.6 65.4 64.0 56.9 49.3 43.8

1100 80.0 69.6 63.0 61.7 54.8 46.9 41.8

1000 76.2 66.7 60.6 59.4 51.7 44.4 39.8

900 72.4 63.7 58.2 57.1 48.6 42.0 37.8

800 68.6 60.7 55.7 54.2 45.5 39.6 35.8

700 64.8 57.8 51.6 50.1 42.4 37.2 33.8

600 60.9 54.2 47.3 46.0 39.3 34.7 31.8

500 57.1 48.9 43.0 41.9 36.2 32.3 29.8

400 51.5 43.6 38.7 37.8 33.1 29.9 27.9

300 44.4 38.2 34.4 33.7 30.0 26.7 21.1

200 37.4 32.9 30.1 29.6 24.2 17.8 14.0

100 30.4 26.7 19.0 17.8 12.1 8.9 7.0
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35" Effective height of rails

2600 146.4 130.2 117.6 114.6 99.5 89.1 81.6

2500 143.8 128.2 115.1 112.3 97.8 87.7 79.6

2400 141.2 126.1 112.7 110.0 96.0 86.3 77.6

2300 138.5 123.7 110.3 107.7 94.2 84.9 75.6

2200 135.9 120.7 107.9 105.3 92.4 83.5 73.6

2100 133.3 117.8 105.4 103.0 90.7 81.2 71.6

2000 130.7 114.8 103.0 100.7 88.9 78.8 69.6

1900 128.1 111.8 100.6 98.4 87.1 76.4 67.7

1800 125.5 108.9 98.2 96.1 85.3 73.9 65.7

1700 121.9 105.9 94.6 93.8 83.5 71.5 63.7

1600 118.1 103.0 93.3 91.4 80.6 69.1 61.7

1500 114.3 100.0 90.9 89.1 77.5 66.7 59.7

1400 110.5 97.0 88.5 86.8 74.4 64.2 57.7

1300 106.7 94.1 86.0 84.5 71.3 61.8 55.7

1200 102.8 91.1 83.6 81.3 68.2 59.4 53.7

1100 99.0 88.1 79.6 77.2 65.1 57.0 51.7

1000 95.2 85.2 75.3 73.1 62.0 54.5 49.7

900 91.4 81.3 71.0 69.0 58.9 52.1 47.8

800 87.6 76.0 66.7 64.9 55.8 49.7 45.8

700 83.8 70.7 62.4 60.8 52.7 47.3 43.8

600 77.2 65.3 58.1 56.7 49.6 44.8 41.8

500 70.2 60.0 53.8 52.6 46.5 42.4 35.1

400 63.1 54.7 49.5 48.5 43.4 35.6 28.1

300 56.1 49.3 45.2 44.4 36.4 26.7 21.1

200 49.1 44.0 38.1 35.6 24.2 17.8 14.0

100 42.1 26.7 19.0 17.8 12.1 8.9 7.0
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Table B-9. Additional Guidance Plots for Single-Unit Trucks for 36 in. Effective Height of Rails 

  

 

 

 

 

4000 149.0 128.7 115.6 113.0 98.3 87.5 80.2

3900 146.7 126.9 114.1 111.6 97.0 86.5 79.0

3800 144.5 125.2 112.6 110.2 95.8 85.5 77.9

3700 142.2 123.4 111.2 108.8 94.6 84.5 76.7

3600 139.9 121.6 109.7 107.3 93.3 83.6 75.5

3500 137.7 119.8 108.2 105.7 92.1 82.6 74.4

3400 135.4 118.0 106.6 104.0 90.8 81.6 73.2

3300 133.2 116.3 104.9 102.4 89.6 80.4 72.1

3200 130.9 114.5 103.2 100.8 88.3 79.0 70.9

3100 128.6 112.7 101.5 99.2 87.1 77.6 69.8

3000 126.4 110.9 99.8 97.6 85.8 76.2 68.6

2900 124.1 109.2 98.2 96.0 84.6 74.8 67.4

2800 121.9 107.3 96.5 94.3 83.3 73.4 66.3

2700 119.6 105.2 94.8 92.7 82.1 72.0 65.1

2600 117.3 103.2 93.1 91.1 80.8 70.6 64.0

2500 115.1 101.1 91.4 89.5 79.0 69.2 62.8

2400 112.8 99.1 89.7 87.9 77.2 67.8 61.6

2300 110.6 97.0 88.0 86.3 75.4 66.4 60.5

2200 108.3 95.0 86.3 84.6 73.7 65.0 59.3

2100 105.7 92.9 84.7 83.0 71.9 63.6 58.2

2000 103.1 90.9 83.0 81.4 70.1 62.2 57.0

1900 100.5 88.8 81.3 79.3 68.3 60.8 55.8

1800 97.9 86.8 79.0 77.0 66.6 59.4 54.7

1700 95.3 84.7 75.5 74.6 64.8 58.0 53.2

1600 92.7 82.7 74.1 72.3 63.0 56.6 51.2

1500 90.0 80.4 71.7 70.0 61.2 55.2 49.2

1400 87.4 77.5 69.3 67.7 59.4 53.6 47.2

1300 84.8 74.5 66.9 65.4 57.7 51.2 45.2

1200 82.2 71.6 64.4 63.0 55.9 48.7 43.2

1100 78.9 68.6 62.0 60.7 54.1 46.3 41.2

1000 75.1 65.6 59.6 58.4 51.1 43.9 39.2

900 71.3 62.7 57.2 56.1 48.0 41.5 37.3

800 67.5 59.7 54.7 53.6 44.9 39.0 35.3

700 63.7 56.7 51.0 49.5 41.8 36.6 33.3

600 59.9 53.6 46.7 45.4 38.7 34.2 31.3

500 56.1 48.3 42.4 41.3 35.6 31.8 29.3

400 50.8 42.9 38.1 37.2 32.5 29.3 27.3

300 43.8 37.6 33.8 33.1 29.4 26.7 21.1

200 36.8 32.3 29.5 29.0 24.2 17.8 14.0

100 29.8 26.7 19.0 17.8 12.1 8.9 7.0
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4 ft 5 ft 6 ft 6 ft - 3 in 8 ft 10 ft 12 ft
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36" Effective height of rails

2600 144.2 128.1 116.0 113.1 98.1 87.6 80.8

2500 141.6 126.1 113.6 110.8 96.3 86.2 78.8

2400 139.0 124.0 111.2 108.5 94.5 84.8 76.8

2300 136.4 121.9 108.8 106.2 92.7 83.4 74.8

2200 133.8 119.2 106.4 103.8 91.0 82.0 72.8

2100 131.1 116.2 103.9 101.5 89.2 80.4 70.8

2000 128.5 113.3 101.5 99.2 87.4 77.9 68.8

1900 125.9 110.3 99.1 96.9 85.6 75.5 66.8

1800 123.3 107.3 96.7 94.6 83.8 73.1 64.8

1700 120.3 104.4 93.1 92.2 82.1 70.7 62.8

1600 116.5 101.4 91.8 89.9 79.8 68.2 60.9

1500 112.7 98.4 89.4 87.6 76.7 65.8 58.9

1400 108.9 95.5 87.0 85.3 73.6 63.4 56.9

1300 105.1 92.5 84.5 83.0 70.4 61.0 54.9

1200 101.3 89.6 82.1 80.4 67.3 58.5 52.9

1100 97.4 86.6 78.7 76.3 64.2 56.1 50.9

1000 93.6 83.6 74.4 72.2 61.1 53.7 48.9

900 89.8 80.4 70.1 68.1 58.0 51.3 46.9

800 86.0 75.1 65.8 64.0 54.9 48.8 44.9

700 82.2 69.7 61.5 59.9 51.8 46.4 42.9

600 76.2 64.4 57.2 55.8 48.7 44.0 41.0

500 69.2 59.1 52.9 51.7 45.6 41.6 35.1

400 62.2 53.7 48.6 47.6 42.5 35.6 28.1

300 55.2 48.4 44.3 43.5 36.4 26.7 21.1

200 48.1 43.1 38.1 35.6 24.2 17.8 14.0

100 41.1 26.7 19.0 17.8 12.1 8.9 7.0
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Table B-10. Additional Guidance Plots for Single-Unit Trucks for 37 in. Effective Height of 

Rails 

  

 

 

4200 151.9 130.7 117.0 114.3 99.5 88.2 80.8

4100 149.6 128.9 115.5 112.8 98.2 87.2 80.0

4000 147.4 127.2 114.0 111.4 97.0 86.2 79.1

3900 145.1 125.4 112.6 110.0 95.7 85.2 78.1

3800 142.9 123.6 111.1 108.6 94.5 84.2 77.0

3700 140.6 121.8 109.6 107.2 93.2 83.2 75.8

3600 138.3 120.0 108.2 105.8 92.0 82.3 74.6

3500 136.1 118.3 106.7 104.3 90.8 81.3 73.5

3400 133.8 116.5 105.2 102.7 89.5 80.3 72.3

3300 131.6 114.7 103.6 101.1 88.3 79.3 71.2

3200 129.3 112.9 101.9 99.5 87.0 78.1 70.0

3100 127.0 111.2 100.2 97.9 85.8 76.7 68.8

3000 124.8 109.4 98.5 96.2 84.5 75.3 67.7

2900 122.5 107.6 96.8 94.6 83.3 73.9 66.5

2800 120.3 105.8 95.1 93.0 82.0 72.5 65.4

2700 118.0 103.9 93.5 91.4 80.8 71.1 64.2

2600 115.8 101.8 91.8 89.8 79.5 69.7 63.0

2500 113.5 99.8 90.1 88.2 78.1 68.3 61.9

2400 111.2 97.7 88.4 86.6 76.3 66.9 60.7

2300 109.0 95.7 86.7 84.9 74.5 65.5 59.6

2200 106.7 93.6 85.0 83.3 72.7 64.1 58.4

2100 104.4 91.6 83.3 81.7 71.0 62.7 57.2

2000 101.7 89.5 81.6 80.1 69.2 61.3 56.1

1900 99.1 87.5 80.0 78.3 67.4 59.9 54.9

1800 96.5 85.4 78.0 76.0 65.6 58.4 53.8

1700 93.9 83.4 74.5 73.7 63.8 57.0 52.6

1600 91.3 81.3 73.2 71.4 62.1 55.6 50.7

1500 88.7 79.3 70.8 69.0 60.3 54.2 48.7

1400 86.1 76.5 68.3 66.7 58.5 52.8 46.7

1300 83.4 73.5 65.9 64.4 56.7 50.6 44.7

1200 80.8 70.6 63.5 62.1 55.0 48.2 42.7

1100 77.9 67.6 61.1 59.8 53.2 45.8 40.7

1000 74.1 64.7 58.6 57.5 50.6 43.3 38.7

900 70.3 61.7 56.2 55.1 47.5 40.9 36.7

800 66.5 58.7 53.8 52.8 44.4 38.5 34.7

700 62.7 55.8 50.4 48.9 41.3 36.1 32.8

600 58.9 52.8 46.1 44.8 38.2 33.7 30.8

500 55.1 47.7 41.8 40.7 35.1 31.2 28.8

400 50.2 42.3 37.5 36.6 32.0 28.8 26.8

300 43.2 37.0 33.2 32.5 28.9 26.4 21.1

200 36.2 31.7 28.9 28.4 24.2 17.8 14.0

100 29.1 26.3 19.0 17.8 12.1 8.9 7.0

48 60 72 75 96 120 144
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2700 144.8 128.1 117.0 114.0 98.4 87.7 80.6

2600 142.1 126.1 114.6 111.7 96.7 86.3 79.5

2500 139.5 124.0 112.2 109.4 94.9 84.9 78.0

2400 136.9 122.0 109.8 107.1 93.1 83.5 76.0

2300 134.3 119.9 107.3 104.7 91.3 82.1 74.0

2200 131.7 117.7 104.9 102.4 89.6 80.7 72.0

2100 129.1 114.8 102.5 100.1 87.8 79.2 70.0

2000 126.5 111.8 100.1 97.8 86.0 77.1 68.0

1900 123.8 108.8 97.6 95.5 84.2 74.7 66.0

1800 121.2 105.9 95.2 93.1 82.4 72.3 64.1

1700 118.6 102.9 91.7 90.8 80.7 69.9 62.1

1600 115.0 99.9 90.4 88.5 78.9 67.4 60.1

1500 111.2 97.0 87.9 86.2 75.8 65.0 58.1

1400 107.4 94.0 85.5 83.9 72.7 62.6 56.1

1300 103.6 91.1 83.1 81.5 69.6 60.2 54.1

1200 99.8 88.1 80.7 79.2 66.5 57.7 52.1

1100 95.9 85.1 77.8 75.4 63.4 55.3 50.1

1000 92.1 82.2 73.5 71.3 60.3 52.9 48.1

900 88.3 79.2 69.2 67.2 57.2 50.5 46.1

800 84.5 74.2 64.9 63.1 54.1 48.1 44.2

700 80.7 68.9 60.6 59.0 51.0 45.6 42.2

600 75.3 63.5 56.3 54.9 47.9 43.2 40.2

500 68.3 58.2 52.0 50.8 44.8 40.8 35.1

400 61.3 52.9 47.7 46.7 41.7 35.6 28.1

300 54.2 47.5 43.4 42.6 36.4 26.7 21.1

200 47.2 42.2 38.1 35.6 24.2 17.8 14.0

100 40.2 26.7 19.0 17.8 12.1 8.9 7.0

48 60 72 75 96 120 144
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Table B-11. Additional Guidance Plots for Single-Unit Trucks for 38 in. Effective Height of 

Rails 

  

 

 

4300 152.7 131.0 117.0 114.2 99.5 87.9 80.4
4200 150.4 129.2 115.5 112.8 98.2 87.0 79.6

4100 148.1 127.5 114.0 111.4 97.0 86.0 78.7

4000 145.9 125.7 112.6 110.0 95.7 85.0 77.9

3900 143.6 123.9 111.1 108.6 94.5 84.0 77.1

3800 141.4 122.1 109.6 107.2 93.3 83.0 76.1

3700 139.1 120.3 108.2 105.8 92.0 82.0 74.9

3600 136.8 118.6 106.7 104.4 90.8 81.0 73.8

3500 134.6 116.8 105.3 103.0 89.5 80.0 72.6

3400 132.3 115.0 103.8 101.5 88.3 79.1 71.4

3300 130.1 113.2 102.3 99.8 87.0 78.1 70.3

3200 127.8 111.5 100.6 98.2 85.8 77.1 69.1

3100 125.5 109.7 98.9 96.6 84.5 75.8 68.0

3000 123.3 107.9 97.3 95.0 83.3 74.4 66.8

2900 121.0 106.1 95.6 93.4 82.0 73.0 65.7

2800 118.8 104.3 93.9 91.8 80.8 71.6 64.5

2700 116.5 102.6 92.2 90.1 79.5 70.2 63.3

2600 114.3 100.6 90.5 88.5 78.3 68.8 62.2

2500 112.0 98.5 88.8 86.9 77.1 67.4 61.0

2400 109.7 96.5 87.1 85.3 75.4 66.0 59.9

2300 107.5 94.4 85.4 83.7 73.6 64.6 58.7

2200 105.2 92.4 83.8 82.1 71.9 63.2 57.5

2100 103.0 90.3 82.1 80.4 70.1 61.8 56.4

2000 100.4 88.2 80.4 78.8 68.3 60.4 55.2

1900 97.8 86.2 78.7 77.2 66.5 59.0 54.1

1800 95.2 84.1 77.0 75.1 64.7 57.6 52.9

1700 92.6 82.1 73.6 72.8 63.0 56.2 51.7

1600 90.0 80.0 72.3 70.5 61.2 54.8 50.2

1500 87.4 78.0 69.8 68.1 59.4 53.4 48.2

1400 84.7 75.6 67.4 65.8 57.6 52.0 46.2

1300 82.1 72.6 65.0 63.5 55.9 50.1 44.2

1200 79.5 69.7 62.6 61.2 54.1 47.7 42.2

1100 76.9 66.7 60.2 58.9 52.3 45.3 40.2

1000 73.2 63.7 57.7 56.6 50.0 42.8 38.2

900 69.4 60.8 55.3 54.2 46.9 40.4 36.2

800 65.6 57.8 52.9 51.9 43.8 38.0 34.2

700 61.7 54.8 49.9 48.4 40.7 35.6 32.3

600 57.9 51.9 45.6 44.3 37.6 33.1 30.3

500 54.1 47.1 41.3 40.2 34.5 30.7 28.3

400 49.6 41.8 37.0 36.1 31.4 28.3 26.3

300 42.6 36.5 32.7 32.0 28.3 25.9 21.1

200 35.6 31.1 28.4 27.9 24.2 17.8 14.0

100 28.6 25.8 19.0 17.8 12.1 8.9 7.0
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SUT

DMF=1.0

Post Spacing 

38" Effective height of rails

2800 145.4 128.3 117.2 115.0 98.9 87.8 80.5

2700 142.8 126.2 115.5 112.7 97.1 86.4 79.3

2600 140.2 124.2 113.3 110.3 95.3 85.0 78.2

2500 137.6 122.1 110.8 108.0 93.6 83.6 77.0

2400 135.0 120.1 108.4 105.7 91.8 82.1 75.2

2300 132.4 118.0 106.0 103.4 90.0 80.7 73.3

2200 129.7 116.0 103.6 101.1 88.2 79.3 71.3

2100 127.1 113.4 101.1 98.7 86.4 77.9 69.3

2000 124.5 110.4 98.7 96.4 84.7 76.4 67.3

1900 121.9 107.5 96.3 94.1 82.9 74.0 65.3

1800 119.3 104.5 93.9 91.8 81.1 71.5 63.3

1700 116.7 101.5 90.3 89.5 79.3 69.1 61.3

1600 113.6 98.6 89.0 87.1 77.6 66.7 59.3

1500 109.8 95.6 86.6 84.8 75.1 64.3 57.3

1400 106.0 92.6 84.2 82.5 72.0 61.8 55.3

1300 102.1 89.7 81.7 80.2 68.9 59.4 53.4

1200 98.3 86.7 79.3 77.9 65.8 57.0 51.4

1100 94.5 83.8 76.9 74.6 62.7 54.6 49.4

1000 90.7 80.8 72.7 70.5 59.6 52.1 47.4

900 86.9 77.8 68.4 66.4 56.5 49.7 45.4

800 83.1 73.4 64.1 62.3 53.4 47.3 43.4

700 79.3 68.0 59.8 58.2 50.3 44.9 41.4

600 74.4 62.7 55.5 54.1 47.2 42.4 39.4

500 67.4 57.4 51.2 50.0 44.1 40.0 35.1

400 60.4 52.0 46.9 45.9 41.0 35.6 28.1

300 53.4 46.7 42.6 41.8 36.4 26.7 21.1

200 46.3 41.4 38.1 35.6 24.2 17.8 14.0

100 39.3 26.7 19.0 17.8 12.1 8.9 7.0
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Table B-12. Additional Guidance Plots for Single-Unit Trucks for 39 in. Effective Height of 

Rails 

  

 

 

4400 153.5 131.4 117.1 114.2 99.6 87.8 80.0
4300 151.2 129.6 115.6 112.8 98.3 86.8 79.2

4200 149.0 127.8 114.1 111.4 97.1 85.8 78.4

4100 146.7 126.1 112.7 110.0 95.8 84.8 77.6

4000 144.5 124.3 111.2 108.6 94.6 83.8 76.8

3900 142.2 122.5 109.7 107.2 93.3 82.8 75.9

3800 139.9 120.7 108.3 105.8 92.1 81.8 75.1

3700 137.7 118.9 106.8 104.4 90.8 80.9 74.1

3600 135.4 117.2 105.3 103.0 89.6 79.9 72.9

3500 133.2 115.4 103.9 101.6 88.3 78.9 71.8

3400 130.9 113.6 102.4 100.2 87.1 77.9 70.6

3300 128.6 111.8 100.9 98.6 85.8 76.9 69.5

3200 126.4 110.1 99.4 97.0 84.6 75.9 68.3

3100 124.1 108.3 97.8 95.4 83.4 74.9 67.2

3000 121.9 106.5 96.1 93.8 82.1 73.6 66.0

2900 119.6 104.7 94.4 92.2 80.9 72.2 64.8

2800 117.3 102.9 92.7 90.6 79.6 70.8 63.7

2700 115.1 101.2 91.0 89.0 78.4 69.4 62.5

2600 112.8 99.3 89.3 87.3 77.1 68.0 61.4

2500 110.6 97.3 87.6 85.7 75.9 66.6 60.2

2400 108.3 95.2 85.9 84.1 74.6 65.2 59.0

2300 106.0 93.2 84.2 82.5 72.8 63.8 57.9

2200 103.8 91.1 82.6 80.9 71.0 62.4 56.7

2100 101.5 89.1 80.9 79.3 69.2 61.0 55.6

2000 99.2 87.0 79.2 77.6 67.5 59.6 54.4

1900 96.6 85.0 77.5 76.0 65.7 58.1 53.2

1800 94.0 82.9 75.8 74.2 63.9 56.7 52.1

1700 91.4 80.9 72.8 71.9 62.1 55.3 50.9

1600 88.7 78.8 71.4 69.6 60.3 53.9 49.7

1500 86.1 76.8 69.0 67.3 58.6 52.5 47.7

1400 83.5 74.7 66.6 65.0 56.8 51.1 45.7

1300 80.9 71.7 64.1 62.7 55.0 49.6 43.7

1200 78.3 68.8 61.7 60.3 53.2 47.2 41.7

1100 75.7 65.8 59.3 58.0 51.5 44.8 39.7

1000 72.3 62.9 56.9 55.7 49.6 42.4 37.8

900 68.5 59.9 54.4 53.4 46.5 39.9 35.8

800 64.7 56.9 52.0 51.1 43.4 37.5 33.8

700 60.8 54.0 49.4 47.9 40.3 35.1 31.8

600 57.0 51.0 45.1 43.8 37.2 32.7 29.8

500 53.2 46.6 40.8 39.7 34.1 30.2 27.8

400 49.1 41.3 36.5 35.6 31.0 27.8 25.8

300 42.0 35.9 32.2 31.5 27.8 25.4 21.1

200 35.0 30.6 27.9 27.4 24.2 17.8 14.0

100 28.0 25.3 19.0 17.8 12.1 8.9 7.0
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39" Effective height of rails

2900 146.2 128.5 117.1 114.8 99.4 87.9 80.4

2800 143.6 126.5 115.4 113.2 97.6 86.5 79.3

2700 141.0 124.4 113.7 111.4 95.9 85.1 78.1

2600 138.3 122.4 112.0 109.1 94.1 83.7 77.0

2500 135.7 120.3 109.5 106.7 92.3 82.3 75.8

2400 133.1 118.2 107.1 104.4 90.5 80.9 74.5

2300 130.5 116.2 104.7 102.1 88.7 79.5 72.6

2200 127.9 114.1 102.3 99.8 87.0 78.1 70.6

2100 125.3 112.1 99.8 97.5 85.2 76.7 68.6

2000 122.7 109.1 97.4 95.1 83.4 75.3 66.6

1900 120.0 106.1 95.0 92.8 81.6 73.2 64.6

1800 117.4 103.2 92.6 90.5 79.9 70.8 62.6

1700 114.8 100.2 89.0 88.2 78.1 68.4 60.6

1600 112.2 97.3 87.7 85.9 76.3 66.0 58.6

1500 108.4 94.3 85.3 83.5 74.3 63.6 56.6

1400 104.6 91.3 82.9 81.2 71.2 61.1 54.6

1300 100.8 88.4 80.5 78.9 68.1 58.7 52.7

1200 97.0 85.4 78.0 76.6 65.0 56.3 50.7

1100 93.2 82.4 75.6 73.9 61.9 53.9 48.7

1000 89.4 79.5 72.0 69.8 58.8 51.4 46.7

900 85.6 76.5 67.7 65.7 55.7 49.0 44.7

800 81.7 72.6 63.4 61.6 52.6 46.6 42.7

700 77.9 67.2 59.1 57.5 49.5 44.2 40.7

600 73.6 61.9 54.7 53.4 46.4 41.7 38.7

500 66.6 56.6 50.4 49.3 43.3 39.3 35.1

400 59.6 51.2 46.1 45.2 40.2 35.6 28.1

300 52.5 45.9 41.8 41.1 36.4 26.7 21.1

200 45.5 40.6 37.5 35.6 24.2 17.8 14.0

100 38.5 26.7 19.0 17.8 12.1 8.9 7.0
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Table B-13. Additional Guidance Plots for Single-Unit Trucks for 40 in. Effective Height of 

Rails 

  

 

 

 

4600 156.7 133.6 118.7 115.7 100.4 88.6 80.6

4500 154.4 131.8 117.2 114.3 99.4 87.6 79.7

4400 152.2 130.1 115.7 112.9 98.3 86.7 78.9

4300 149.9 128.3 114.3 111.5 97.2 85.7 78.1

4200 147.6 126.5 112.8 110.1 95.9 84.7 77.3

4100 145.4 124.7 111.3 108.7 94.7 83.7 76.5

4000 143.1 123.0 109.9 107.3 93.4 82.7 75.7

3900 140.9 121.2 108.4 105.9 92.2 81.7 74.8

3800 138.6 119.4 106.9 104.5 91.0 80.7 74.0

3700 136.3 117.6 105.5 103.1 89.7 79.7 73.2

3600 134.1 115.8 104.0 101.7 88.5 78.8 72.2

3500 131.8 114.1 102.6 100.3 87.2 77.8 71.0

3400 129.6 112.3 101.1 98.9 86.0 76.8 69.8

3300 127.3 110.5 99.6 97.5 84.7 75.8 68.7

3200 125.0 108.7 98.2 95.9 83.5 74.8 67.5

3100 122.8 107.0 96.6 94.3 82.2 73.8 66.4

3000 120.5 105.2 94.9 92.7 81.0 72.8 65.2

2900 118.3 103.4 93.2 91.1 79.7 71.4 64.1

2800 116.0 101.6 91.6 89.4 78.5 70.0 62.9

2700 113.7 99.8 89.9 87.8 77.2 68.6 61.7

2600 111.5 98.1 88.2 86.2 76.0 67.2 60.6

2500 109.2 96.1 86.5 84.6 74.8 65.8 59.4

2400 107.0 94.1 84.8 83.0 73.5 64.4 58.3

2300 104.7 92.0 83.1 81.4 72.0 63.0 57.1

2200 102.4 90.0 81.4 79.7 70.2 61.6 55.9

2100 100.2 87.9 79.7 78.1 68.4 60.2 54.8

2000 97.9 85.9 78.0 76.5 66.7 58.8 53.6

1900 95.4 83.8 76.4 74.9 64.9 57.4 52.5

1800 92.8 81.8 74.7 73.3 63.1 56.0 51.3

1700 90.2 79.7 72.0 71.1 61.3 54.6 50.1

1600 87.6 77.7 70.6 68.8 59.5 53.2 49.0

1500 85.0 75.6 68.2 66.5 57.8 51.7 47.3

1400 82.3 73.6 65.8 64.2 56.0 50.3 45.3

1300 79.7 70.9 63.3 61.8 54.2 48.9 43.3

1200 77.1 68.0 60.9 59.5 52.4 46.8 41.3

1100 74.5 65.0 58.5 57.2 50.7 44.3 39.3

1000 71.4 62.0 56.1 54.9 48.9 41.9 37.3

900 67.6 59.1 53.6 52.6 46.0 39.5 35.3

800 63.8 56.1 51.2 50.2 42.9 37.1 33.3

700 60.0 53.1 48.8 47.4 39.8 34.6 31.3

600 56.2 50.2 44.6 43.3 36.7 32.2 29.3

500 52.4 46.1 40.3 39.2 33.6 29.8 27.4

400 48.5 40.8 36.0 35.1 30.5 27.4 25.4

300 41.5 35.4 31.7 31.0 27.4 24.9 21.1

200 34.5 30.1 27.4 26.9 24.2 17.8 14.0

100 27.5 24.8 19.0 17.8 12.1 8.9 7.0

48 60 72 75 96 120 144

4 ft 5 ft 6 ft 6 ft - 3 in 8 ft 10 ft 12 ft

Ʃ 
M

p
 (

ki
p

s 
- 

in
)

SUT

DMF=1.0

Post Spacing 

40" Effective height of rails

3000 146.9 128.8 117.1 114.8 100.0 88.1 80.4

2900 144.4 126.8 115.4 113.1 98.2 86.7 79.3

2800 141.8 124.7 113.7 111.5 96.4 85.3 78.1

2700 139.2 122.7 112.0 109.9 94.7 83.9 76.9

2600 136.6 120.6 110.3 107.8 92.9 82.5 75.8

2500 134.0 118.6 108.3 105.5 91.1 81.1 74.6

2400 131.4 116.5 105.9 103.2 89.3 79.7 73.5

2300 128.7 114.5 103.5 100.9 87.5 78.3 71.9

2200 126.1 112.4 101.0 98.6 85.8 76.9 69.9

2100 123.5 110.4 98.6 96.2 84.0 75.5 67.9

2000 120.9 107.9 96.2 93.9 82.2 74.1 65.9

1900 118.3 104.9 93.8 91.6 80.4 72.6 63.9

1800 115.7 101.9 91.4 89.3 78.7 70.1 61.9

1700 113.1 99.0 87.8 87.0 76.9 67.7 59.9

1600 110.4 96.0 86.5 84.6 75.1 65.3 58.0

1500 107.1 93.0 84.1 82.3 73.3 62.9 56.0

1400 103.3 90.1 81.7 80.0 70.5 60.4 54.0

1300 99.5 87.1 79.2 77.7 67.4 58.0 52.0

1200 95.7 84.2 76.8 75.4 64.3 55.6 50.0

1100 91.9 81.2 74.4 73.1 61.2 53.2 48.0

1000 88.1 78.2 71.2 69.1 58.1 50.8 46.0

900 84.3 75.3 66.9 65.0 55.0 48.3 44.0

800 80.5 71.8 62.6 60.9 51.9 45.9 42.0

700 76.7 66.5 58.3 56.8 48.8 43.5 40.0

600 72.8 61.2 54.0 52.7 45.7 41.1 38.1

500 65.8 55.8 49.7 48.6 42.6 38.6 35.1

400 58.8 50.5 45.4 44.4 39.5 35.6 28.1

300 51.7 45.2 41.1 40.3 36.4 26.7 21.1

200 44.7 39.8 36.8 35.6 24.2 17.8 14.0

100 37.7 26.7 19.0 17.8 12.1 8.9 7.0
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Table B-14. Additional Guidance Plots for Single-Unit Trucks for 41 in. Effective Height of 

Rails 

  

 

 

4700 157.6 134.1 118.9 115.9 100.3 88.6 80.3

4600 155.4 132.4 117.4 114.5 99.2 87.6 79.5

4500 153.1 130.6 116.0 113.1 98.1 86.6 78.7

4400 150.9 128.8 114.5 111.7 97.0 85.6 77.9

4300 148.6 127.0 113.0 110.3 96.0 84.6 77.1

4200 146.3 125.2 111.6 108.9 94.9 83.6 76.2

4100 144.1 123.5 110.1 107.5 93.6 82.6 75.4

4000 141.8 121.7 108.6 106.1 92.4 81.7 74.6

3900 139.6 119.9 107.2 104.6 91.1 80.7 73.8

3800 137.3 118.1 105.7 103.2 89.9 79.7 73.0

3700 135.0 116.4 104.2 101.8 88.6 78.7 72.2

3600 132.8 114.6 102.8 100.4 87.4 77.7 71.3

3500 130.5 112.8 101.3 99.0 86.2 76.7 70.3

3400 128.3 111.0 99.8 97.6 84.9 75.7 69.1

3300 126.0 109.2 98.4 96.2 83.7 74.7 67.9

3200 123.7 107.5 96.9 94.8 82.4 73.8 66.8

3100 121.5 105.7 95.4 93.2 81.2 72.8 65.6

3000 119.2 103.9 93.8 91.6 79.9 71.8 64.5

2900 117.0 102.1 92.2 90.0 78.7 70.6 63.3

2800 114.7 100.4 90.5 88.4 77.4 69.2 62.1

2700 112.4 98.6 88.8 86.7 76.2 67.8 61.0

2600 110.2 96.8 87.1 85.1 74.9 66.4 59.8

2500 107.9 95.0 85.4 83.5 73.7 65.0 58.7

2400 105.7 93.0 83.7 81.9 72.4 63.6 57.5

2300 103.4 90.9 82.0 80.3 71.2 62.2 56.4

2200 101.2 88.9 80.3 78.7 69.5 60.8 55.2

2100 98.9 86.8 78.7 77.0 67.7 59.4 54.0

2000 96.6 84.8 77.0 75.4 65.9 58.0 52.9

1900 94.3 82.7 75.3 73.8 64.1 56.6 51.7

1800 91.7 80.7 73.6 72.2 62.3 55.2 50.6

1700 89.1 78.6 71.2 70.3 60.6 53.8 49.4

1600 86.5 76.6 69.8 68.0 58.8 52.4 48.2

1500 83.8 74.5 67.4 65.7 57.0 51.0 46.8

1400 81.2 72.5 65.0 63.4 55.2 49.6 44.8

1300 78.6 70.1 62.6 61.1 53.5 48.2 42.9

1200 76.0 67.2 60.1 58.7 51.7 46.3 40.9

1100 73.4 64.2 57.7 56.4 49.9 43.9 38.9

1000 70.6 61.2 55.3 54.1 48.1 41.5 36.9

900 66.8 58.3 52.9 51.8 45.5 39.1 34.9

800 63.0 55.3 50.4 49.5 42.4 36.6 32.9

700 59.2 52.4 48.0 47.0 39.3 34.2 30.9

600 55.4 49.4 44.2 42.9 36.2 31.8 28.9

500 51.6 45.6 39.9 38.7 33.1 29.4 26.9

400 47.8 40.3 35.6 34.6 30.0 26.9 24.9

300 41.0 35.0 31.3 30.5 26.9 24.5 21.1

200 34.0 29.6 27.0 26.4 23.8 17.8 14.0

100 27.0 24.3 19.0 17.8 12.1 8.9 7.0
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41" Effective height of rails

3100 147.2 129.2 117.1 114.8 100.6 88.4 80.5

3000 144.9 127.2 115.5 113.1 98.9 87.0 79.3

2900 142.7 125.1 113.8 111.5 97.1 85.6 78.2

2800 140.1 123.1 112.1 109.9 95.3 84.2 77.0

2700 137.5 121.0 110.4 108.3 93.5 82.8 75.8

2600 134.9 119.0 108.7 106.7 91.7 81.4 74.7

2500 132.3 116.9 107.0 104.4 90.0 80.0 73.5

2400 129.7 114.9 104.7 102.0 88.2 78.6 72.4

2300 127.1 112.8 102.3 99.7 86.4 77.2 71.2

2200 124.5 110.8 99.9 97.4 84.6 75.8 69.3

2100 121.8 108.7 97.5 95.1 82.9 74.4 67.3

2000 119.2 106.7 95.0 92.8 81.1 73.0 65.3

1900 116.6 103.7 92.6 90.4 79.3 71.6 63.3

1800 114.0 100.7 90.2 88.1 77.5 69.5 61.3

1700 111.4 97.8 86.7 85.8 75.7 67.1 59.3

1600 108.8 94.8 85.3 83.5 74.0 64.7 57.3

1500 105.9 91.9 82.9 81.2 72.2 62.2 55.3

1400 102.1 88.9 80.5 78.8 69.9 59.8 53.3

1300 98.3 85.9 78.1 76.5 66.8 57.4 51.3

1200 94.5 83.0 75.6 74.2 63.7 55.0 49.4

1100 90.7 80.0 73.2 71.9 60.6 52.5 47.4

1000 86.9 77.0 70.5 68.4 57.5 50.1 45.4

900 83.1 74.1 66.2 64.3 54.4 47.7 43.4

800 79.2 71.1 61.9 60.2 51.3 45.3 41.4

700 75.4 65.8 57.6 56.1 48.2 42.8 39.4

600 71.6 60.4 53.3 52.0 45.1 40.4 37.4

500 65.0 55.1 49.0 47.9 42.0 38.0 35.1

400 58.0 49.8 44.7 43.8 38.9 35.6 28.1

300 51.0 44.4 40.4 39.7 35.8 26.7 21.1

200 44.0 39.1 36.1 35.6 24.2 17.8 14.0

100 37.0 26.7 19.0 17.8 12.1 8.9 7.0
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41" Effective height of rails



July 20, 2020  
MwRSF Report No. TRP-03-410-20 

467 

M
w

R
S

F
 R

ep
o

rt N
o
. T

R
P

-0
3

-4
1
0
-2

0
 

 

Table B-15. Additional Guidance Plots for Single-Unit Trucks for 42 in. Effective Height of 

Rails 

  

 

4800 158.7 134.7 119.2 116.1 100.2 88.6 80.2

4700 156.4 132.9 117.7 114.7 99.1 87.6 79.3

4600 154.2 131.1 116.2 113.3 98.0 86.6 78.5

4500 151.9 129.4 114.8 111.9 96.9 85.6 77.7

4400 149.6 127.6 113.3 110.5 95.9 84.6 76.9

4300 147.4 125.8 111.8 109.1 94.8 83.6 76.1

4200 145.1 124.0 110.4 107.7 93.7 82.6 75.2

4100 142.9 122.3 108.9 106.3 92.6 81.6 74.4

4000 140.6 120.5 107.4 104.9 91.4 80.6 73.6

3900 138.3 118.7 106.0 103.5 90.1 79.7 72.8

3800 136.1 116.9 104.5 102.1 88.9 78.7 72.0

3700 133.8 115.1 103.0 100.7 87.6 77.7 71.2

3600 131.6 113.4 101.6 99.2 86.4 76.7 70.3

3500 129.3 111.6 100.1 97.8 85.1 75.7 69.5

3400 127.0 109.8 98.6 96.4 83.9 74.7 68.4

3300 124.8 108.0 97.2 95.0 82.6 73.7 67.2

3200 122.5 106.3 95.7 93.6 81.4 72.7 66.1

3100 120.3 104.5 94.3 92.2 80.2 71.8 64.9

3000 118.0 102.7 92.8 90.6 78.9 70.8 63.8

2900 115.7 100.9 91.1 88.9 77.7 69.8 62.6

2800 113.5 99.1 89.4 87.3 76.4 68.5 61.4

2700 111.2 97.4 87.8 85.7 75.2 67.1 60.3

2600 109.0 95.6 86.1 84.1 73.9 65.7 59.1

2500 106.7 93.8 84.4 82.5 72.7 64.3 58.0

2400 104.4 92.0 82.7 80.9 71.4 62.9 56.8

2300 102.2 89.9 81.0 79.2 70.2 61.5 55.6

2200 99.9 87.9 79.3 77.6 68.7 60.1 54.5

2100 97.7 85.8 77.6 76.0 67.0 58.7 53.3

2000 95.4 83.8 75.9 74.4 65.2 57.3 52.2

1900 93.1 81.7 74.3 72.8 63.4 55.9 51.0

1800 90.6 79.6 72.6 71.2 61.6 54.5 49.8

1700 88.0 77.6 70.2 69.6 59.8 53.1 48.7

1600 85.4 75.5 69.1 67.3 58.1 51.7 47.5

1500 82.8 73.5 66.7 65.0 56.3 50.3 46.4

1400 80.2 71.4 64.2 62.7 54.5 48.9 44.4

1300 77.5 69.4 61.8 60.3 52.7 47.5 42.5

1200 74.9 66.4 59.4 58.0 51.0 45.9 40.5

1100 72.3 63.4 57.0 55.7 49.2 43.5 38.5

1000 69.7 60.5 54.5 53.4 47.4 41.1 36.5

900 66.0 57.5 52.1 51.1 45.1 38.6 34.5

800 62.2 54.6 49.7 48.7 42.0 36.2 32.5

700 58.4 51.6 47.3 46.4 38.9 33.8 30.5

600 54.6 48.6 43.7 42.4 35.8 31.4 28.5

500 50.8 45.2 39.4 38.3 32.7 29.0 26.5

400 47.0 39.8 35.1 34.2 29.6 26.5 24.5

300 40.5 34.5 30.8 30.1 26.5 24.1 21.1

200 33.5 29.2 26.5 26.0 23.4 17.8 14.0

100 26.5 23.8 19.0 17.8 12.1 8.9 7.0

48 60 72 75 96 120 144

4 ft 5 ft 6 ft 6 ft - 3 in 8 ft 10 ft 12 ft

Ʃ 
M

p
 (
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p

s 
- 

in
)

SUT

DMF=1.0

Post Spacing 

42" Effective height of rails

3200 147.6 129.7 117.3 114.8 101.3 88.8 80.6

3100 145.4 127.7 115.6 113.2 99.5 87.4 79.4

3000 143.1 125.6 113.9 111.6 97.8 86.0 78.3

2900 140.8 123.6 112.2 110.0 96.0 84.6 77.1

2800 138.5 121.5 110.5 108.4 94.2 83.1 75.9

2700 135.9 119.5 108.8 106.8 92.4 81.7 74.8

2600 133.3 117.4 107.2 105.1 90.7 80.3 73.6

2500 130.7 115.4 105.5 103.3 88.9 78.9 72.5

2400 128.1 113.3 103.6 100.9 87.1 77.5 71.3

2300 125.5 111.3 101.2 98.6 85.3 76.1 70.1

2200 122.9 109.2 98.8 96.3 83.5 74.7 68.7

2100 120.2 107.2 96.4 94.0 81.8 73.3 66.7

2000 117.6 105.1 93.9 91.7 80.0 71.9 64.7

1900 115.0 102.6 91.5 89.3 78.2 70.5 62.7

1800 112.4 99.6 89.1 87.0 76.4 68.9 60.7

1700 109.8 96.7 85.6 84.7 74.7 66.5 58.7

1600 107.2 93.7 84.2 82.4 72.9 64.0 56.7

1500 104.6 90.7 81.8 80.1 71.1 61.6 54.7

1400 100.9 87.8 79.4 77.7 69.2 59.2 52.7

1300 97.1 84.8 77.0 75.4 66.1 56.8 50.7

1200 93.3 81.8 74.5 73.1 63.0 54.3 48.8

1100 89.5 78.9 72.1 70.8 59.9 51.9 46.8

1000 85.7 75.9 69.7 67.7 56.8 49.5 44.8

900 81.9 73.0 65.6 63.6 53.7 47.1 42.8

800 78.1 70.0 61.3 59.5 50.6 44.6 40.8

700 74.3 65.1 57.0 55.4 47.5 42.2 38.8

600 70.5 59.8 52.7 51.3 44.4 39.8 36.8

500 64.3 54.4 48.4 47.2 41.3 37.4 34.8

400 57.3 49.1 44.1 43.1 38.2 34.9 28.1

300 50.3 43.8 39.8 39.0 35.1 26.7 21.1

200 43.3 38.4 35.5 34.9 24.2 17.8 14.0

100 36.3 26.7 19.0 17.8 12.1 8.9 7.0

48 60 72 75 96 120 144

4 ft 5 ft 6 ft 6 ft - 3 in 8 ft 10 ft 12 ft

Ʃ 
M

p
 (

ki
p

s 
- 

in
)

SUT

DMF=1.5

Post Spacing 

42" Effective height of rails
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Appendix C. Midwest Steel Works Inc. Splice Fabrication Drawings 
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Figure C-1. Upper Splice Tube Assembly 
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Figure C-2. Upper Splice Tube Components 
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Figure C-3. Middle/Lower Splice Tube Assembly 
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Figure C-4. Middle/Lower Splice Tube Components
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Appendix D. Material Specifications 
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Table D-1. Bill of Materials, Test Nos. STBR-1 and STBR-2 

Item  

No. 
Description Material Specification Reference  

a1 W6x15 [W152x22], 58 1/2" [1,486] Long Post ASTM A992 H#59082360/02 

a2 8"x8"x3/8" [203x203x10] Plate ASTM A572 Gr. 50 H#E8H296 

a2 8"x8"x3/8" [203x203x10] Plate ASTM A572 Gr. 50 H#W8J660 

a3 
13"x17 3/4"x1" [330x451x25] Post Plate with 

Slots for 1" [25] Bolts 
ASTM A572 Gr. 50 H#W8J820 

a4 6 1/8"x5 11/16"x1/4" [156x144x6] Gusset Plate ASTM A572 Gr. 50 H#E8I347 

a5 
HSS 5"x4"x1/2" [127x102x13], 20" [508] Long 

with 1 1/8" [29] Holes 
ASTM A500 Gr. C H#17111221 

a6 W6x15 [W152x22], 30 7/8" [784] Long Post ASTM A992 H#59081160/02 

a7 12"x12"x3/4" [305x305x19] Plate ASTM A572 Gr. 50 H#B8H825 

b1 30"x10 5/8"x5/16" [762x270x8] Plate ASTM A572 Gr. 50 H#18170241 

b2 30"x2 5/8"x3/8" [762x67x10] Plate ASTM A572 Gr. 50 H#E8H296 

c1 30"x6 5/8"x3/8" [762x168x10] Plate ASTM A572 Gr. 50 H#E8H296 

c2 30"x4 5/8"x5/16" [762x117x8] Plate ASTM A572 Gr. 50 H#18170241 

d1 
HSS 8"x6"x1/4" [203x152x6], 191 1/4" [4,858] 

Long 
ASTM A500 Gr. C H#835188 

d2 
HSS 12"x4"x1/4" [305x102x6], 191 1/4" [4,858] 

Long 
ASTM A500 Gr. C 

H#NH4681 "B" 

and H#TH4011 

e1 Concrete Min. f'c = 4,000 psi [27.6 MPa] 

Ticket#1233165, 

1233167, 

1233170, 1233172 

e2 #5 [16] Bar, 31" [787] Long ASTM A615 Gr. 60 H#1810025501 

e3 #5 [16] Bar, 1,294" [32,868] Long ASTM A615 Gr. 60 H#57174895 

e4 #5 [16] Bar, 110 3/16" [2,799] Long Unbent ASTM A615 Gr. 60 H#KN18100997 

e5 #6 [19] Bar, 32" [813] Long ASTM A615 Gr. 60 H#57169293  

f1 20"x15"x3/16" [508x381x5] Steel Plate ASTM A572 Gr. 50 H#B8E871 

f2 1"-8 UNC [M24x3] Heavy Hex Coupling Nut ASTM A563DH H#NF100786021 

f3 1"-8 UNC [M24x3] Heavy Hex Nut ASTM A563DH 

Fastenal COC only 

P#38210 

C#210157128 

f4 
1"-8 UNC [M24x3], 32 3/4" [832] Long Fully 

Threaded Anchor Rod 
ASTM F1554 Gr. 105 H#58033301/03 

g1 
3/4"-10 UNC [M20x2.5], 7 1/2" [191] Long 

Round Head Bolt 
ASTM A449 H#3078659 

g2 
3/4"-10 UNC [M20x2.5], 6" [152] Long Round 

Head Bolt 
ASTM A449 H#3078659 

g3 
3/4"-10 UNC [M20x2.5], 9 1/2" [241] Long 

Heavy Hex Head Bolt 
ASTM F3125 Gr. A325 Type 1 H#3078659 

g4 
1"-8 UNC [M24x3], 3 1/2" [89] Long Heavy 

Hex Head Bolt 
ASTM F3125 Gr. A325 Type 1 H#10552460 

g5 
1"-8 UNC [M24x3], 2 1/4" [57] Long Heavy 

Hex Head Bolt 
ASTM F3125 Gr. A325 Type 1 H#10415990 

g6 
1"-8 UNC [M24x3], 1 1/2" [38] Long Hex Head 

Bolt 

ASTM A449 SAE J429-2014 

Gr5 

P#12459 

C#120271368 

C#190099651 

H#J11503054 

H#10440680 
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Table D-2. Bill of Materials, Test Nos. STBR-1 and STBR-2, (Cont.) 

g7 3"x3"x1/4" [76x76x6] Plate ASTM A36 H#17126641 

h1 3/4”-10 UNC [M20x2.5] Heavy Hex Nut ASTM A563DH H#DL18102990 

i1 3/4" [19] Dia. Hardened Flat Washer ASTM F436 
H#270517 and 

H#281047 

i2 2 1/4"x2 1/4"x1/4" [57x57x6] Square Washer ASTM A36 H#17126641 

i3 
3/4"-10 UNC [M20x2.5], 12" [305] Long  

Threaded Rod 
ASTM F1554 Gr. 36 H#145918 
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Table D-3. Bill of Materials, Test No. STBR-3 

Item 

No. 
Description 

Material 

Specification 
Reference No. 

a1 W6x15 [W152x22], 53 1/2" [1,359] Long Post ASTM A992 H#59082360/02 

a2 8"x8"x3/8" [203x203x10] Plate ASTM A572 Gr. 50 H#E8H296 

a3 
13"x17 3/4"x1" [330x451x25  Post Plate with 

Slots for 1" [25] Bolts 
ASTM A572 Gr. 50 H#W8J820 

a4 6 1/8"x5 11/16"x1/4" [156x144x6] Gusset Plate ASTM A572 Gr. 50 H#E8I347 

a5 
HSS 5"x4"x1/2" [127x102x13], 20" [508] Long 

with 1 1/8" [29] Holes 
ASTM A500 Gr. C H#17111221 

b1 30"x10 5/8"x5/16" [762x270x8] Plate ASTM A572 Gr. 50 H#18170241 

b2 30"x2 5/8"x3/8" [762x67x10] Plate ASTM A572 Gr. 50 H#E8H296 

c1 30"x6 5/8"x3/8" [762x168x10] Plate ASTM A572 Gr. 50 H#E8H296 

c2 30"x4 5/8"x5/16" [762x117x8] Plate ASTM A572 Gr. 50 H#18170241 

d1 
HSS 8"x6"x1/4" [203x152x6], 191 1/4" [4,858] 

Long 
ASTM A500 Gr. C H#835188 

d2 
HSS 12"x4"x1/4" [305x102x6], 191 1/4" [4,858] 

Long 
ASTM A500 Gr. C 

H#NH4681 "B" and 

H#TH4011 

Also See Sheet 2 

e1 Concrete 
Min. f'c = 4,000 psi 

[27.6 MPa] 

Ticket#1233165, 1233167, 

1233170, 1233172 

e2 #5 [16] Bar, 31" [787] Long ASTM A615 Gr. 60 H#1810025501 

e3 #5 [16] Bar, 1,294" [32,868] Long ASTM A615 Gr. 60 H#57174895 

e4 #5 [16] Bar, 110 3/16" [2,799] Long Unbent ASTM A615 Gr. 60 H#KN18100997 

e5 #6 [19] Bar, 32" [813] Long ASTM A615 Gr. 60 H#57169293 

f1 20"x15"x3/16" [508x381x5] Steel Plate ASTM A572 Gr. 50 H#B8E871 

f2 1"-8 UNC [M24x3] Heavy Hex Coupling Nut ASTM A563DH H#NF100786021 

f3 1"-8 UNC [M24x3] Heavy Hex Nut ASTM A563DH 
Fastenal COC only P#38210 

C#210157128 

f4 
1"-8 UNC [M24x3], 32 3/4" [832] Long Fully 

Threaded Anchor Rod 

ASTM F1554 Gr. 

105 
H#58033301/03 

g1 
3/4"-10 UNC [M20x2.5], 7 1/2" [191] Long 

Round Head Bolt 
ASTM A449 H#3078659 

g2 
3/4"-10 UNC [M20x2.5], 6" [152] Long Round 

Head Bolt 
ASTM A449 H#3078659 

g3 
3/4"-10 UNC [M20x2.5], 9 1/2" [241] Long 

Heavy Hex Head Bolt 

ASTM F3125 Gr. 

A325 Type 1 
H#3078659 

g4 
1"-8 UNC [M24x3], 3 1/2" [89] Long Heavy Hex 

Head Bolt 

ASTM F3125 Gr. 

A325 Type 1 
H#10552460 

g5 
1"-8 UNC [M24x3], 2 1/4" [57] Long Heavy Hex 

Head Bolt 

ASTM F3125 Gr. 

A325 Type 1 
H#10415990 

g6 
1"-8 UNC [M24x3], 1 1/2" [38] Long Hex Head 

Bolt 
ASTM A449 

P#12459 C#120271368 

C#190099651 H#J11503054 

H#10440680 

g7 3"x3"x1/4" [76x76x6] Plate ASTM A36 H#17126641 

h1 3/4”-10 UNC [M20x2.5] Heavy Hex Nut ASTM A563DH H#DL18102990 

i1 3/4" [19] Dia. Hardened Flat Washer ASTM F436 H#270517 and H#281047 

i2 2 1/4"x2 1/4"x1/4" [57x57x6] Square Washer ASTM A36 H#17126641 
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Table D-4. Bill of Materials, Test No. STBR-4 

Item  

No. 
Description Material Specification Mill Certification No. 

a1 W6x15 [W152x22], 58 1/2" [1,486] Long Post ASTM A992 H#59082360/02 

a2 8"x8"x3/8" [203x203x10] Plate ASTM A572 Gr. 50 H#E8H296 

a2 
8"x8"x3/8" [203x203x10] Plate for Tarmac 

Posts 
ASTM A572 Gr. 50 H#WJ8J660 

a3 
13"x17 3/4"x1" [330x451x25] Post Plate with 

Slots for 1" [25] Bolts 
ASTM A572 Gr. 50 H#W8J820 

a4 6 1/8"x5 11/16"x1/4" [156x144x6] Gusset Plate ASTM A572 Gr. 50 H#E8I347 

a5 
HSS 5"x4"x1/2" [127x102x13], 20" [508] Long 

with 1 1/8" [29] Holes 
ASTM A500 Gr. C H#17111221 

a6 W6x15 [W152x22], 30 7/8" [784] Long Post ASTM A992 H#59081160/02 

a7 12"x12"x3/4" [305x305x19] Plate ASTM A572 Gr. 50 H#B8H825 

b1 30"x10 5/8"x5/16" [762x270x8] Plate ASTM A572 Gr. 50 H#18170241 

b2 30"x2 5/8"x3/8" [762x67x10] Plate ASTM A572 Gr. 50 H#E8H296 

c1 30"x6 5/8"x3/8" [762x168x10] Plate ASTM A572 Gr. 50 H#E8H296 

c2 30"x4 5/8"x5/16" [762x117x8] Plate ASTM A572 Gr. 50 H#18170241 

d1 
HSS 8"x6"x1/4" [203x152x6], 191 1/4" [4,858] 

Long 
ASTM A500 Gr. C H#835188 

d2 
HSS 12"x4"x1/4" [305x102x6], 191 1/4" [4,858]  

Long 
ASTM A500 Gr. C 

H#NH4681 "B" and 

H#TH4011, Also See 

Sheet 2 

e1 Concrete 
Min. f'c = 4,000 psi [27.6 

MPa] 

Ticket#1233165, 

1233167, 1233170, 

1233172 

e2 #5 [16] Bar, 31" [787] Long ASTM A615 Gr. 60 H#1810025501 

e3 #5 [16] Bar, 1,294" [32,868] Long ASTM A615 Gr. 60 H#57174895 

e4 #5 [16] Bar, 110 3/16" [2,799] Long Unbent ASTM A615 Gr. 60 H#KN18100997 

e5 #6 [19] Bar, 32" [813] Long ASTM A615 Gr. 60 H#57169293 

f1 20"x15"x3/16" [508x381x5] Steel Plate ASTM A572 Gr. 50 H#B8E871 

f2 1"-8 UNC [M24x3] Heavy Hex Coupling Nut ASTM A563DH H#NF100786021 

f3 1"-8 UNC [M24x3] Heavy Hex Nut ASTM A563DH 
Fastenal COC only 

P#38210 C#210157128 

f4 
1"-8 UNC [M24x3], 32 3/4" [832] Long Fully 

Threaded Anchor Rod 
ASTM F1554 Gr. 105 H#58033301/03 

f5 1/2" [13] Dia. Shear Stud, 2" [51] Long ASTM A108 H#100893527 

g1 
3/4"-10 UNC [M20x2.5], 7 1/2" [191] Long 

Round Head Bolt 
ASTM A449 H#3078659 

g2 
3/4"-10 UNC [M20x2.5], 6" [152] Long Round 

Head Bolt 
ASTM A449 H#3078659 

g3 
3/4"-10 UNC [M20x2.5], 9 1/2" [241] Long 

Heavy Hex Head Bolt 

ASTM F3125 Gr. A325 

Type 1 
H#3078659 

g4 
1"-8 UNC [M24x3], 3 1/2" [89] Long Heavy 

Hex Head Bolt 

ASTM F3125 Gr. A325 

Type 1 
H#10552460 

g5 
1"-8 UNC [M24x3], 2 1/4" [57] Long Heavy 

Hex Head Bolt 

ASTM F3125 Gr. A325 

Type 1 
H#10415990 
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Table D-5. Bill of Materials, Test No. STBR-4, (Cont.) 

g6 
1"-8 UNC [M24x3], 1 1/2" [38] Long Hex Head 

Bolt 
ASTM A449 

P#12459 C#120271368 

C#190099651 

H#J11503054 

H#10440680 

g7 3"x3"x1/4" [76x76x6] Plate ASTM A36 H#17126641 

g8 36"x2 1/2"x3/8" [914x64x10] Plate ASTM A572 Gr. 50 H#631893983/02 

h1 3/4”-10 UNC [M20x2.5] Heavy Hex Nut ASTM A563DH H#DL18102990 

i1 3/4" [19] Dia. Hardened Flat Washer ASTM F436 

H#270517 and H#281047 

(UNPAINTED) 

H#277411 (GREEN) 

H#270517 and H#281047 

(BLUE) 

i2 2 1/4"x2 1/4"x1/4" [57x57x6] Square Washer ASTM A36 H#17126641 

i3 
3/4"-10 UNC [M20x2.5], 12" [305] Long 

Threaded Rod 
ASTM F1554 Gr. 36 H#145918 
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Figure D-1. Side-Mounted Steel Posts, Test Nos. STBR-1 through STBR-4
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Figure D-2. Fully-Welded Plates for Side-Mounted Posts, Test Nos. STBR-1 through STBR-4
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Figure D-3. Fully-Welded Plates for Baseplates for Top-Mounted Posts, Test Nos. STBR-1 and STBR-2



 

 

4
8
2
 

Ju
ly

 2
0

, 2
0

2
0

  

M
w

R
S

F
 R

ep
o

rt N
o
. T

R
P

-0
3

-4
1
0
-2

0
 

 

Figure D-4. Post-to-Deck Connection, Vertical Plate, Test Nos. STBR-1 through STBR-4
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Figure D-5. Gusset Plate, Test Nos. STBR-1 through STBR-4
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Figure D-6. Post-to-Deck Connection, Spacer Tubes, Test Nos. STBR-1 through STBR-4
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Figure D-7. Top-Mounted Steel Posts, STBR-1, STBR-2, and STBR-4
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Figure D-8. Baseplates for Top-Mounted Posts, Test Nos. STBR-1, STBR-2, and STBR-4
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Figure D-9. Top Splice Tubes Horizontal Plates, Test Nos. STBR-1 through STBR-4
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Figure D-10. Top Splice Tubes Vertical Plates and Lower Splice Tube Vertical Plates, Test Nos. STBR-1 through STBR-4
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Figure D-11. Lower Splice Tubes Horizontal Plates, Test Nos. STBR-1 through STBR-4
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Figure D-12. Lower Rails, Test Nos. STBR-1 through STBR-4
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Figure D-13. Top Rails, Test Nos. STBR-1 through STBR-4 
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Figure D-14. Top Rails, Test Nos. STBR-1 through STBR-4 
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Figure D-15. Surrogate Concrete Bridge Deck Concrete Mix, Test Nos. STBR-1 through STBR-

4 
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Figure D-16. Surrogate Concrete Bridge Deck Concrete Mix, Test Nos. STBR-1 through STBR-

4 
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Figure D-17. Surrogate Concrete Bridge Deck Concrete Mix, Test Nos. STBR-1 through STBR-

4 
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Figure D-18. Surrogate Concrete Bridge Deck Concrete Mix, Test Nos. STBR-1 through STBR-

4 
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Figure D-19. Vertical #5 Epoxy Rebar, Test Nos. STBR-1 through STBR-4
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Figure D-20. Vertical #5 Epoxy Rebar, Test Nos. STBR-1 through STBR-4 
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Figure D-21. Horizontal #5 Epoxy Rebar, Test Nos. STBR-1 through STBR-4 
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Figure D-22. Surrogate Concrete Bridge Deck, #5 Unbent Rebar, Test Nos. STBR-1 through STBR-4
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Figure D-23. Surrogate Concrete Bridge Deck, #6 Epoxy Rebar, Test Nos. STBR-1 through STBR-4 
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Figure D-24. Post-to-Deck Connections, Embedded Plate, Test Nos. STBR-1 through STBR-4
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Figure D-25. Post-to-Deck Connections, Coupling Nuts, Test Nos. STBR-1 through STBR-4 
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Figure D-26. Post-to-Deck Connections, Coupling Nuts, Test Nos. STBR-1 through STBR-4 
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Figure D-27. Heavy Hex Nuts, Test Nos. STBR-1 through STBR-4 
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Figure D-28. Fully-Threaded Anchor Rods, Test Nos. STBR-1 through STBR-4 
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Figure D-29. Shear Studs, Test No. STBR-4 
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Figure D-30. Round Head Bolts, Test Nos. STBR-1 through STBR-4 
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Figure D-31. Hex Head Bolts, Test Nos. STBR-1 through STBR-4
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Figure D-32. Vertical Plate Hex Headed Bolts, Tests Nos. STBR-1 through STBR-4 
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Figure D-33. Vertical Plate Hex Headed Bolts, Tests Nos. STBR-1 through STBR-4 
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Figure D-34. Spacer Tube Hex Headed Bolts, Tests Nos. STBR-1 through STBR-4 
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Figure D-35. Spacer Tube Hex Headed Bolts, Tests Nos. STBR-1 through STBR-4 
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Figure D-36.  1½-in. Long Hex-Headed Bolts, Tests Nos. STBR-1 through STBR-4
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Figure D-37. 1½-in. Long Hex-Headed Bolts, Tests Nos. STBR-1 through STBR-4 
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Figure D-38. 1½-in. Long Hex-Headed Bolts, Tests Nos. STBR-1 through STBR-4
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Figure D-39. Compression Plate Washers, Test Nos. STBR-1 through STBR-4 
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Figure D-40. Compression Anchorage Plates, Test No. STBR-4
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Figure D-41. Heavy Hex Nuts, Test Nos. STBR-1 through STBR-4 
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Figure D-42. Round Flat Washers, Test Nos. STBR-1 through STBR-4
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Figure D-43. Round Flat Washers, Test Nos. STBR-1 through STBR-4
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Figure D-44. Round Flat Washers, Test No. STBR-4
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Figure D-45. Plate Washers, Test No. STBR-4 
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Figure D-46. Plate Washers, Test Nos. STBR-1 through STBR-4
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Figure D-47. Full-Threaded Rods, Test Nos. STBR-1, STBR-2, and STBR-4
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Figure D-48. Full-Threaded Rods, Test Nos. STBR-1, STBR-2, and STBR-4 
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Appendix E. Vehicle Center of Gravity Determination 
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Figure E-1. Vehicle Mass Distribution, Test No. STBR-1 

Date: 1/25/2019 Test Name: STBR-1 VIN:

Year: 2007 Make: Freightliner Model:

VEHICLE Equipment

Weight         

(lb.)

Vertical 

CG (in.)

Vertical M             

(lb.-in.)

+ 13725 48.987 672347.972

+ 34 20.0 680.0

+ 8 48.25 386.0

+ 31 46.0 1426.0

+ 5 49.75 248.75

+ 9 12.75 114.75

+ 6 101.0 606.0

+ 11 51.5 566.5

+ 24 30.5 732.0

+ 30 30.5 915.0

- -106 38.0 -4028.0

- -45 23.25 -1046.25

- -118 45.5 -5369.0

- 0 12.5 0

- -59 56.875 -3355.625

- -7 41.0 -287.0

+ 14 54.25 759.5

+ 9 40.0 360.0

BALLAST + 4868 69.25 337109.0

+ 1224 54.625 66861.0

+ 213 47.0 10011.0

+ 1290 55.813 71998.125

+ 405 59.25 23996.25

+ 405 61.625 24958.125

+ 30 69.25 2077.5

+ 90 63.375 5703.75

Note: (+) is added equipment to vehicle, (-) is removed equipment from vehicle 1207771.35

Estimated Total Weight (lb.) 22096 Total Ballast Weight (lb.) 8525

Vertical CG Location (in.) 54.66 Ballast Vertical CG Location (in.) 63.662

Vehicle Dimensions for C.G. Calculations

Wheel Base: 216.625 in. Front Track Width: 82.625 in.

Rear Track Width: 72.5 in.

Test Inertial Difference

22046 ± 660 22124 78.0

NA 137.824 NA

NA 0.989 NA

NA 54.66 NA

63 ± 2 63.662 0.66155

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  3246 3284 Front 3874 4174

Rear 3691 3504 Rear 6906 7170

FRONT 6530 lb. FRONT 8048 lb.

REAR 7195 lb. REAR 14076 lb.

TOTAL 13725 lb. TOTAL 22124 lb.

Tow Pin Plate

Onboard Supplemental Battery

Brake Receiver/Wires

CG DAS Units & Enclosure

Battery

Oil

Interior

Cab DAS Unit & Plate

1FVACXCS57HX61818

M2 106

 Vehicle CG Determination

Lateral CG  (in.)

Unballasted Truck (Curb)

Hub

Brake activation cylinder & frame

Pneumatic tank (Nitrogen)

Strobe/Brake Battery

Fuel

Coolant

Washer fluid

SMART Barrier Provisions

1/2" Steel Plates Concrete Blocks

"Husker Power" Plates

Concrete Blocks

Vertical CG  (in.)

10000S MASH TargetsCenter of Gravity 

Test Inertial Weight (lb.)

Longitudinal CG  (in.)

Cargo Straps

1/2" Steel Plates CHIC

Ballast Vertical CG  (in.)

Portable Concrete Barrier

CHIC Rail

Ballast Hardware

Rear Axle DAS Unit and Enclosure
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Figure E-2. Vehicle Mass Distribution, Test No. STBR-2 

Date: 2/14/2019 Test Name: STBR-2 VIN:

Year: 2011 Make: Dodge Model:

VEHICLE Equipment

Weight         

(lb.)

Vertical 

CG (in.)

Vertical M             

(lb.-in.)

+ Unballasted Truck (Curb) 4938 28.093978 138728.06

+ Hub 19 15.25 289.75

+ Brake activation cylinder & frame 8 26 1/4 210

+ Pneumatic tank (Nitrogen) 31 25 3/4 798.25

+ Strobe/Brake Battery 5 23 7/8 119.375

+ Brake Receiver/Wires 6 50 1/4 301.5

+ CG Plate including DAS 30 28 1/2 855

- Battery -40 38 1/4 -1530

- Oil -5 18 1/4 -91.25

- Interior -78 29 -2262

- Fuel -154 14 1/4 -2194.5

- Coolant -11 29 -319

- Washer fluid 0 0

+ Water Ballast (In Fuel Tank) 222 20 1/4 4495.5

+ Onboard Supplemental Battery 14 24 336

+ SMART Barrier Provisions 9 22 3/4 204 3/4

0

Note: (+) is added equipment to vehicle, (-) is removed equipment from vehicle 139941.44

Estimated Total Weight (lb.) 4994

Vertical CG Location (in.) 28.0219

Vehicle Dimensions for C.G. Calculations

Wheel Base: 140.5 in. Front Track Width: 68.25 in.

Rear Track Width: 67.25 in.

Test Inertial Difference

5000 ± 110 4992 -8.0

63 ± 4 64.874299 1.87430

NA -0.285006 NA

28 or greater 28.02 0.02191

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  1375 1333 Front 1363 1324

Rear 1140 1090 Rear 1154 1151

FRONT 2708 lb. FRONT 2687 lb.

REAR 2230 lb. REAR 2305 lb.

TOTAL 4938 lb. TOTAL 4992 lb.

1D7RB1GK0BS554408

Ram 1500

 Vehicle CG Determination

Vertical CG  (in.)

2270P MASH TargetsCenter of Gravity 

Test Inertial Weight (lb.)

Longitudinal CG  (in.)

Lateral CG  (in.)
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Figure E-3. Vehicle Mass Distribution, Test No. STBR-3 

Date: 2/28/2019 Test Name: STBR-3 VIN:

Year: 2009 Make: Kia Model:

Weight         

(lb.)

+ 2456

+ 19

+ 8

+ 30

+ 5

+ 6

+ 13

- -37

- -13

- -58

- -20

- -6

- 0

+ 0

+ 0

+ 9

Note: (+) is added equipment to vehicle, (-) is removed equipment from vehicle

Estimated Total Weight (lb.) 2412

Vehicle Dimensions for C.G. Calculations

Wheel Base: 98.5 in. Front Track Width: 58.0 in.

Roof Height: 57.0 in. Rear Track Width: 57.375 in.

Test Inertial Difference

2420 ± 55 2408 -12.0

39 ± 4 36.038 -2.962

NA -0.048 NA

NA 22.271 NA

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  809 765 Front 777 750

Rear 438 444 Rear 429 452

FRONT 1574 lb. FRONT 1527 lb.

REAR 882 lb. REAR 881 lb.

TOTAL 2456 lb. TOTAL 2408 lb.

Fuel

Coolant

Vertical CG  (in.)

1100C MASH TargetsCenter of Gravity 

Test Inertial Weight (lb.)

Longitudinal CG  (in.)

Lateral CG  (in.)

CG Plate including DAS

Washer fluid

Water Ballast (In Fuel Tank)

Vehicle Equipment

Onboard Supplemental Battery

Hub

Brake activation cylinder & frame

Pneumatic tank (Nitrogen)

Strobe/Brake Battery

Brake Receiver/Wires

Battery

Oil

Interior

KNADE223996504334

Rio

SMART Barrier Provisions

 Vehicle CG Determination

Unballasted Car (Curb)
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Figure E-4. Vehicle Mass Distribution, Test No. STBR-4
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Appendix F. Vehicle Deformation Records 
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Figure F-1. Floorpan Deformation Data – Set 1, Test No. STBR-1 

Date: Test Name: VIN:

Year: Make: Model:

POINT

Pretest

X

(in.)

Pretest

Y

(in.)

Pretest

Z

(in.)

Posttest X

(in.)

Posttest 

Y

(in.)

Posttest Z

(in.)

ΔXA

(in.)

ΔYA

(in.)

ΔZA

(in.)

Total Δ

(in.)

CrushB 

(in.)

Directions  

for 

CrushC

1 43.3536 -9.2738 2.0549 43.3083 -9.2061 2.1282 0.0453 0.0677 -0.0733 0.1096 0.0453 X

2 43.6220 -11.5493 1.9956 43.5536 -11.6183 2.1136 0.0684 -0.0690 -0.1180 0.1529 0.0684 X

3 43.1699 -15.8826 1.9991 42.8147 -15.7788 1.6019 0.3552 0.1038 0.3972 0.5429 0.5329 X, Z

4 43.7999 -19.9526 1.9046 43.0438 -19.5362 -0.1146 0.7561 0.4164 2.0192 2.1960 2.1561 X, Z

5 43.9158 -22.7386 1.3217 43.0572 -22.0983 -0.3218 0.8586 0.6403 1.6435 1.9617 1.8543 X, Z

6 39.6968 -9.3122 2.5415 39.6397 -9.3956 2.6456 0.0571 -0.0834 -0.1041 0.1451 0.0571 X

7 39.7687 -12.3538 2.4792 39.6784 -12.4509 2.6114 0.0903 -0.0971 -0.1322 0.1872 0.0903 X

8 39.5972 -15.7509 2.4188 39.4860 -15.7955 2.5306 0.1112 -0.0446 -0.1118 0.1639 0.1112 X

9 39.1205 -19.7335 2.5114 38.5341 -19.3149 1.4384 0.5864 0.4186 1.0730 1.2924 1.2228 X, Z

10 39.1619 -22.9299 2.6008 38.0802 -22.1894 0.3346 1.0817 0.7405 2.2662 2.6180 2.5111 X, Z

11 34.0818 -7.3682 3.1838 34.0155 -7.3578 3.2825 0.0663 0.0104 -0.0987 0.1194 -0.0987 Z

12 34.0356 -10.5948 3.2162 33.9389 -10.5915 3.3202 0.0967 0.0033 -0.1040 0.1420 -0.1040 Z

13 33.9208 -14.1990 3.1840 33.8489 -14.2294 3.3056 0.0719 -0.0304 -0.1216 0.1445 -0.1216 Z

14 33.5695 -18.0445 3.0995 33.4687 -18.0980 3.2822 0.1008 -0.0535 -0.1827 0.2154 -0.1827 Z

15 33.5962 -22.6923 3.3538 32.9991 -22.3725 2.5426 0.5971 0.3198 0.8112 1.0568 0.8112 Z

16 28.8979 -7.1442 3.7504 28.7970 -7.1118 3.8149 0.1009 0.0324 -0.0645 0.1241 -0.0645 Z

17 28.9058 -10.4852 3.7846 28.8576 -10.5482 3.8557 0.0482 -0.0630 -0.0711 0.1065 -0.0711 Z

18 28.7619 -14.2557 3.8265 28.5770 -14.2703 3.9343 0.1849 -0.0146 -0.1078 0.2145 -0.1078 Z

19 28.4637 -18.4629 3.7269 28.3777 -18.6437 3.8856 0.0860 -0.1808 -0.1587 0.2555 -0.1587 Z

20 28.4679 -23.8504 4.1562 28.3994 -23.8238 4.5127 0.0685 0.0266 -0.3565 0.3640 -0.3565 Z

21 23.3087 -7.5929 3.5795 23.2433 -7.5741 3.5908 0.0654 0.0188 -0.0113 0.0690 -0.0113 Z

22 23.5388 -10.7415 4.3703 23.4449 -10.7519 4.4271 0.0939 -0.0104 -0.0568 0.1102 -0.0568 Z

23 23.4413 -14.0804 4.4042 23.3097 -14.1080 4.4610 0.1316 -0.0276 -0.0568 0.1460 -0.0568 Z

24 23.3386 -18.2271 4.2892 23.2257 -18.2390 4.3896 0.1129 -0.0119 -0.1004 0.1516 -0.1004 Z

25 23.6138 -25.3804 4.9132 23.4841 -25.4500 4.9602 0.1297 -0.0696 -0.0470 0.1545 -0.0470 Z

26 18.0190 -8.4851 3.6353 17.9280 -8.4943 3.5991 0.0910 -0.0092 0.0362 0.0984 0.0362 Z

27 18.5181 -13.2258 4.6854 18.4257 -13.2379 4.7282 0.0924 -0.0121 -0.0428 0.1025 -0.0428 Z

28 18.6261 -16.6437 4.7014 18.5966 -16.6320 4.7712 0.0295 0.0117 -0.0698 0.0767 -0.0698 Z

29 19.3119 -22.1733 4.8085 19.1644 -22.2089 4.9238 0.1475 -0.0356 -0.1153 0.1906 -0.1153 Z

30 19.4232 -26.2596 5.0935 19.2594 -26.2965 5.2858 0.1638 -0.0369 -0.1923 0.2553 -0.1923 Z

VEHICLE DEFORMATION

FLOOR PAN - SET 1

T
O

E
 P

A
N

 -
 

W
H

E
E

L
 W

E
L
L

(X
, 

Z
)

F
L
O

O
R

 P
A

N

(Z
)

A Positive values denote deformation as inward toward the occupant compartment, negative values denote deformations outward away from the occupant 

compartment.
B Crush calculations that use multiple directional components will disregard components that are negative and only include positive values where the 

component is deforming inward toward the occupant compartment.
C Direction for Crush column denotes which directions are included in the crush calculations.  If "NA" then no intrusion is recorded, and Crush will be 0.
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Figure F-2. Floorpan Deformation Data, Set 2, Test No. STBR-1 

Date: Test Name: VIN:

Year: Make: Model:

POINT

Pretest

X

(in.)

Pretest

Y

(in.)

Pretest

Z

(in.)

Posttest X

(in.)

Posttest 

Y

(in.)

Posttest Z

(in.)

ΔXA

(in.)

ΔYA

(in.)

ΔZA

(in.)

Total Δ

(in.)

CrushB 

(in.)

Directions  

for 

CrushC

1 42.0199 -35.8622 1.6457 41.9416 -35.6805 1.5695 0.0783 0.1817 0.0762 0.2120 0.1093 X, Z

2 42.2090 -38.1452 1.5738 42.1014 -38.0996 1.5361 0.1076 0.0456 0.0377 0.1228 0.1140 X, Z

3 41.6054 -42.4599 1.5453 41.2188 -42.2269 0.9849 0.3866 0.2330 0.5604 0.7196 0.6808 X, Z

4 42.0933 -46.5489 1.4294 41.3254 -45.9759 -0.7617 0.7679 0.5730 2.1911 2.3914 2.3218 X, Z

5 42.1165 -49.3335 0.8293 41.2493 -48.5351 -0.9904 0.8672 0.7984 1.8197 2.1681 2.0158 X, Z

6 38.3601 -35.7753 2.1023 38.2654 -35.7439 2.0633 0.0947 0.0314 0.0390 0.1071 0.1024 X, Z

7 38.3259 -38.8171 2.0207 38.1961 -38.7982 2.0036 0.1298 0.0189 0.0171 0.1323 0.1309 X, Z

8 38.0362 -42.2057 1.9367 37.8858 -42.1331 1.8934 0.1504 0.0726 0.0433 0.1725 0.1565 X, Z

9 37.4195 -46.1696 1.9994 36.8167 -45.6075 0.7660 0.6028 0.5621 1.2334 1.4834 1.3728 X, Z

10 37.3483 -49.3660 2.0683 36.2682 -48.4549 -0.3647 1.0801 0.9111 2.4330 2.8136 2.6620 X, Z

11 32.8114 -33.6397 2.7115 32.7131 -33.5130 2.6836 0.0983 0.1267 0.0279 0.1628 0.0279 Z

12 32.6520 -36.8628 2.7224 32.5217 -36.7422 2.6936 0.1303 0.1206 0.0288 0.1799 0.0288 Z

13 32.4114 -40.4605 2.6657 32.3029 -40.3744 2.6479 0.1085 0.0861 0.0178 0.1397 0.0178 Z

14 31.9263 -44.2907 2.5533 31.7861 -44.2267 2.5895 0.1402 0.0640 -0.0362 0.1583 -0.0362 Z

15 31.7882 -48.9381 2.7775 31.1700 -48.4757 1.8112 0.6182 0.4624 0.9663 1.2368 0.9663 Z

16 27.6339 -33.2376 3.2372 27.5033 -33.0864 3.1868 0.1306 0.1512 0.0504 0.2061 0.0504 Z

17 27.5247 -36.5770 3.2496 27.4418 -36.5230 3.1990 0.0829 0.0540 0.0506 0.1111 0.0506 Z

18 27.2485 -40.3403 3.2658 27.0291 -40.2333 3.2446 0.2194 0.1070 0.0212 0.2450 0.0212 Z

19 26.8040 -44.5337 3.1363 26.6752 -44.5964 3.1578 0.1288 -0.0627 -0.0215 0.1449 -0.0215 Z

20 26.6159 -49.9207 3.5305 26.5094 -49.7789 3.7414 0.1065 0.1418 -0.2109 0.2756 -0.2109 Z

21 22.0341 -33.4889 3.0178 21.9382 -33.3495 2.9254 0.0959 0.1394 0.0924 0.1928 0.0924 Z

22 22.1472 -36.6485 3.7900 22.0218 -36.5392 3.7362 0.1254 0.1093 0.0538 0.1748 0.0538 Z

23 21.9326 -39.9822 3.8012 21.7676 -39.8886 3.7410 0.1650 0.0936 0.0602 0.1990 0.0602 Z

24 21.6858 -44.1220 3.6583 21.5377 -44.0132 3.6344 0.1481 0.1088 0.0239 0.1853 0.0239 Z

25 21.7051 -51.2842 4.2379 21.5369 -51.2333 4.1458 0.1682 0.0509 0.0921 0.1984 0.0921 Z

26 16.7162 -34.1955 3.0247 16.5937 -34.0805 2.8942 0.1225 0.1150 0.1305 0.2127 0.1305 Z

27 17.0401 -38.9572 4.0479 16.9160 -38.8478 3.9862 0.1241 0.1094 0.0617 0.1766 0.0617 Z

28 17.0283 -42.3768 4.0425 16.9662 -42.2461 4.0017 0.0621 0.1307 0.0408 0.1503 0.0408 Z

29 17.5192 -47.9277 4.1190 17.3351 -47.8408 4.1108 0.1841 0.0869 0.0082 0.2037 0.0082 Z

30 17.4849 -52.0170 4.3783 17.2829 -51.9320 4.4389 0.2020 0.0850 -0.0606 0.2274 -0.0606 Z
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A Positive values denote deformation as inward toward the occupant compartment, negative values denote deformations outward away from the occupant 

compartment.
B Crush calculations that use multiple directional components will disregard components that are negative and only include positive values where the 

component is deforming inward toward the occupant compartment.
C Direction for Crush column denotes which directions are included in the crush calculations.  If "NA" then no intrusion is recorded, and Crush will be 0.

Pretest Floor Pan Posttest Floor Pan

2/8/2019 STBR-1 1FVACXCS57HX61818

2007 Freightliner M2 106



July 20, 2020  

MwRSF Report No. TRP-03-410-20 

535 

 

Figure F-3. Occupant Compartment Deformation Data - Set 1, Test No. STBR-1 

Date: Test Name: VIN:

Year: Make: Model:

POINT

Pretest

X

(in.)

Pretest

Y

(in.)

Pretest

Z

(in.)

Posttest X

(in.)

Posttest 

Y

(in.)

Posttest Z

(in.)

ΔXA

(in.)

ΔYA

(in.)

ΔZA

(in.)

Total Δ

(in.)

CrushB 

(in.)

Directions  

for 

CrushC

1 38.9470 -20.7761 -28.8320 38.8049 -20.7457 -28.8811 0.1421 0.0304 -0.0491 0.1534 0.1534 X, Y, Z

2 38.6565 -9.0076 -29.0558 38.5091 -8.9847 -29.0946 0.1474 0.0229 -0.0388 0.1541 0.1541 X, Y, Z

3 38.0568 6.7374 -27.1932 37.9655 6.7569 -27.2082 0.0913 -0.0195 -0.0150 0.0946 0.0946 X, Y, Z

4 33.4074 -22.1084 -14.7456 33.3671 -22.0543 -14.8659 0.0403 0.0541 -0.1203 0.1379 0.1379 X, Y, Z

5 33.4701 -11.4549 -13.7622 33.4497 -11.4817 -13.8489 0.0204 -0.0268 -0.0867 0.0930 0.0930 X, Y, Z

6 29.7940 5.8404 -12.8512 29.7218 5.7943 -12.8272 0.0722 0.0461 0.0240 0.0890 0.0890 X, Y, Z

7 40.7874 -28.4569 -8.2126 40.7254 -29.1171 -8.4124 0.0620 -0.6602 -0.1998 0.6926 -0.6602 Y

8 41.0684 -28.2177 -2.4562 40.7592 -28.6071 -2.9139 0.3092 -0.3894 -0.4577 0.6758 -0.3894 Y

9 44.2637 -28.2167 -3.1511 43.9830 -28.5155 -3.4157 0.2807 -0.2988 -0.2646 0.4879 -0.2988 Y

10 8.2599 -31.0949 -21.8692 8.0852 -31.6604 -22.3055 0.1747 -0.5655 -0.4363 0.7353 -0.5655 Y

11 19.1455 -31.7766 -20.6204 18.9758 -32.2753 -20.9829 0.1697 -0.4987 -0.3625 0.6395 -0.4987 Y

12 29.8158 -31.1749 -19.0778 29.6777 -31.6054 -19.3738 0.1381 -0.4305 -0.2960 0.5404 -0.4305 Y

13 17.5155 -32.4732 -4.3365 17.2690 -33.0291 -4.6778 0.2465 -0.5559 -0.3413 0.6973 -0.5559 Y

14 27.1847 -32.1644 -2.8608 26.9682 -32.5945 -3.1129 0.2165 -0.4301 -0.2521 0.5435 -0.4301 Y

15 22.0761 -31.7526 1.1819 21.8253 -32.2862 0.8269 0.2508 -0.5336 -0.3550 0.6882 -0.5336 Y

16 36.0144 -17.3678 -49.3514 36.1591 -17.3936 -49.6270 -0.1447 -0.0258 -0.2756 0.3123 -0.2756 Z

17 36.8067 -11.7575 -49.3281 36.9722 -11.7371 -49.5512 -0.1655 0.0204 -0.2231 0.2785 -0.2231 Z

18 37.2786 -7.5332 -49.1321 37.3913 -7.5444 -49.3991 -0.1127 -0.0112 -0.2670 0.2900 -0.2670 Z

19 37.3527 -3.2567 -49.2128 37.4311 -3.2725 -49.4835 -0.0784 -0.0158 -0.2707 0.2823 -0.2707 Z

20 37.4912 2.8750 -48.8145 37.5948 2.8253 -49.0147 -0.1036 0.0497 -0.2002 0.2308 -0.2002 Z

21 12.3319 -22.0138 -53.3117 12.4663 -22.0097 -53.6342 -0.1344 0.0041 -0.3225 0.3494 -0.3225 Z

22 12.9184 -16.0915 -53.6692 12.9339 -16.1311 -53.9549 -0.0155 -0.0396 -0.2857 0.2888 -0.2857 Z

23 11.6852 -8.6519 -53.0979 11.6423 -8.6809 -53.3791 0.0429 -0.0290 -0.2812 0.2859 -0.2812 Z

24 11.7511 -2.8393 -53.6884 11.8586 -2.8234 -53.9980 -0.1075 0.0159 -0.3096 0.3281 -0.3096 Z

25 10.8386 6.2525 -53.5828 10.8969 6.2068 -53.8721 -0.0583 0.0457 -0.2893 0.2986 -0.2893 Z

26 1.2605 -22.2411 -53.3094 1.3916 -22.3390 -53.6080 -0.1311 -0.0979 -0.2986 0.3405 -0.2986 Z

27 3.6514 -15.4495 -53.4646 3.7959 -15.5089 -53.7424 -0.1445 -0.0594 -0.2778 0.3187 -0.2778 Z

28 4.0706 -8.8898 -53.0734 4.2819 -8.9961 -53.3402 -0.2113 -0.1063 -0.2668 0.3566 -0.2668 Z

29 5.3506 -1.4041 -53.6457 5.4146 -1.4338 -53.9255 -0.0640 -0.0297 -0.2798 0.2886 -0.2798 Z

30 4.0880 6.2710 -53.5041 4.0786 6.2484 -53.7689 0.0094 0.0226 -0.2648 0.2659 -0.2648 Z

31 40.8073 -29.2079 -27.9594 40.8724 -29.2229 -28.1364 -0.0651 -0.0150 -0.1770 0.1892 0.0000 NA

32 39.2790 -28.9945 -31.6032 39.3740 -29.0096 -31.8531 -0.0950 -0.0151 -0.2499 0.2678 0.0000 NA

33 37.3456 -28.5153 -35.9362 37.4725 -28.5023 -36.1816 -0.1269 0.0130 -0.2454 0.2766 0.0130 Y

34 35.9863 -28.1470 -38.8802 36.0921 -28.1063 -39.1236 -0.1058 0.0407 -0.2434 0.2685 0.0407 Y

35 34.0916 -27.4361 -42.6043 34.2642 -27.4596 -42.9136 -0.1726 -0.0235 -0.3093 0.3550 0.0000 NA

36 32.8925 -26.5246 -45.9885 33.0512 -26.5325 -46.2631 -0.1587 -0.0079 -0.2746 0.3173 0.0000 NA

31 40.8073 -29.2079 -27.9594 40.8724 -29.2229 -28.1364 -0.0651 -0.0150 -0.1770 0.1892 -0.0150 Y

32 39.2790 -28.9945 -31.6032 39.3740 -29.0096 -31.8531 -0.0950 -0.0151 -0.2499 0.2678 -0.0151 Y

33 37.3456 -28.5153 -35.9362 37.4725 -28.5023 -36.1816 -0.1269 0.0130 -0.2454 0.2766 0.0130 Y

34 35.9863 -28.1470 -38.8802 36.0921 -28.1063 -39.1236 -0.1058 0.0407 -0.2434 0.2685 0.0407 Y

35 34.0916 -27.4361 -42.6043 34.2642 -27.4596 -42.9136 -0.1726 -0.0235 -0.3093 0.3550 -0.0235 Y

36 32.8925 -26.5246 -45.9885 33.0512 -26.5325 -46.2631 -0.1587 -0.0079 -0.2746 0.3173 -0.0079 Y

37 -0.0873 -28.9137 -43.4758 0.1350 -29.0521 -43.6457 -0.2223 -0.1384 -0.1699 0.3122 0.0000 NA

38 -5.3319 -30.1490 -35.5725 -5.1567 -30.3362 -35.7792 -0.1752 -0.1872 -0.2067 0.3293 0.0000 NA

39 0.4457 -30.9142 -23.8084 0.7302 -31.0746 -23.9646 -0.2845 -0.1604 -0.1562 0.3620 0.0000 NA

40 -5.8378 -31.7360 -14.4573 -5.6316 -31.9509 -14.5989 -0.2062 -0.2149 -0.1416 0.3298 0.0000 NA

37 -0.0873 -28.9137 -43.4758 0.1350 -29.0521 -43.6457 -0.2223 -0.1384 -0.1699 0.3122 -0.1384 Y

38 -5.3319 -30.1490 -35.5725 -5.1567 -30.3362 -35.7792 -0.1752 -0.1872 -0.2067 0.3293 -0.1872 Y

39 0.4457 -30.9142 -23.8084 0.7302 -31.0746 -23.9646 -0.2845 -0.1604 -0.1562 0.3620 -0.1604 Y

40 -5.8378 -31.7360 -14.4573 -5.6316 -31.9509 -14.5989 -0.2062 -0.2149 -0.1416 0.3298 -0.2149 Y
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A Positive values denote deformation as inward toward the occupant compartment, negative values denote deformations outward away from the occupant 

compartment.
B Crush calculations that use multiple directional components will disregard components that are negative and only include positive values where the 

component is deforming inward toward the occupant compartment.
C Direction for Crush column denotes which directions are included in the crush calculations.  If "NA" then no intrusion is recorded, and Crush will be 0.
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Figure F-4. Occupant Compartment Deformation Data - Set 2, Test No. STBR-1 

Date: Test Name: VIN:

Year: Make: Model:

POINT

Pretest

X

(in.)

Pretest

Y

(in.)

Pretest

Z

(in.)

Posttest X

(in.)

Posttest 

Y

(in.)

Posttest Z

(in.)

ΔXA

(in.)

ΔYA

(in.)

ΔZA

(in.)

Total Δ

(in.)

CrushB 

(in.)

Directions  

for 

CrushC

1 37.3541 -46.9771 -29.5081 37.2378 -46.8250 -29.5054 0.1163 0.1521 0.0027 0.1915 0.1915 X, Y, Z

2 37.5004 -35.2043 -29.6229 37.3614 -35.0597 -29.6322 0.1390 0.1446 -0.0093 0.2008 0.2008 X, Y, Z

3 37.4691 -19.4656 -27.6161 37.3646 -19.3228 -27.6309 0.1045 0.1428 -0.0148 0.1776 0.1776 X, Y, Z

4 31.6643 -48.2324 -15.4746 31.6632 -48.0415 -15.5357 0.0011 0.1909 -0.0611 0.2004 0.2004 X, Y, Z

5 32.1133 -37.5979 -14.3903 32.1144 -37.4863 -14.4386 -0.0011 0.1116 -0.0483 0.1216 0.1216 X, Y, Z

6 29.0721 -20.1875 -13.3424 28.9957 -20.0965 -13.3109 0.0764 0.0910 0.0315 0.1229 0.1229 X, Y, Z

7 38.7558 -54.9093 -8.9494 38.7225 -55.4085 -9.0883 0.0333 -0.4992 -0.1389 0.5192 -0.4992 Y

8 39.0025 -54.7334 -3.1892 38.7375 -54.9401 -3.5861 0.2650 -0.2067 -0.3969 0.5201 -0.2067 Y

9 42.2008 -54.8444 -3.8613 41.9659 -54.9596 -4.0664 0.2349 -0.1152 -0.2051 0.3324 -0.1152 Y

10 6.2556 -56.2160 -22.8611 6.1065 -56.6878 -23.2100 0.1491 -0.4718 -0.3489 0.6054 -0.4718 Y

11 17.0990 -57.3117 -21.5415 16.9592 -57.6993 -21.8220 0.1398 -0.3876 -0.2805 0.4985 -0.3876 Y

12 27.7725 -57.1196 -19.9175 27.6671 -57.4223 -20.1390 0.1054 -0.3027 -0.2215 0.3896 -0.3027 Y

13 15.3231 -58.0967 -5.2769 15.1175 -58.5109 -5.5344 0.2056 -0.4142 -0.2575 0.5293 -0.4142 Y

14 24.9859 -58.1596 -3.7296 24.8153 -58.4330 -3.9039 0.1706 -0.2734 -0.1743 0.3664 -0.2734 Y

15 19.8660 -57.5960 0.2804 19.6602 -57.9707 0.0050 0.2058 -0.3747 -0.2754 0.5085 -0.3747 Y

16 34.7024 -43.2746 -50.0147 34.8518 -43.2297 -50.2420 -0.1494 0.0449 -0.2273 0.2757 -0.2273 Z

17 35.7013 -37.6979 -49.9329 35.8648 -37.6064 -50.1184 -0.1635 0.0915 -0.1855 0.2637 -0.1855 Z

18 36.3275 -33.4960 -49.6937 36.4315 -33.4325 -49.9320 -0.1040 0.0635 -0.2383 0.2676 -0.2383 Z

19 36.5602 -29.2246 -49.7335 36.6236 -29.1642 -49.9841 -0.0634 0.0604 -0.2506 0.2655 -0.2506 Z

20 36.9221 -23.1061 -49.2764 37.0006 -23.0796 -49.4683 -0.0785 0.0265 -0.1919 0.2090 -0.1919 Z

21 10.8946 -47.0042 -54.1868 11.0374 -46.9708 -54.4364 -0.1428 0.0334 -0.2496 0.2895 -0.2496 Z

22 11.7022 -41.1047 -54.4843 11.7156 -41.1104 -54.7097 -0.0134 -0.0057 -0.2254 0.2259 -0.2254 Z

23 10.7405 -33.6300 -53.8516 10.6857 -33.6233 -54.0862 0.0548 0.0067 -0.2346 0.2410 -0.2346 Z

24 11.0255 -27.8187 -54.3868 11.1139 -27.7728 -54.6595 -0.0884 0.0459 -0.2727 0.2903 -0.2727 Z

25 10.4488 -18.7007 -54.2019 10.4728 -18.7154 -54.4719 -0.0240 -0.0147 -0.2700 0.2715 -0.2700 Z

26 -0.1774 -46.8215 -54.2653 -0.0420 -46.9061 -54.4839 -0.1354 -0.0846 -0.2186 0.2707 -0.2186 Z

27 2.4639 -40.1219 -54.3394 2.6043 -40.1651 -54.5514 -0.1404 -0.0432 -0.2120 0.2579 -0.2120 Z

28 3.1223 -33.5861 -53.8835 3.3186 -33.6768 -54.0970 -0.1963 -0.0907 -0.2135 0.3039 -0.2135 Z

29 4.6823 -26.1479 -54.3760 4.7231 -26.1555 -54.6181 -0.0408 -0.0076 -0.2421 0.2456 -0.2421 Z

30 3.7031 -18.4330 -54.1710 3.6597 -18.4320 -54.4123 0.0434 0.0010 -0.2413 0.2452 -0.2413 Z

31 38.8950 -55.4796 -28.7018 38.9978 -55.3756 -28.8112 -0.1028 0.1040 -0.1094 0.1826 0.1040 Y

32 37.4028 -55.1763 -32.3542 37.5329 -55.0820 -32.5357 -0.1301 0.0943 -0.1815 0.2424 0.0943 Y

33 35.5208 -54.5862 -36.6961 35.6796 -54.4758 -36.8725 -0.1588 0.1104 -0.1764 0.2618 0.1104 Y

34 34.1980 -54.1409 -39.6461 34.3339 -54.0095 -39.8202 -0.1359 0.1314 -0.1741 0.2570 0.1314 Y

35 32.3586 -53.3262 -43.3767 32.5556 -53.2706 -43.6170 -0.1970 0.0556 -0.2403 0.3157 0.0556 Y

36 31.2193 -52.3400 -46.7607 31.3988 -52.2765 -46.9671 -0.1795 0.0635 -0.2064 0.2808 0.0635 Y

31 38.8950 -55.4796 -28.7018 38.9978 -55.3756 -28.8112 -0.1028 0.1040 -0.1094 0.1826 0.1040 Y

32 37.4028 -55.1763 -32.3542 37.5329 -55.0820 -32.5357 -0.1301 0.0943 -0.1815 0.2424 0.0943 Y

33 35.5208 -54.5862 -36.6961 35.6796 -54.4758 -36.8725 -0.1588 0.1104 -0.1764 0.2618 0.1104 Y

34 34.1980 -54.1409 -39.6461 34.3339 -54.0095 -39.8202 -0.1359 0.1314 -0.1741 0.2570 0.1314 Y

35 32.3586 -53.3262 -43.3767 32.5556 -53.2706 -43.6170 -0.1970 0.0556 -0.2403 0.3157 0.0556 Y

36 31.2193 -52.3400 -46.7607 31.3988 -52.2765 -46.9671 -0.1795 0.0635 -0.2064 0.2808 0.0635 Y

37 -1.8441 -53.5295 -44.5049 -1.6030 -53.6428 -44.5807 -0.2411 -0.1133 -0.0758 0.2770 0.0000 NA

38 -7.1895 -54.6421 -36.6511 -6.9895 -54.7952 -36.7583 -0.2000 -0.1531 -0.1072 0.2737 0.0000 NA

39 -1.5319 -55.7285 -24.8540 -1.2119 -55.8287 -24.9120 -0.3200 -0.1002 -0.0580 0.3403 0.0000 NA

40 -7.9110 -56.4027 -15.5559 -7.6634 -56.5465 -15.5943 -0.2476 -0.1438 -0.0384 0.2889 0.0000 NA

37 -1.8441 -53.5295 -44.5049 -1.6030 -53.6428 -44.5807 -0.2411 -0.1133 -0.0758 0.2770 -0.1133 Y

38 -7.1895 -54.6421 -36.6511 -6.9895 -54.7952 -36.7583 -0.2000 -0.1531 -0.1072 0.2737 -0.1531 Y

39 -1.5319 -55.7285 -24.8540 -1.2119 -55.8287 -24.9120 -0.3200 -0.1002 -0.0580 0.3403 -0.1002 Y

40 -7.9110 -56.4027 -15.5559 -7.6634 -56.5465 -15.5943 -0.2476 -0.1438 -0.0384 0.2889 -0.1438 Y
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A Positive values denote deformation as inward toward the occupant compartment, negative values denote deformations outward away from the occupant 

compartment.
B Crush calculations that use multiple directional components will disregard components that are negative and only include positive values where the 

component is deforming inward toward the occupant compartment.
C Direction for Crush column denotes which directions are included in the crush calculations.  If "NA" then no intrusion is recorded, and Crush will be 0.
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Figure F-5. Floorpan Deformation Data - Set 1, Test No. STBR-2 

Date: Test Name: VIN:

Year: Make: Model:

POINT

Pretest

X

(in.)

Pretest

Y

(in.)

Pretest

Z

(in.)

Posttest X

(in.)

Posttest 

Y

(in.)

Posttest Z

(in.)

ΔXA

(in.)

ΔYA

(in.)

ΔZA

(in.)

Total Δ

(in.)

CrushB 

(in.)

Directions  

for 

CrushC

1 55.0544 -22.3369 1.2612 54.9993 -22.0668 1.9137 0.0551 0.2701 -0.6525 0.7083 0.0551 X

2 54.9162 -18.1737 1.3128 54.9079 -18.1367 1.7203 0.0083 0.0370 -0.4075 0.4093 0.0083 X

3 54.8890 -14.7157 1.2988 54.7347 -14.6890 1.6140 0.1543 0.0267 -0.3152 0.3520 0.1543 X

4 54.7870 -10.6190 1.3537 54.8625 -10.4698 1.7809 -0.0755 0.1492 -0.4272 0.4588 0.0000 NA

5 54.7410 -6.9377 1.2229 54.7508 -6.9879 1.5801 -0.0098 -0.0502 -0.3572 0.3608 0.0000 NA

6 51.7301 -22.8622 3.0224 51.6788 -22.7542 3.5674 0.0513 0.1080 -0.5450 0.5580 0.0513 X

7 51.8172 -18.8283 2.9423 51.6759 -18.6699 3.1159 0.1413 0.1584 -0.1736 0.2742 0.1413 X

8 51.8106 -15.1280 2.9377 51.6985 -15.0256 3.2293 0.1121 0.1024 -0.2916 0.3288 0.1121 X

9 51.7884 -11.3031 2.9555 51.7318 -11.1971 3.2814 0.0566 0.1060 -0.3259 0.3473 0.0566 X

10 51.7069 -7.2203 3.0033 51.6884 -7.1349 3.3716 0.0185 0.0854 -0.3683 0.3785 0.0185 X

11 48.5072 -22.8477 4.5673 48.3527 -22.7642 5.0851 0.1545 0.0835 -0.5178 0.5468 -0.5178 Z

12 48.4712 -19.2067 4.5819 48.4017 -19.0769 4.9033 0.0695 0.1298 -0.3214 0.3535 -0.3214 Z

13 48.4855 -15.4376 4.5819 48.4149 -15.3676 4.8624 0.0706 0.0700 -0.2805 0.2976 -0.2805 Z

14 48.4567 -11.2070 4.6048 48.4010 -11.1060 4.9036 0.0557 0.1010 -0.2988 0.3203 -0.2988 Z

15 48.4152 -7.4159 4.6448 48.4200 -7.3075 4.9642 -0.0048 0.1084 -0.3194 0.3373 -0.3194 Z

16 44.8484 -23.0936 4.7147 44.7598 -23.0135 5.3403 0.0886 0.0801 -0.6256 0.6369 -0.6256 Z

17 44.8701 -19.5763 4.7214 44.7864 -19.4912 5.1374 0.0837 0.0851 -0.4160 0.4328 -0.4160 Z

18 44.8152 -15.5433 4.7419 44.7224 -15.4539 5.0274 0.0928 0.0894 -0.2855 0.3132 -0.2855 Z

19 44.6056 -11.1811 4.7751 44.5593 -11.1502 5.0562 0.0463 0.0309 -0.2811 0.2866 -0.2811 Z

20 44.6415 -7.4004 4.8062 44.5816 -7.3502 5.1329 0.0599 0.0502 -0.3267 0.3359 -0.3267 Z

21 40.5661 -23.1937 4.9708 40.4573 -23.1418 5.6727 0.1088 0.0519 -0.7019 0.7122 -0.7019 Z

22 40.7049 -19.6589 4.9802 40.6414 -19.5692 5.5565 0.0635 0.0897 -0.5763 0.5867 -0.5763 Z

23 40.6000 -15.4607 5.0108 40.5245 -15.3865 5.2512 0.0755 0.0742 -0.2404 0.2627 -0.2404 Z

24 40.8002 -10.9043 5.0445 40.6924 -10.8649 5.3425 0.1078 0.0394 -0.2980 0.3193 -0.2980 Z

25 40.7051 -7.4414 5.0658 40.6214 -7.3461 5.3512 0.0837 0.0953 -0.2854 0.3123 -0.2854 Z

26 35.3639 -23.6090 5.0377 35.3928 -23.4501 5.5022 -0.0289 0.1589 -0.4645 0.4918 -0.4645 Z

27 35.5924 -19.7245 5.0309 35.5392 -19.6269 5.4735 0.0532 0.0976 -0.4426 0.4563 -0.4426 Z

28 35.7972 -15.5618 5.0581 35.7275 -15.4769 5.3638 0.0697 0.0849 -0.3057 0.3248 -0.3057 Z

29 35.8931 -10.9586 5.0827 35.8245 -10.8943 5.2869 0.0686 0.0643 -0.2042 0.2248 -0.2042 Z

30 36.1295 -7.6160 5.1032 36.0800 -7.5363 5.3397 0.0495 0.0797 -0.2365 0.2544 -0.2365 Z
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A Positive values denote deformation as inward toward the occupant compartment, negative values denote deformations outward away from the occupant 

compartment.
B Crush calculations that use multiple directional components will disregard components that are negative and only include positive values where the 

component is deforming inward toward the occupant compartment.
C Direction for Crush column denotes which directions are included in the crush calculations.  If "NA" then no intrusion is recorded, and Crush will be 0.

VEHICLE DEFORMATION

DRIVER SIDE FLOOR PAN - SET 1

T
O

E
 P

A
N

 -
 

W
H

E
E

L
 W

E
L
L

(X
, 

Z
)

1D7RB1GK0BS554408

Ram 1500Dodge

STBR-22/22/2019

2011



July 20, 2020  

MwRSF Report No. TRP-03-410-20 

538 

 

Figure F-6. Floorpan Deformation Data -Set 2, Test No. STBR-2 

Date: Test Name: VIN:

Year: Make: Model:

POINT

Pretest

X

(in.)

Pretest

Y

(in.)

Pretest

Z

(in.)

Posttest X

(in.)

Posttest 

Y

(in.)

Posttest Z

(in.)

ΔXA

(in.)

ΔYA

(in.)

ΔZA

(in.)

Total Δ

(in.)

CrushB 

(in.)

Directions  

for 

CrushC

1 56.6698 -3.2845 -2.4688 56.4969 -2.9684 -2.1897 0.1729 0.3161 -0.2791 0.4558 0.1729 X

2 56.5922 0.8803 -2.4222 56.4598 0.9629 -2.3758 0.1324 -0.0826 -0.0464 0.1628 0.1324 X

3 56.6158 4.3384 -2.4399 56.3343 4.4128 -2.4757 0.2815 -0.0744 0.0358 0.2934 0.2838 X, Z

4 56.5734 8.4361 -2.3897 56.5202 8.6296 -2.3007 0.0532 -0.1935 -0.0890 0.2195 0.0532 X

5 56.5822 12.1176 -2.5245 56.4567 12.1131 -2.4951 0.1255 0.0045 -0.0294 0.1290 0.1255 X

6 53.3260 -3.7591 -0.7302 53.1660 -3.6130 -0.5395 0.1600 0.1461 -0.1907 0.2886 0.1600 X

7 53.4728 0.2730 -0.8137 53.2198 0.4718 -0.9833 0.2530 -0.1988 0.1696 0.3637 0.3046 X, Z

8 53.5204 3.9729 -0.8220 53.2926 4.1152 -0.8630 0.2278 -0.1423 0.0410 0.2717 0.2315 X, Z

9 53.5541 7.7978 -0.8081 53.3787 7.9428 -0.8037 0.1754 -0.1450 -0.0044 0.2276 0.1754 X

10 53.5320 11.8814 -0.7649 53.3913 12.0049 -0.7058 0.1407 -0.1235 -0.0591 0.1963 0.1407 X

11 50.0931 -3.6958 0.7923 49.8391 -3.5800 0.9760 0.2540 0.1158 -0.1837 0.3342 -0.1837 Z

12 50.1104 -0.0546 0.8031 49.9391 0.1067 0.8012 0.1713 0.1613 0.0019 0.2353 0.0019 Z

13 50.1798 3.7139 0.7995 50.0035 3.8155 0.7673 0.1763 -0.1016 0.0322 0.2060 0.0322 Z

14 50.2129 7.9444 0.8179 50.0485 8.0768 0.8165 0.1644 -0.1324 0.0014 0.2111 0.0014 Z

15 50.2265 11.7358 0.8539 50.1198 11.8745 0.8843 0.1067 -0.1387 -0.0304 0.1776 -0.0304 Z

16 46.4302 -3.8879 0.9145 46.2429 -3.7801 1.2284 0.1873 0.1078 -0.3139 0.3811 -0.3139 Z

17 46.5033 -0.3713 0.9179 46.3183 -0.2581 1.0322 0.1850 0.1132 -0.1143 0.2452 -0.1143 Z

18 46.5073 3.6621 0.9341 46.3100 3.7799 0.9297 0.1973 -0.1178 0.0044 0.2298 0.0044 Z

19 46.3615 8.0268 0.9615 46.2063 8.0854 0.9665 0.1552 -0.0586 -0.0050 0.1660 -0.0050 Z

20 46.4524 11.8067 0.9891 46.2811 11.8845 1.0503 0.1713 -0.0778 -0.0612 0.1978 -0.0612 Z

21 42.1451 -3.9251 1.1410 41.9388 -3.8496 1.5577 0.2063 0.0755 -0.4167 0.4711 -0.4167 Z

22 42.3357 -0.3927 1.1479 42.1723 -0.2796 1.4484 0.1634 0.1131 -0.3005 0.3603 -0.3005 Z

23 42.2921 3.8066 1.1736 42.1134 3.9048 1.1509 0.1787 -0.0982 0.0227 0.2052 0.0227 Z

24 42.5587 8.3596 1.2042 42.3436 8.4235 1.2508 0.2151 -0.0639 -0.0466 0.2292 -0.0466 Z

25 42.5142 11.8236 1.2214 42.3212 11.9429 1.2661 0.1930 -0.1193 -0.0447 0.2313 -0.0447 Z

26 36.9372 -4.2641 1.1723 36.8706 -4.0877 1.3833 0.0666 0.1764 -0.2110 0.2830 -0.2110 Z

27 37.2225 -0.3834 1.1632 37.0699 -0.2667 1.3619 0.1526 0.1167 -0.1987 0.2764 -0.1987 Z

28 37.4881 3.7759 1.1877 37.3155 3.8804 1.2601 0.1726 -0.1045 -0.0724 0.2144 -0.0724 Z

29 37.6512 8.3773 1.2084 37.4758 8.4614 1.1919 0.1754 -0.0841 0.0165 0.1952 0.0165 Z

30 37.9364 11.7160 1.2273 37.7775 11.8155 1.2513 0.1589 -0.0995 -0.0240 0.1890 -0.0240 Z
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A Positive values denote deformation as inward toward the occupant compartment, negative values denote deformations outward away from the occupant 

compartment.
B Crush calculations that use multiple directional components will disregard components that are negative and only include positive values where the 

component is deforming inward toward the occupant compartment.
C Direction for Crush column denotes which directions are included in the crush calculations.  If "NA" then no intrusion is recorded, and Crush will be 0.
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Figure F-7. Occupant Compartment Deformation Data - Set 1, Test No. STBR-2 

Date: Test Name: VIN:

Year: Make: Model:

POINT

Pretest

X

(in.)

Pretest

Y

(in.)

Pretest

Z

(in.)

Posttest X

(in.)

Posttest 

Y

(in.)

Posttest Z

(in.)

ΔXA

(in.)

ΔYA

(in.)

ΔZA

(in.)

Total Δ

(in.)

CrushB 

(in.)

Directions  

for 

CrushC

1 41.9979 -19.8990 -28.8725 42.1811 -19.8738 -28.4722 -0.1832 0.0252 0.4003 0.4410 0.4410 X, Y, Z

2 42.1286 -7.3072 -28.3963 42.3670 -7.2776 -28.0372 -0.2384 0.0296 0.3591 0.4320 0.4320 X, Y, Z

3 43.4313 4.6005 -28.1365 43.7350 4.6571 -27.8294 -0.3037 -0.0566 0.3071 0.4356 0.4356 X, Y, Z

4 40.0709 -24.5940 -16.2872 40.1808 -24.4730 -15.8765 -0.1099 0.1210 0.4107 0.4420 0.4420 X, Y, Z

5 38.3403 -14.6881 -15.0702 38.4313 -14.5888 -14.7305 -0.0910 0.0993 0.3397 0.3654 0.3654 X, Y, Z

6 36.7868 4.7561 -17.3328 36.9762 4.8011 -17.0348 -0.1894 -0.0450 0.2980 0.3560 0.3560 X, Y, Z

7 48.8117 -27.6903 -5.1444 48.8485 -26.8892 -4.6674 -0.0368 0.8011 0.4770 0.9331 0.8011 Y

8 49.0940 -27.6720 -1.9379 49.0062 -26.9844 -1.4532 0.0878 0.6876 0.4847 0.8458 0.6876 Y

9 51.9364 -27.6545 -3.4010 51.9492 -27.1760 -2.9043 -0.0128 0.4785 0.4967 0.6898 0.4785 Y

10 38.3350 -30.1602 -16.4195 38.0654 -29.9413 -16.1244 0.2696 0.2189 0.2951 0.4557 0.2189 Y

11 29.3686 -31.0200 -16.1872 29.1209 -31.2306 -15.9882 0.2477 -0.2106 0.1990 0.3812 -0.2106 Y

12 18.5985 -30.8541 -17.0148 18.3399 -31.3648 -16.8024 0.2586 -0.5107 0.2124 0.6106 -0.5107 Y

13 39.1458 -28.6813 -7.1231 38.5950 -28.6110 -6.7239 0.5508 0.0703 0.3992 0.6839 0.0703 Y

14 30.0486 -31.1077 -3.7975 29.7302 -31.4201 -3.5820 0.3184 -0.3124 0.2155 0.4954 -0.3124 Y

15 20.9808 -30.3559 -3.1799 20.6047 -30.6616 -2.9609 0.3761 -0.3057 0.2190 0.5319 -0.3057 Y

16 28.9741 -17.5851 -43.1686 29.3515 -17.7550 -42.8965 -0.3774 -0.1699 0.2721 0.4953 0.2721 Z

17 30.5258 -12.7388 -43.1787 30.8611 -12.9302 -42.9014 -0.3353 -0.1914 0.2773 0.4753 0.2773 Z

18 31.6727 -7.1691 -43.3235 31.9583 -7.3074 -43.0646 -0.2856 -0.1383 0.2589 0.4095 0.2589 Z

19 32.4213 -0.5547 -43.3979 32.7579 -0.7099 -43.1320 -0.3366 -0.1552 0.2659 0.4562 0.2659 Z

20 32.5345 5.6122 -43.4223 32.9660 5.4498 -43.1407 -0.4315 0.1624 0.2816 0.5402 0.2816 Z

21 17.5224 -16.6155 -46.2694 17.8377 -16.7445 -46.0628 -0.3153 -0.1290 0.2066 0.3984 0.2066 Z

22 18.5121 -11.4731 -46.5507 18.9962 -11.7104 -46.3354 -0.4841 -0.2373 0.2153 0.5805 0.2153 Z

23 20.1147 -5.3057 -46.6582 20.4351 -5.4325 -46.4618 -0.3204 -0.1268 0.1964 0.3966 0.1964 Z

24 21.8088 1.2329 -46.6772 22.1309 1.0602 -46.4750 -0.3221 0.1727 0.2022 0.4177 0.2022 Z

25 22.6592 5.3309 -46.6763 23.0007 5.1416 -46.4790 -0.3415 0.1893 0.1973 0.4375 0.1973 Z

26 9.6791 -14.6955 -46.7034 10.0364 -14.8398 -46.5597 -0.3573 -0.1443 0.1437 0.4113 0.1437 Z

27 10.4639 -8.5532 -47.0068 10.8520 -8.6423 -46.8727 -0.3881 -0.0891 0.1341 0.4202 0.1341 Z

28 11.5250 -2.4034 -47.1703 11.8230 -2.5409 -47.0364 -0.2980 -0.1375 0.1339 0.3545 0.1339 Z

29 13.1998 2.4344 -47.1830 13.5334 2.2599 -47.0515 -0.3336 0.1745 0.1315 0.3988 0.1315 Z

30 14.0678 6.5971 -47.1404 14.3460 6.4534 -47.0198 -0.2782 0.1437 0.1206 0.3355 0.1206 Z

31 43.2899 -25.0194 -32.4373 43.4868 -25.0807 -32.0525 -0.1969 -0.0613 0.3848 0.4366 0.3848 Z

32 41.0428 -24.3583 -34.0890 41.2554 -24.4428 -33.7304 -0.2126 -0.0845 0.3586 0.4254 0.3586 Z

33 38.5356 -23.8156 -36.0122 38.5356 -23.8156 -36.0122 0.0000 0.0000 0.0000 0.0000 0.0000 X, Y, Z

34 36.0021 -23.5529 -37.4739 36.3004 -23.6395 -37.1533 -0.2983 -0.0866 0.3206 0.4464 0.3206 Z

35 33.6473 -23.0116 -38.8126 33.9395 -23.0839 -38.5171 -0.2922 -0.0723 0.2955 0.4218 0.2955 Z

36 31.8583 -22.9679 -40.1443 32.1450 -23.0780 -39.9210 -0.2867 -0.1101 0.2233 0.3797 0.2233 Z

31 43.2899 -25.0194 -32.4373 43.4868 -25.0807 -32.0525 -0.1969 -0.0613 0.3848 0.4366 -0.0613 Y

32 41.0428 -24.3583 -34.0890 41.2554 -24.4428 -33.7304 -0.2126 -0.0845 0.3586 0.4254 -0.0845 Y

33 38.5356 -23.8156 -36.0122 38.5356 -23.8156 -36.0122 0.0000 0.0000 0.0000 0.0000 0.0000 Y

34 36.0021 -23.5529 -37.4739 36.3004 -23.6395 -37.1533 -0.2983 -0.0866 0.3206 0.4464 -0.0866 Y

35 33.6473 -23.0116 -38.8126 33.9395 -23.0839 -38.5171 -0.2922 -0.0723 0.2955 0.4218 -0.0723 Y

36 31.8583 -22.9679 -40.1443 32.1450 -23.0780 -39.9210 -0.2867 -0.1101 0.2233 0.3797 -0.1101 Y

37 7.0792 -23.1088 -40.9821 7.3551 -23.2538 -40.7897 -0.2759 -0.1450 0.1924 0.3663 0.1924 Z

38 4.1056 -26.2531 -30.8976 4.3391 -26.3377 -30.7408 -0.2335 -0.0846 0.1568 0.2937 0.1568 Z

39 8.9334 -27.6250 -24.2774 9.0949 -27.7110 -24.0473 -0.1615 -0.0860 0.2301 0.2940 0.2301 Z

40 5.3784 -27.9366 -19.3637 5.5030 -27.9788 -19.2569 -0.1246 -0.0422 0.1068 0.1694 0.1068 Z

37 7.0792 -23.1088 -40.9821 7.3551 -23.2538 -40.7897 -0.2759 -0.1450 0.1924 0.3663 -0.1450 Y

38 4.1056 -26.2531 -30.8976 4.3391 -26.3377 -30.7408 -0.2335 -0.0846 0.1568 0.2937 -0.0846 Y

39 8.9334 -27.6250 -24.2774 9.0949 -27.7110 -24.0473 -0.1615 -0.0860 0.2301 0.2940 -0.0860 Y

40 5.3784 -27.9366 -19.3637 5.5030 -27.9788 -19.2569 -0.1246 -0.0422 0.1068 0.1694 -0.0422 Y
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A Positive values denote deformation as inward toward the occupant compartment, negative values denote deformations outward away from the occupant 

compartment.
B Crush calculations that use multiple directional components will disregard components that are negative and only include positive values where the 

component is deforming inward toward the occupant compartment.
C Direction for Crush column denotes which directions are included in the crush calculations.  If "NA" then no intrusion is recorded, and Crush will be 0.
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Figure F-8. Occupant Compartment Deformation Data - Set 2, Test No. STBR-2 

Date: Test Name: VIN:

Year: Make: Model:

POINT

Pretest

X

(in.)

Pretest

Y

(in.)

Pretest

Z

(in.)

Posttest X

(in.)

Posttest 

Y

(in.)

Posttest Z

(in.)

ΔXA

(in.)

ΔYA

(in.)

ΔZA

(in.)

Total Δ

(in.)

CrushB 

(in.)

Directions  

for 

CrushC

1 43.8651 -0.6856 -32.6927 43.7219 -0.5362 -32.5975 0.1432 0.1494 0.0952 0.2278 0.2278 X, Y, Z

2 44.1765 11.9034 -32.2269 44.0801 12.0554 -32.1369 0.0964 -0.1520 0.0900 0.2012 0.2012 X, Y, Z

3 45.6512 23.7911 -31.9686 45.6114 23.9698 -31.9045 0.0398 -0.1787 0.0641 0.1940 0.1940 X, Y, Z

4 41.7815 -5.3394 -20.1171 41.6544 -5.1330 -20.0118 0.1271 0.2064 0.1053 0.2643 0.2643 X, Y, Z

5 40.1873 4.5919 -18.9211 40.0401 4.7719 -18.8463 0.1472 -0.1800 0.0748 0.2443 0.2443 X, Y, Z

6 38.9342 24.0545 -21.2120 38.8516 24.1846 -21.1117 0.0826 -0.1301 0.1003 0.1839 0.1839 X, Y, Z

7 50.3977 -8.5520 -8.9105 50.2845 -7.6903 -8.8049 0.1132 0.8617 0.1056 0.8755 0.8617 Y

8 50.6577 -8.5347 -5.7020 50.4397 -7.7942 -5.5908 0.2180 0.7405 0.1112 0.7799 0.7405 Y

9 53.5103 -8.5601 -7.1451 53.3803 -8.0232 -7.0414 0.1300 0.5369 0.1037 0.5621 0.5369 Y

10 39.9653 -10.8797 -20.2566 39.4644 -10.5712 -20.2714 0.5009 0.3085 -0.0148 0.5885 0.3085 Y

11 30.9859 -11.6083 -20.0866 30.5030 -11.7382 -20.1406 0.4829 -0.1299 -0.0540 0.5030 -0.1299 Y

12 20.2255 -11.2858 -20.9900 19.7215 -11.7230 -20.9584 0.5040 -0.4372 0.0316 0.6680 -0.4372 Y

13 40.7324 -9.4036 -10.9562 40.0090 -9.2673 -10.8681 0.7234 0.1363 0.0881 0.7414 0.1363 Y

14 31.5776 -11.6935 -7.6924 31.1055 -11.9611 -7.7346 0.4721 -0.2676 -0.0422 0.5443 -0.2676 Y

15 22.5176 -10.8087 -7.1393 21.9910 -11.0789 -7.1148 0.5266 -0.2702 0.0245 0.5924 -0.2702 Y

16 30.9771 1.8042 -47.0821 30.9273 1.7874 -47.0214 0.0498 0.0168 0.0607 0.0803 0.0607 Z

17 32.5996 6.6272 -47.0856 32.5029 6.5911 -47.0161 0.0967 0.0361 0.0695 0.1244 0.0695 Z

18 33.8287 12.1795 -47.2273 33.6771 12.1987 -47.1675 0.1516 -0.0192 0.0598 0.1641 0.0598 Z

19 34.6745 18.7821 -47.3024 34.5669 18.7847 -47.2213 0.1076 -0.0026 0.0811 0.1348 0.0811 Z

20 34.8779 24.9467 -47.3314 34.8595 24.9410 -47.2175 0.0184 0.0057 0.1139 0.1155 0.1139 Z

21 19.5628 2.9379 -50.2642 19.4295 2.9619 -50.1893 0.1333 -0.0240 0.0749 0.1548 0.0749 Z

22 20.6296 8.0650 -50.5432 20.6569 7.9803 -50.4513 -0.0273 0.0847 0.0919 0.1279 0.0919 Z

23 22.3229 14.2082 -50.6449 22.1818 14.2381 -50.5645 0.1411 -0.0299 0.0804 0.1651 0.0804 Z

24 24.1125 20.7213 -50.6578 23.9663 20.7070 -50.5640 0.1462 0.0143 0.0938 0.1743 0.0938 Z

25 25.0226 24.8065 -50.6546 24.8920 24.7760 -50.5595 0.1306 0.0305 0.0951 0.1644 0.0951 Z

26 11.7517 4.9719 -50.7550 11.6552 4.9744 -50.6847 0.0965 -0.0025 0.0703 0.1194 0.0703 Z

27 12.6283 11.1018 -51.0584 12.5557 11.1607 -50.9849 0.0726 -0.0589 0.0735 0.1189 0.0735 Z

28 13.7803 17.2352 -51.2199 13.6103 17.2486 -51.1359 0.1700 -0.0134 0.0840 0.1901 0.0840 Z

29 15.5257 22.0480 -51.2251 15.3863 22.0255 -51.1407 0.1394 0.0225 0.0844 0.1645 0.0844 Z

30 16.4541 26.1976 -51.1801 16.2562 26.2074 -51.1003 0.1979 -0.0098 0.0798 0.2136 0.0798 Z

31 45.1071 -5.8278 -36.2439 44.9573 -5.7532 -36.1879 0.1498 0.0746 0.0560 0.1765 0.1765 X, Y, Z

32 42.8816 -5.1356 -37.9119 42.7354 -5.0814 -37.8652 0.1462 0.0542 0.0467 0.1628 0.1628 X, Y, Z

33 40.3961 -4.5583 -39.8532 40.3961 -4.5583 -39.8532 0.0000 0.0000 0.0000 0.0000 0.0000 X, Y, Z

34 37.8770 -4.2601 -41.3329 37.7930 -4.2033 -41.2880 0.0840 0.0568 0.0449 0.1109 0.1109 X, Y, Z

35 35.5398 -3.6857 -42.6885 35.4404 -3.6127 -42.6514 0.0994 0.0730 0.0371 0.1288 0.1288 X, Y, Z

36 33.7610 -3.6172 -44.0328 33.6466 -3.5794 -44.0559 0.1144 0.0378 -0.0231 0.1227 0.1205 X, Y

31 45.1071 -5.8278 -36.2439 44.9573 -5.7532 -36.1879 0.1498 0.0746 0.0560 0.1765 0.0746 Y

32 42.8816 -5.1356 -37.9119 42.7354 -5.0814 -37.8652 0.1462 0.0542 0.0467 0.1628 0.0542 Y

33 40.3961 -4.5583 -39.8532 40.3961 -4.5583 -39.8532 0.0000 0.0000 0.0000 0.0000 0.0000 Y

34 37.8770 -4.2601 -41.3329 37.7930 -4.2033 -41.2880 0.0840 0.0568 0.0449 0.1109 0.0568 Y

35 35.5398 -3.6857 -42.6885 35.4404 -3.6127 -42.6514 0.0994 0.0730 0.0371 0.1288 0.0730 Y

36 33.7610 -3.6172 -44.0328 33.6466 -3.5794 -44.0559 0.1144 0.0378 -0.0231 0.1227 0.0378 Y

37 8.9890 -3.3969 -45.0446 8.8570 -3.4137 -44.9326 0.1320 -0.0168 0.1120 0.1739 0.1731 X, Z

38 5.8991 -6.4873 -34.9785 5.7956 -6.4764 -34.8909 0.1035 0.0109 0.0876 0.1360 0.1360 X, Y, Z

39 10.6597 -7.9230 -28.3233 10.5298 -7.9283 -28.1987 0.1299 -0.0053 0.1246 0.1801 0.1800 X, Z

40 7.0662 -8.1778 -23.4345 6.9331 -8.1566 -23.4100 0.1331 0.0212 0.0245 0.1370 0.1370 X, Y, Z

37 8.9890 -3.3969 -45.0446 8.8570 -3.4137 -44.9326 0.1320 -0.0168 0.1120 0.1739 -0.0168 Y

38 5.8991 -6.4873 -34.9785 5.7956 -6.4764 -34.8909 0.1035 0.0109 0.0876 0.1360 0.0109 Y

39 10.6597 -7.9230 -28.3233 10.5298 -7.9283 -28.1987 0.1299 -0.0053 0.1246 0.1801 -0.0053 Y

40 7.0662 -8.1778 -23.4345 6.9331 -8.1566 -23.4100 0.1331 0.0212 0.0245 0.1370 0.0212 Y
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A Positive values denote deformation as inward toward the occupant compartment, negative values denote deformations outward away from the occupant 

compartment.
B Crush calculations that use multiple directional components will disregard components that are negative and only include positive values where the 

component is deforming inward toward the occupant compartment.
C Direction for Crush column denotes which directions are included in the crush calculations.  If "NA" then no intrusion is recorded, and Crush will be 0.
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2011 Dodge Ram 1500



July 20, 2020  

MwRSF Report No. TRP-03-410-20 

541 

 

Figure F-9. Exterior Vehicle Crush (NASS) - Front, Test No. STBR-2 

VIN:

Model:

in. (mm)

Distance from C.G. to reference line - LREF: 115 3/4 (2940)

Total Vehicle Width: 78 1/4 (1988)

Width of contact and induced crush - Field L: 26 (660)

Crush measurement spacing interval (L/5) - I: 5 1/4 (133)

Distance from center of vehicle to center of Field L - DFL: -17 -(432)

Width of Contact Damage: 13 (330)

Distance from center of vehicle to center of contact damage - DC: -27 -(686)

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 N/A ####### -30 -(762) 9 1/4 (235) 6 7/8 (175) ####### #######

C2 19 3/4 (502) -24 3/4 -(629) 6 7/8 (175) 6 (152)

C3 13 3/4 (349) -19 1/2 -(495) 5 1/2 (140) 1 3/8 (35)

C4 11 3/4 (298) -14 1/4 -(362) 4 3/4 (121) 1/8 (3)

C5 10 3/4 (273) -9 -(229) 4 3/8 (111) - 1/2 -(13)

C6 10 1/4 (260) -3 3/4 -(95) 4 (102) - 5/8 -(16)

CMAX 30 1/2 (775) -28 -(711) 8 (203) 15 5/8 (397)

Lateral Location

Original Profile 

Measurement

Dist. Between 

Ref. Lines Actual Crush Crush Measurement

Date: 2/26/2019 Test Name: STBR-2

Make: DodgeYear: 2011 Ram 1500

1D7RB1GK0BS554408
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Figure F-10. Exterior Vehicle Crush (NASS) - Side, Test No. STBR-2 

VIN:

Model:

in. (mm)

Distance from centerline to reference line - LREF: 43 (1092)

Total Vehicle Length: 229 1/8 (5820)

Distance from vehicle c.g. to 1/2 of Vehicle total length: -3 4/7 -(90)

Width of contact and induced crush - Field L: 229 1/8 (5820)

Crush measurement spacing interval (L/5) - I: 45 7/8 (1165)

Distance from vehicle c.g. to center of Field L - DFL: -10 1/3 -(262)

Width of Contact Damage: 229 1/8 (5820)

Distance from vehicle c.g. to center of contact damage - DC: -10 1/3 -(262)

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 16 (406) -124 7/8 -(3172) 33 1/2 (851) -1 -(25) -16 1/2 -(419)

C2 N/A ####### -79 -(2007) 5 1/2 (140) ####### #######

C3 2 (51) -33 1/8 -(841) 5 7/8 (149) -2 7/8 -(73)

C4 1 1/2 (38) 12 3/4 (324) 5 (127) -2 1/2 -(64)

C5 N/A ####### 58 5/8 (1489) 5 7/8 (149) ####### #######

C6 N/A ####### 104 1/2 (2654) 11 7/8 (302) ####### #######

CMAX 21 (533) 100 1/2 (2553) 8 1/8 (206) 13 7/8 (352)

Dist. Between 

Ref. Lines Actual       Crush 

Longitudinal 

Location

Original Profile 

MeasurementCrush Measurement

Ram 1500

1D7RB1GK0BS554408Date: 2/26/2019 Test Name: STBR-2

Make: DodgeYear: 2011
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Figure F-11. Floorpan Deformation Data – Set 1, Test No. STBR-3 

Date: Test Name: VIN:

Year: Make: Model:

POINT

Pretest

X

(in.)

Pretest

Y

(in.)

Pretest

Z

(in.)

Posttest X

(in.)

Posttest 

Y

(in.)

Posttest Z

(in.)

ΔXA

(in.)

ΔYA

(in.)

ΔZA

(in.)

Total Δ

(in.)

CrushB 

(in.)

Directions  

for 

CrushC

1 62.3397 -11.3339 5.7656 62.2156 -11.3196 5.6495 0.1241 0.0143 0.1161 0.1705 0.1699 X, Z

2 62.6193 -16.1271 5.5682 62.5100 -16.0219 5.6282 0.1093 0.1052 -0.0600 0.1631 0.1093 X

3 62.8779 -19.3666 5.4358 62.7407 -19.3097 5.2896 0.1372 0.0569 0.1462 0.2084 0.2005 X, Z

4 62.9213 -21.7944 5.1305 62.7622 -21.7165 5.0103 0.1591 0.0779 0.1202 0.2141 0.1994 X, Z

5 62.9737 -25.1874 4.6968 62.8089 -25.0855 4.6870 0.1648 0.1019 0.0098 0.1940 0.1651 X, Z

6 59.3535 -11.2397 7.3807 59.2498 -11.1239 7.2751 0.1037 0.1158 0.1056 0.1879 0.1480 X, Z

7 59.5227 -15.1377 7.4224 59.3952 -15.1109 7.2561 0.1275 0.0268 0.1663 0.2113 0.2096 X, Z

8 59.7093 -19.2272 7.3450 59.5636 -19.1554 7.2491 0.1457 0.0718 0.0959 0.1886 0.1744 X, Z

9 59.7402 -21.6551 7.0791 59.5652 -21.5934 6.9841 0.1750 0.0617 0.0950 0.2085 0.1991 X, Z

10 59.6219 -25.0173 7.4558 59.4848 -24.9908 7.3806 0.1371 0.0265 0.0752 0.1586 0.1564 X, Z

11 53.3513 -11.8409 8.3307 53.2620 -11.8462 8.2232 0.0893 -0.0053 0.1075 0.1399 0.1075 Z

12 53.2047 -14.5948 8.4267 53.0446 -14.4790 7.8464 0.1601 0.1158 0.5803 0.6130 0.5803 Z

13 53.1716 -17.7163 8.1771 52.9751 -17.6354 8.0878 0.1965 0.0809 0.0893 0.2305 0.0893 Z

14 53.3275 -21.8437 8.2004 53.1546 -21.7426 8.1451 0.1729 0.1011 0.0553 0.2078 0.0553 Z

15 53.6792 -27.6775 8.3972 53.5230 -27.6367 8.4153 0.1562 0.0408 -0.0181 0.1625 -0.0181 Z

16 50.0339 -11.7337 8.5298 49.9309 -11.6881 8.4380 0.1030 0.0456 0.0918 0.1453 0.0918 Z

17 49.7841 -16.2834 8.6423 49.6258 -16.1917 8.2866 0.1583 0.0917 0.3557 0.4000 0.3557 Z

18 49.6639 -20.5699 8.1625 49.5255 -20.4925 8.0732 0.1384 0.0774 0.0893 0.1820 0.0893 Z

19 49.7267 -24.4998 8.2537 49.5318 -24.3982 8.1951 0.1949 0.1016 0.0586 0.2275 0.0586 Z

20 50.0859 -28.6584 8.7166 49.9137 -28.5619 8.6960 0.1722 0.0965 0.0206 0.1985 0.0206 Z

21 44.8065 -12.2412 8.8167 44.7278 -12.1797 8.6811 0.0787 0.0615 0.1356 0.1684 0.1356 Z

22 44.3714 -16.7059 8.5181 44.2135 -16.6568 8.3905 0.1579 0.0491 0.1276 0.2089 0.1276 Z

23 44.2613 -21.1061 8.2171 44.1567 -21.0770 8.1516 0.1046 0.0291 0.0655 0.1268 0.0655 Z

24 44.2533 -24.7807 8.3521 44.1624 -24.7101 8.2748 0.0909 0.0706 0.0773 0.1386 0.0773 Z

25 44.1537 -29.4459 8.5950 44.0061 -29.4322 8.5554 0.1476 0.0137 0.0396 0.1534 0.0396 Z

26 40.0713 -12.1978 8.1803 39.9856 -12.0594 8.1022 0.0857 0.1384 0.0781 0.1806 0.0781 Z

27 39.7378 -16.7835 8.3807 39.6041 -16.7368 8.4061 0.1337 0.0467 -0.0254 0.1439 -0.0254 Z

28 40.0031 -21.3311 8.2690 39.8348 -21.1947 8.2549 0.1683 0.1364 0.0141 0.2171 0.0141 Z

29 40.4036 -25.1145 8.3005 40.2461 -25.0051 8.2171 0.1575 0.1094 0.0834 0.2091 0.0834 Z

30 40.4516 -28.3763 8.3737 40.3230 -28.2954 8.3803 0.1286 0.0809 -0.0066 0.1521 -0.0066 Z

2/28/2019 STBR-3 KNADE223996504334

2009 Kia Rio

VEHICLE DEFORMATION

DRIVER SIDE FLOOR PAN - SET 1
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A Positive values denote deformation as inward toward the occupant compartment, negative values denote deformations outward away from the occupant 

compartment.
B Crush calculations that use multiple directional components will disregard components that are negative and only include positive values where the 

component is deforming inward toward the occupant compartment.
C Direction for Crush column denotes which directions are included in the crush calculations.  If "NA" then no intrusion is recorded, and Crush will be 0.

Pretest Floor Pan Posttest Floor Pan
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Figure F-12. Floorpan Deformation Data - Set 2, Test No. STBR-3 

Date: Test Name: VIN:

Year: Make: Model:

POINT

Pretest

X

(in.)

Pretest

Y

(in.)

Pretest

Z

(in.)

Posttest X

(in.)

Posttest 

Y

(in.)

Posttest Z

(in.)

ΔXA

(in.)

ΔYA

(in.)

ΔZA

(in.)

Total Δ

(in.)

CrushB 

(in.)

Directions  

for 

CrushC

1 62.2245 8.6078 5.6156 62.1137 8.6188 5.5660 0.1108 -0.0110 0.0496 0.1219 0.1214 X, Z

2 62.4452 3.8094 5.4745 62.3653 3.9146 5.6409 0.0799 -0.1052 -0.1664 0.2125 0.0799 X

3 62.6640 0.5656 5.3800 62.5660 0.6186 5.3696 0.0980 -0.0530 0.0104 0.1119 0.0986 X, Z

4 62.6769 -1.8659 5.1035 62.5656 -1.7935 5.1396 0.1113 0.0724 -0.0361 0.1376 0.1113 X

5 62.6868 -5.2642 4.7102 62.5815 -5.1687 4.8853 0.1053 0.0955 -0.1751 0.2255 0.1053 X

6 59.2443 8.7575 7.2376 59.1501 8.8747 7.1870 0.0942 -0.1172 0.0506 0.1587 0.1069 X, Z

7 59.3662 4.8585 7.3252 59.2592 4.8870 7.2497 0.1070 -0.0285 0.0755 0.1340 0.1310 X, Z

8 59.5028 0.7664 7.2960 59.3908 0.8418 7.3254 0.1120 -0.0754 -0.0294 0.1382 0.1120 X

9 59.5034 -1.6646 7.0589 59.3701 -1.6010 7.1104 0.1333 0.0636 -0.0515 0.1564 0.1333 X

10 59.3453 -5.0204 7.4760 59.2589 -4.9887 7.5763 0.0864 0.0317 -0.1003 0.1361 0.0864 X

11 53.2380 8.2409 8.2110 53.1561 8.2265 8.1495 0.0819 0.0144 0.0615 0.1034 0.0615 Z

12 53.0582 5.4904 8.3401 52.9147 5.5886 7.8267 0.1435 -0.0982 0.5134 0.5420 0.5134 Z

13 52.9864 2.3668 8.1279 52.8165 2.4386 8.1326 0.1699 -0.0718 -0.0047 0.1845 -0.0047 Z

14 53.0920 -1.7616 8.1999 52.9587 -1.6680 8.2740 0.1333 0.0936 -0.0741 0.1789 -0.0741 Z

15 53.3734 -7.5966 8.4652 53.2734 -7.5585 8.6647 0.1000 0.0381 -0.1995 0.2264 -0.1995 Z

16 49.9227 8.3910 8.4179 49.8266 8.4193 8.3610 0.0961 -0.0283 0.0569 0.1152 0.0569 Z

17 49.6180 3.8464 8.5852 49.4805 3.9165 8.3017 0.1375 -0.0701 0.2835 0.3228 0.2835 Z

18 49.4442 -0.4437 8.1568 49.3410 -0.3867 8.1763 0.1032 0.0570 -0.0195 0.1195 -0.0195 Z

19 49.4594 -4.3727 8.2945 49.3118 -4.2890 8.3782 0.1476 0.0837 -0.0837 0.1892 -0.0837 Z

20 49.7692 -8.5296 8.8060 49.6559 -8.4449 8.9642 0.1133 0.0847 -0.1582 0.2122 -0.1582 Z

21 44.6905 7.9508 8.7250 44.6193 7.9802 8.6139 0.0712 -0.0294 0.1111 0.1352 0.1111 Z

22 44.2001 3.4885 8.4807 44.0642 3.5029 8.4150 0.1359 -0.0144 0.0657 0.1516 0.0657 Z

23 44.0357 -0.9133 8.2325 43.9672 -0.9205 8.2665 0.0685 -0.0072 -0.0340 0.0768 -0.0340 Z

24 43.9832 -4.5856 8.4112 43.9398 -4.5503 8.4640 0.0434 0.0353 -0.0528 0.0769 -0.0528 Z

25 43.8276 -9.2460 8.7099 43.7406 -9.2640 8.8412 0.0870 -0.0180 -0.1313 0.1585 -0.1313 Z

26 39.9543 8.0445 8.1010 39.8783 8.1318 8.0325 0.0760 -0.0873 0.0685 0.1345 0.0685 Z

27 39.5656 3.4658 8.3568 39.4542 3.4653 8.4320 0.1114 0.0005 -0.0752 0.1344 -0.0752 Z

28 39.7752 -1.0856 8.2986 39.6444 -0.9968 8.3721 0.1308 0.0888 -0.0735 0.1743 -0.0735 Z

29 40.1296 -4.8730 8.3740 40.0210 -4.8107 8.4122 0.1086 0.0623 -0.0382 0.1309 -0.0382 Z

30 40.1382 -8.1341 8.4860 40.0680 -8.0975 8.6427 0.0702 0.0366 -0.1567 0.1756 -0.1567 Z

2/28/2019 STBR-3 KNADE223996504334

2009 Kia Rio
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A Positive values denote deformation as inward toward the occupant compartment, negative values denote deformations outward away from the occupant 

compartment.
B Crush calculations that use multiple directional components will disregard components that are negative and only include positive values where the 

component is deforming inward toward the occupant compartment.
C Direction for Crush column denotes which directions are included in the crush calculations.  If "NA" then no intrusion is recorded, and Crush will be 0.
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Figure F-13. Occupant Compartment Deformation Data - Set 1, Test No. STBR-3 

Date: Test Name: VIN:

Year: Make: Model:

POINT

Pretest

X

(in.)

Pretest

Y

(in.)

Pretest

Z

(in.)

Posttest X

(in.)

Posttest 

Y

(in.)

Posttest Z

(in.)

ΔXA

(in.)

ΔYA

(in.)

ΔZA

(in.)

Total Δ

(in.)

CrushB 

(in.)

Directions  

for 

CrushC

1 50.3498 -22.9050 -21.8002 50.2408 -22.6220 -22.1529 0.1090 0.2830 -0.3527 0.4652 0.4652 X, Y, Z

2 50.3631 -12.5009 -20.5589 50.2600 -12.2783 -21.0371 0.1031 0.2226 -0.4782 0.5375 0.5375 X, Y, Z

3 49.6168 -3.8966 -20.3529 49.5161 -3.6320 -20.8452 0.1007 0.2646 -0.4923 0.5679 0.5679 X, Y, Z

4 48.9852 -27.3425 -8.8753 48.8128 -26.9281 -9.1321 0.1724 0.4144 -0.2568 0.5171 0.5171 X, Y, Z

5 48.6423 -18.5297 -8.0788 48.5015 -18.1232 -8.4983 0.1408 0.4065 -0.4195 0.6009 0.6009 X, Y, Z

6 44.3030 -5.3117 -12.7726 44.2572 -5.1028 -13.1851 0.0458 0.2089 -0.4125 0.4646 0.4646 X, Y, Z

7 54.3791 -32.0808 -0.0443 54.2815 -31.5270 -0.1777 0.0976 0.5538 -0.1334 0.5779 0.5538 Y

8 53.9888 -32.9178 4.0510 54.0525 -32.7057 3.8738 -0.0637 0.2121 -0.1772 0.2836 0.2121 Y

9 58.3169 -32.6574 4.1026 58.3377 -32.4091 3.8438 -0.0208 0.2483 -0.2588 0.3593 0.2483 Y

10 47.7103 -33.3426 -15.6747 46.9161 -32.9896 -16.0100 0.7942 0.3530 -0.3353 0.9316 0.3530 Y

11 35.7442 -33.6217 -16.5758 35.0803 -34.3742 -16.9175 0.6639 -0.7525 -0.3417 1.0601 -0.7525 Y

12 23.5461 -33.8711 -17.4288 22.9209 -34.9758 -17.6727 0.6252 -1.1047 -0.2439 1.2926 -1.1047 Y

13 45.3049 -33.7275 -4.1707 44.7186 -34.6631 -4.5515 0.5863 -0.9356 -0.3808 1.1679 -0.9356 Y

14 37.0890 -34.4212 -1.3142 36.5923 -35.7706 -1.6889 0.4967 -1.3494 -0.3747 1.4859 -1.3494 Y

15 27.7620 -34.0548 -0.1480 27.3084 -35.9458 -0.4275 0.4536 -1.8910 -0.2795 1.9646 -1.8910 Y

16 28.6502 -20.6888 -37.8029 28.3215 -21.1679 -38.2362 0.3287 -0.4791 -0.4333 0.7248 -0.4333 Z

17 29.3511 -15.6255 -37.9749 29.0822 -16.1377 -38.4057 0.2689 -0.5122 -0.4308 0.7213 -0.4308 Z

18 29.4443 -11.3635 -38.0944 29.1722 -11.7820 -38.4787 0.2721 -0.4185 -0.3843 0.6300 -0.3843 Z

19 29.6251 -7.9837 -38.0970 29.3085 -8.4715 -38.2896 0.3166 -0.4878 -0.1926 0.6126 -0.1926 Z

20 29.9074 -5.2865 -38.0246 29.6425 -5.7443 -38.3363 0.2649 -0.4578 -0.3117 0.6139 -0.3117 Z

21 22.7340 -20.4706 -38.6490 22.3497 -20.8590 -38.8631 0.3843 -0.3884 -0.2141 0.5868 -0.2141 Z

22 23.0828 -15.6111 -38.8872 22.7077 -16.0455 -38.8238 0.3751 -0.4344 0.0634 0.5774 0.0634 Z

23 23.0716 -11.6952 -39.0147 22.7650 -12.2341 -38.6180 0.3066 -0.5389 0.3967 0.7361 0.3967 Z

24 23.6752 -8.1014 -38.9917 23.2969 -8.5508 -38.4006 0.3783 -0.4494 0.5911 0.8333 0.5911 Z

25 23.9036 -4.1627 -38.9385 23.5316 -4.6773 -38.7709 0.3720 -0.5146 0.1676 0.6567 0.1676 Z

26 15.0266 -20.9266 -39.1529 14.6719 -21.3610 -38.8443 0.3547 -0.4344 0.3086 0.6401 0.3086 Z

27 15.3460 -18.3576 -39.3005 14.9862 -18.7958 -38.6633 0.3598 -0.4382 0.6372 0.8529 0.6372 Z

28 16.1619 -13.2744 -39.4832 15.7640 -13.7598 -38.7121 0.3979 -0.4854 0.7711 0.9942 0.7711 Z

29 16.7178 -8.4779 -39.5359 16.3873 -8.9350 -39.2031 0.3305 -0.4571 0.3328 0.6549 0.3328 Z

30 17.7443 -3.4163 -39.4353 17.3485 -3.9409 -39.5447 0.3958 -0.5246 -0.1094 0.6662 -0.1094 Z

31 53.0726 -30.4324 -23.3014 52.7999 -29.8384 -23.6483 0.2727 0.5940 -0.3469 0.7400 0.6536 X, Y

32 49.8879 -29.8488 -25.3142 49.5861 -29.4237 -25.7122 0.3018 0.4251 -0.3980 0.6559 0.5213 X, Y

33 47.2878 -29.3290 -26.9181 47.0488 -29.0578 -27.3835 0.2390 0.2712 -0.4654 0.5893 0.3615 X, Y

34 43.5596 -28.5277 -29.1475 43.2766 -28.4722 -29.6534 0.2830 0.0555 -0.5059 0.5823 0.2884 X, Y

35 40.0952 -27.8980 -30.7714 39.8859 -27.9856 -31.3187 0.2093 -0.0876 -0.5473 0.5925 0.2093 X

36 37.7325 -27.3906 -32.0065 37.5574 -27.5937 -32.5742 0.1751 -0.2031 -0.5677 0.6278 0.1751 X

31 53.0726 -30.4324 -23.3014 52.7999 -29.8384 -23.6483 0.2727 0.5940 -0.3469 0.7400 0.5940 Y

32 49.8879 -29.8488 -25.3142 49.5861 -29.4237 -25.7122 0.3018 0.4251 -0.3980 0.6559 0.4251 Y

33 47.2878 -29.3290 -26.9181 47.0488 -29.0578 -27.3835 0.2390 0.2712 -0.4654 0.5893 0.2712 Y

34 43.5596 -28.5277 -29.1475 43.2766 -28.4722 -29.6534 0.2830 0.0555 -0.5059 0.5823 0.0555 Y

35 40.0952 -27.8980 -30.7714 39.8859 -27.9856 -31.3187 0.2093 -0.0876 -0.5473 0.5925 -0.0876 Y

36 37.7325 -27.3906 -32.0065 37.5574 -27.5937 -32.5742 0.1751 -0.2031 -0.5677 0.6278 -0.2031 Y

37 15.4576 -27.6379 -33.4596 15.1436 -28.2183 -33.6911 0.3140 -0.5804 -0.2315 0.6993 0.3140 X

38 13.4135 -30.4841 -27.2950 13.2053 -31.0090 -27.4883 0.2082 -0.5249 -0.1933 0.5969 0.2082 X

39 18.2384 -32.0546 -20.6431 18.0273 -32.5712 -20.8531 0.2111 -0.5166 -0.2100 0.5963 0.2111 X

40 14.8774 -32.4733 -16.7450 14.7287 -32.9128 -16.9495 0.1487 -0.4395 -0.2045 0.5070 0.1487 X

37 15.4576 -27.6379 -33.4596 15.1436 -28.2183 -33.6911 0.3140 -0.5804 -0.2315 0.6993 -0.5804 Y

38 13.4135 -30.4841 -27.2950 13.2053 -31.0090 -27.4883 0.2082 -0.5249 -0.1933 0.5969 -0.5249 Y

39 18.2384 -32.0546 -20.6431 18.0273 -32.5712 -20.8531 0.2111 -0.5166 -0.2100 0.5963 -0.5166 Y

40 14.8774 -32.4733 -16.7450 14.7287 -32.9128 -16.9495 0.1487 -0.4395 -0.2045 0.5070 -0.4395 Y

VEHICLE DEFORMATION
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A Positive values denote deformation as inward toward the occupant compartment, negative values denote deformations outward away from the occupant 

compartment.
B Crush calculations that use multiple directional components will disregard components that are negative and only include positive values where the 

component is deforming inward toward the occupant compartment.
C Direction for Crush column denotes which directions are included in the crush calculations.  If "NA" then no intrusion is recorded, and Crush will be 0.
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Figure F-14. Occupant Compartment Deformation Data - Set 2, Test No. STBR-3 

Date: Test Name: VIN:

Year: Make: Model:

POINT

Pretest

X

(in.)

Pretest

Y

(in.)

Pretest

Z

(in.)

Posttest X

(in.)

Posttest 

Y

(in.)

Posttest Z

(in.)

ΔXA

(in.)

ΔYA

(in.)

ΔZA

(in.)

Total Δ

(in.)

CrushB 

(in.)

Directions  

for 

CrushC

1 50.0127 -3.3503 -21.8870 50.0238 -3.1578 -22.0071 -0.0111 0.1925 -0.1201 0.2272 0.2272 X, Y, Z

2 50.1313 7.0719 -20.8137 50.1385 7.2064 -21.1076 -0.0072 -0.1345 -0.2939 0.3233 0.3233 X, Y, Z

3 49.4662 15.6849 -20.7409 49.4741 15.8612 -21.0962 -0.0079 -0.1763 -0.3553 0.3967 0.3967 X, Y, Z

4 48.7035 -7.5669 -8.8827 48.5639 -7.1776 -8.8986 0.1396 0.3893 -0.0159 0.4139 0.4139 X, Y, Z

5 48.4481 1.2605 -8.2258 48.3338 1.6411 -8.4488 0.1143 -0.3806 -0.2230 0.4557 0.4557 X, Y, Z

6 44.1962 14.4415 -13.1002 44.2064 14.5992 -13.4050 -0.0102 -0.1577 -0.3048 0.3433 0.3433 X, Y, Z

7 54.1191 -12.2131 -0.0161 53.9953 -11.6385 0.1478 0.1238 0.5746 0.1639 0.6102 0.5746 Y

8 53.7516 -12.9806 4.0948 53.7579 -12.7301 4.2231 -0.0063 0.2505 0.1283 0.2815 0.2505 Y

9 58.0822 -12.7600 4.1106 58.0456 -12.4736 4.1853 0.0366 0.2864 0.0747 0.2982 0.2864 Y

10 47.3226 -13.6630 -15.5750 46.6077 -13.3638 -15.6476 0.7149 0.2992 -0.0726 0.7784 0.2992 Y

11 35.3480 -13.8446 -16.3842 34.7591 -14.6583 -16.5214 0.5889 -0.8137 -0.1372 1.0138 -0.8137 Y

12 23.1421 -13.9934 -17.1438 22.5943 -15.1638 -17.2592 0.5478 -1.1704 -0.1154 1.2974 -1.1704 Y

13 44.9995 -13.8408 -4.0491 44.4015 -14.7773 -4.1558 0.5980 -0.9365 -0.1067 1.1163 -0.9365 Y

14 36.7991 -14.4116 -1.1218 36.2671 -15.7501 -1.2675 0.5320 -1.3385 -0.1457 1.4477 -1.3385 Y

15 27.4848 -13.9393 0.1064 26.9827 -15.8136 0.0008 0.5021 -1.8743 -0.1056 1.9433 -1.8743 Y

16 28.2158 -1.1881 -37.7644 28.1095 -1.8387 -38.1088 0.1063 -0.6506 -0.3444 0.7438 -0.3444 Z

17 28.9622 3.8650 -38.0231 28.9162 3.1796 -38.3837 0.0460 0.6854 -0.3606 0.7758 -0.3606 Z

18 29.0938 8.1235 -38.2120 29.0462 7.5318 -38.5477 0.0476 0.5917 -0.3357 0.6820 -0.3357 Z

19 29.3058 11.5010 -38.2703 29.2129 10.8442 -38.4279 0.0929 0.6568 -0.1576 0.6818 -0.1576 Z

20 29.6136 14.1962 -38.2435 29.5719 13.5667 -38.5317 0.0417 0.6295 -0.2882 0.6936 -0.2882 Z

21 22.2958 -0.9281 -38.5707 22.1404 -1.4882 -38.7397 0.1554 -0.5601 -0.1690 0.6053 -0.1690 Z

22 22.6876 3.9235 -38.8897 22.5426 3.3217 -38.8012 0.1450 0.6018 0.0885 0.6253 0.0885 Z

23 22.7117 7.8368 -39.0802 22.6350 7.1358 -38.6750 0.0767 0.7010 0.4052 0.8133 0.4052 Z

24 23.3486 11.4247 -39.1195 23.2008 10.8178 -38.5349 0.1478 0.6069 0.5846 0.8555 0.5846 Z

25 23.6138 15.3614 -39.1314 23.4707 14.6804 -38.9861 0.1431 0.6810 0.1453 0.7109 0.1453 Z

26 14.5809 -1.3200 -39.0109 14.4584 -1.9191 -38.7075 0.1225 -0.5991 0.3034 0.6826 0.3034 Z

27 14.9229 1.2432 -39.2022 14.7963 0.6463 -38.5802 0.1266 0.5969 0.6220 0.8713 0.6220 Z

28 15.7844 6.3150 -39.4727 15.6202 5.6729 -38.7345 0.1642 0.6421 0.7382 0.9921 0.7382 Z

29 16.3842 11.1046 -39.6068 16.2875 10.4803 -39.3265 0.0967 0.6243 0.2803 0.6911 0.2803 Z

30 17.4581 16.1574 -39.5952 17.2942 15.4572 -39.7728 0.1639 0.7002 -0.1776 0.7407 -0.1776 Z

31 52.6546 -10.9260 -23.2866 52.5158 -10.4270 -23.3524 0.1388 0.4990 -0.0658 0.5221 0.5179 X, Y

32 49.4604 -10.3449 -25.2853 49.3047 -10.0260 -25.4232 0.1557 0.3189 -0.1379 0.3807 0.3549 X, Y

33 46.8534 -9.8266 -26.8783 46.7699 -9.6719 -27.1008 0.0835 0.1547 -0.2225 0.2836 0.1758 X, Y

34 43.1163 -9.0263 -29.0930 43.0019 -9.0991 -29.3810 0.1144 -0.0728 -0.2880 0.3183 0.1144 X

35 39.6458 -8.3903 -30.7014 39.6148 -8.6164 -31.0548 0.0310 -0.2261 -0.3534 0.4207 0.0310 X

36 37.2787 -7.8808 -31.9273 37.2893 -8.2294 -32.3173 -0.0106 -0.3486 -0.3900 0.5232 0.0000 NA

31 52.6546 -10.9260 -23.2866 52.5158 -10.4270 -23.3524 0.1388 0.4990 -0.0658 0.5221 0.4990 Y

32 49.4604 -10.3449 -25.2853 49.3047 -10.0260 -25.4232 0.1557 0.3189 -0.1379 0.3807 0.3189 Y

33 46.8534 -9.8266 -26.8783 46.7699 -9.6719 -27.1008 0.0835 0.1547 -0.2225 0.2836 0.1547 Y

34 43.1163 -9.0263 -29.0930 43.0019 -9.0991 -29.3810 0.1144 -0.0728 -0.2880 0.3183 -0.0728 Y

35 39.6458 -8.3903 -30.7014 39.6148 -8.6164 -31.0548 0.0310 -0.2261 -0.3534 0.4207 -0.2261 Y

36 37.2787 -7.8808 -31.9273 37.2893 -8.2294 -32.3173 -0.0106 -0.3486 -0.3900 0.5232 -0.3486 Y

37 14.9923 -7.9428 -33.2135 14.8701 -8.6713 -33.4123 0.1222 -0.7285 -0.1988 0.7650 0.1222 X

38 12.9680 -10.6704 -26.9890 12.9098 -11.3139 -27.1518 0.0582 -0.6435 -0.1628 0.6663 0.0582 X

39 17.8276 -12.1792 -20.3481 17.7211 -12.7813 -20.4873 0.1065 -0.6021 -0.1392 0.6271 0.1065 X

40 14.4920 -12.5038 -16.4193 14.4218 -13.0111 -16.5761 0.0702 -0.5073 -0.1568 0.5356 0.0702 X

37 14.9923 -7.9428 -33.2135 14.8701 -8.6713 -33.4123 0.1222 -0.7285 -0.1988 0.7650 -0.7285 Y

38 12.9680 -10.6704 -26.9890 12.9098 -11.3139 -27.1518 0.0582 -0.6435 -0.1628 0.6663 -0.6435 Y

39 17.8276 -12.1792 -20.3481 17.7211 -12.7813 -20.4873 0.1065 -0.6021 -0.1392 0.6271 -0.6021 Y

40 14.4920 -12.5038 -16.4193 14.4218 -13.0111 -16.5761 0.0702 -0.5073 -0.1568 0.5356 -0.5073 Y

VEHICLE DEFORMATION

DRIVER SIDE INTERIOR CRUSH - SET 2
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A Positive values denote deformation as inward toward the occupant compartment, negative values denote deformations outward away from the occupant 

compartment.
B Crush calculations that use multiple directional components will disregard components that are negative and only include positive values where the 

component is deforming inward toward the occupant compartment.
C Direction for Crush column denotes which directions are included in the crush calculations.  If "NA" then no intrusion is recorded, and Crush will be 0.
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Figure F-15. Exterior Vehicle Crush (NASS) - Front, Test No. STBR-3 

VIN:

Model:

in. (mm)

Distance from C.G. to reference line - LREF: 82 1/2 (2096)

Total Width of Vehicle: 64 3/4 (1645)

Width of contact and induced crush - Field L: 64 3/4 (1645)

Crush measurement spacing interval (L/5) - I: 13 (330)

Distance from center of vehicle to center of Field L - DFL: 0 ()

Width of Contact Damage: 20 (508)

Distance from center of vehicle to center of contact damage - DC: 19 (483)

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 N/A NA -32 3/8 -(822) 24 (610) 7 4/9 (189) NA NA

C2 14 1/4 (362) -19 3/8 -(492) 8 3/8 (213) -1 4/7 -(40)

C3 11 (279) -6 3/8 -(162) 6 1/8 (156) -2 4/7 -(65)

C4 11 1/4 (286) 6 5/8 (168) 6 1/8 (156) -2 1/3 -(59)

C5 18 5/8 (473) 19 5/8 (498) 8 3/8 (213) 2 4/5 (71)

C6 N/A NA 32 5/8 (829) 24 (610) NA NA

CMAX 35 1/2 (902) -21 1/2 -(546) 9 1/4 (235) 18 4/5 (478)

Crush Measurement
Lateral 

Location

Original Profile 

Measurement

Dist. Between Ref. 

Lines
Actual Crush 

KNADE223996504334

Rio

Date: 3/5/2019 Test Name: STBR-3

Year: 2009 Make: Kia
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Figure F-16. Exterior Vehicle Crush (NASS) - Side, Test No. STBR-3 
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Figure F-17. Floorpan Deformation Data – Set 1, Test No. STBR-4 

Date: Test Name: VIN:

Year: Make: Model:

POINT

Pretest

X

(in.)

Pretest

Y

(in.)

Pretest

Z

(in.)

Posttest X

(in.)

Posttest 

Y

(in.)

Posttest Z

(in.)

ΔXA

(in.)

ΔYA

(in.)

ΔZA

(in.)

Total Δ

(in.)

CrushB 

(in.)

Directions  

for 

CrushC

1 37.5180 -9.2876 2.1438 37.4911 -9.6121 2.4011 0.0269 -0.3245 -0.2573 0.4150 0.0269 X

2 38.3316 -15.2598 3.6496 38.2549 -15.5035 3.9703 0.0767 -0.2437 -0.3207 0.4100 0.0767 X

3 38.0895 -19.8574 3.5648 37.8268 -19.8651 3.4138 0.2627 -0.0077 0.1510 0.3031 0.3030 X, Z

4 37.8635 -25.2902 3.7820 36.9233 -24.5871 1.2176 0.9402 0.7031 2.5644 2.8204 2.7313 X, Z

5 37.5404 -31.1958 4.4602 35.7431 -29.9205 0.5307 1.7973 1.2753 3.9295 4.5053 4.3210 X, Z

6 32.4996 -9.2648 2.7127 32.5255 -9.5955 2.9249 -0.0259 -0.3307 -0.2122 0.3938 0.0000 NA

7 32.6566 -14.7819 4.1798 32.5706 -14.9185 4.4878 0.0860 -0.1366 -0.3080 0.3477 0.0860 X

8 32.9807 -19.5105 4.0695 32.8265 -19.3493 3.8383 0.1542 0.1612 0.2312 0.3213 0.2779 X, Z

9 32.8834 -24.7628 4.3029 32.1718 -24.2328 2.8016 0.7116 0.5300 1.5013 1.7439 1.6614 X, Z

10 33.3439 -31.7661 5.5829 32.0882 -30.6383 2.7480 1.2557 1.1278 2.8349 3.2993 3.1006 X, Z

11 28.3059 -9.0441 3.0455 28.2869 -9.3068 3.1868 0.0190 -0.2627 -0.1413 0.2989 -0.1413 Z

12 28.7122 -14.5103 4.5522 28.5868 -14.6412 4.8315 0.1254 -0.1309 -0.2793 0.3330 -0.2793 Z

13 28.5594 -19.3991 4.5088 28.3523 -19.1782 4.5490 0.2071 0.2209 -0.0402 0.3055 -0.0402 Z

14 28.1232 -24.5769 4.8135 27.9709 -24.4342 4.7882 0.1523 0.1427 0.0253 0.2102 0.0253 Z

15 27.7580 -32.4845 6.9294 27.3346 -31.3260 5.8415 0.4234 1.1585 1.0879 1.6447 1.0879 Z

16 23.6754 -9.0065 3.1172 23.6338 -9.2487 3.1177 0.0416 -0.2422 -0.0005 0.2457 -0.0005 Z

17 23.7328 -14.1905 5.0157 23.6138 -14.2639 5.2576 0.1190 -0.0734 -0.2419 0.2794 -0.2419 Z

18 23.7811 -19.1117 4.9406 23.6622 -19.0423 5.3279 0.1189 0.0694 -0.3873 0.4110 -0.3873 Z

19 23.6261 -24.2463 5.2268 23.4925 -24.1602 5.2425 0.1336 0.0861 -0.0157 0.1597 -0.0157 Z

20 22.7813 -31.2396 6.0026 22.3228 -30.8323 5.4222 0.4585 0.4073 0.5804 0.8444 0.5804 Z

21 18.7732 -8.8282 3.5859 18.7524 -9.0180 3.4672 0.0208 -0.1898 0.1187 0.2248 0.1187 Z

22 19.0102 -13.8218 5.3814 18.9402 -13.8756 5.6452 0.0700 -0.0538 -0.2638 0.2782 -0.2638 Z

23 19.2005 -19.0059 5.3710 19.1001 -18.9715 5.8948 0.1004 0.0344 -0.5238 0.5344 -0.5238 Z

24 19.1765 -24.2120 5.6242 19.1299 -24.2218 6.0763 0.0466 -0.0098 -0.4521 0.4546 -0.4521 Z

25 20.6019 -26.1312 3.0741 17.9312 -30.7871 6.3875 2.6707 -4.6559 -3.3134 6.3078 -3.3134 Z

26 14.5540 -8.3662 3.9804 14.4854 -8.6367 3.9287 0.0686 -0.2705 0.0517 0.2838 0.0517 Z

27 14.3268 -13.6342 4.8422 14.2392 -13.6934 5.0038 0.0876 -0.0592 -0.1616 0.1931 -0.1616 Z

28 14.3653 -19.0911 4.8493 14.3083 -19.1432 5.0962 0.0570 -0.0521 -0.2469 0.2587 -0.2469 Z

29 14.0494 -24.1481 4.7840 13.9756 -24.1631 5.0256 0.0738 -0.0150 -0.2416 0.2531 -0.2416 Z

30 13.0294 -30.2651 4.4409 13.1799 -30.3239 4.4506 -0.1505 -0.0588 -0.0097 0.1619 -0.0097 Z
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A Positive values denote deformation as inward toward the occupant compartment, negative values denote deformations outward away from the occupant 

compartment.
B Crush calculations that use multiple directional components will disregard components that are negative and only include positive values where the 

component is deforming inward toward the occupant compartment.
C Direction for Crush column denotes which directions are included in the crush calculations.  If "NA" then no intrusion is recorded, and Crush will be 0.
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Figure F-18. Floorpan Deformation Data, Set 2, Test No. STBR-4 

Date: Test Name: VIN:

Year: Make: Model:

POINT

Pretest

X

(in.)

Pretest

Y

(in.)

Pretest

Z

(in.)

Posttest X

(in.)

Posttest 

Y

(in.)

Posttest Z

(in.)

ΔXA

(in.)

ΔYA

(in.)

ΔZA

(in.)

Total Δ

(in.)

CrushB 

(in.)

Directions  

for 

CrushC

1 38.8362 -27.1661 0.9885 38.8165 -27.0232 0.9537 0.0197 0.1429 0.0348 0.1484 0.0400 X, Z

2 39.7417 -33.1460 2.4088 39.6886 -32.9197 2.4457 0.0531 0.2263 -0.0369 0.2354 0.0531 X

3 39.5344 -37.7444 2.2841 39.2742 -37.2804 1.8722 0.2602 0.4640 0.4119 0.6728 0.4872 X, Z

4 39.3587 -43.1808 2.4522 38.3237 -41.9932 -0.3240 1.0350 1.1876 2.7762 3.1920 2.9629 X, Z

5 39.1034 -49.0953 3.0792 37.1606 -47.3309 -1.0061 1.9428 1.7644 4.0853 4.8556 4.5237 X, Z

6 33.8366 -27.1910 1.7036 33.8752 -27.0522 1.6712 -0.0386 0.1388 0.0324 0.1477 0.0324 Z

7 34.0810 -32.7209 3.1091 34.0243 -32.3862 3.1894 0.0567 0.3347 -0.0803 0.3488 0.0567 X

8 34.4398 -37.4454 2.9410 34.2904 -36.8097 2.4957 0.1494 0.6357 0.4453 0.7904 0.4697 X, Z

9 34.3919 -42.7003 3.1234 33.6350 -41.6905 1.4471 0.7569 1.0098 1.6763 2.0982 1.8393 X, Z

10 34.9461 -49.7119 4.3178 33.6011 -48.0959 1.3465 1.3450 1.6160 2.9713 3.6399 3.2615 X, Z

11 29.6527 -27.0088 2.1608 29.6479 -26.8009 2.1007 0.0048 0.2079 0.0601 0.2165 0.0601 Z

12 30.1470 -32.4861 3.5990 30.0549 -32.1448 3.6906 0.0921 0.3413 -0.0916 0.3652 -0.0916 Z

13 30.0325 -37.3754 3.5100 29.8461 -36.6814 3.3819 0.1864 0.6940 0.1281 0.7299 0.1281 Z

14 29.6473 -42.5595 3.7745 29.5168 -41.9420 3.5945 0.1305 0.6175 0.1800 0.6563 0.1800 Z

15 29.4080 -50.4905 5.8191 28.9778 -48.8466 4.6179 0.4302 1.6439 1.2012 2.0810 1.2012 Z

16 25.0262 -27.0106 2.3678 24.9954 -26.7812 2.2138 0.0308 0.2294 0.1540 0.2780 0.1540 Z

17 25.1810 -32.2126 4.2107 25.0995 -31.8123 4.3134 0.0815 0.4003 -0.1027 0.4212 -0.1027 Z

18 25.2668 -37.1323 4.0839 25.1892 -36.5906 4.3443 0.0776 0.5417 -0.2604 0.6060 -0.2604 Z

19 25.1617 -42.2706 4.3220 25.0575 -41.7090 4.2255 0.1042 0.5616 0.0965 0.5793 0.0965 Z

20 24.3964 -49.2782 5.0505 23.9496 -48.3917 4.3984 0.4468 0.8865 0.6521 1.1877 0.6521 Z

21 20.1384 -26.8781 2.9809 20.1297 -26.5940 2.7554 0.0087 0.2841 0.2255 0.3628 0.2255 Z

22 20.4682 -31.8872 4.7176 20.4417 -31.4661 4.8863 0.0265 0.4211 -0.1687 0.4544 -0.1687 Z

23 20.7000 -37.0692 4.6486 20.6523 -36.5622 5.0895 0.0477 0.5070 -0.4409 0.6736 -0.4409 Z

24 20.7255 -42.2776 4.8492 20.7315 -41.8133 5.2286 -0.0060 0.4643 -0.3794 0.5996 -0.3794 Z

25 22.0911 -44.1592 2.2391 19.5989 -48.3906 5.5348 2.4922 -4.2314 -3.2957 5.9142 -3.2957 Z

26 15.9290 -26.4554 3.5029 15.8811 -26.2518 3.3862 0.0479 0.2036 0.1167 0.2395 0.1167 Z

27 15.7697 -31.7334 4.3170 15.7179 -31.3184 4.4304 0.0518 0.4150 -0.1134 0.4333 -0.1134 Z

28 15.8524 -37.1897 4.2673 15.8344 -36.7679 4.4773 0.0180 0.4218 -0.2100 0.4715 -0.2100 Z

29 15.5757 -42.2482 4.1595 15.5398 -41.7898 4.3805 0.0359 0.4584 -0.2210 0.5102 -0.2210 Z

30 14.5955 -48.3698 3.7837 14.7719 -47.9526 3.7887 -0.1764 0.4172 -0.0050 0.4530 -0.0050 Z
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A Positive values denote deformation as inward toward the occupant compartment, negative values denote deformations outward away from the occupant 

compartment.
B Crush calculations that use multiple directional components will disregard components that are negative and only include positive values where the 

component is deforming inward toward the occupant compartment.
C Direction for Crush column denotes which directions are included in the crush calculations.  If "NA" then no intrusion is recorded, and Crush will be 0.
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Figure F-19. Occupant Compartment Deformation Data - Set 1, Test No. STBR-4 

Date: Test Name: VIN:

Year: Make: Model:

POINT

Pretest

X

(in.)

Pretest

Y

(in.)

Pretest

Z

(in.)

Posttest X

(in.)

Posttest 

Y

(in.)

Posttest Z

(in.)

ΔXA

(in.)

ΔYA

(in.)

ΔZA

(in.)

Total Δ

(in.)

CrushB 

(in.)

Directions  

for 

CrushC

1 37.9018 -5.0239 -26.8144 37.8472 -5.3326 -26.5332 0.0546 -0.3087 0.2812 0.4211 0.4211 X, Y, Z

2 37.5135 -18.9280 -28.4527 37.4388 -19.2497 -28.2177 0.0747 -0.3217 0.2350 0.4053 0.4053 X, Y, Z

3 35.9941 -30.3882 -25.5505 35.8894 -30.7246 -25.3289 0.1047 -0.3364 0.2216 0.4162 0.4162 X, Y, Z

4 31.6600 -3.6426 -15.8758 31.6429 -3.9484 -15.6345 0.0171 -0.3058 0.2413 0.3899 0.3899 X, Y, Z

5 30.1053 -17.1026 -15.3412 29.5884 -17.3571 -15.7457 0.5169 -0.2545 -0.4045 0.7040 0.7040 X, Y, Z

6 30.8265 -31.1781 -15.7464 30.6476 -31.5539 -15.6645 0.1789 -0.3758 0.0819 0.4242 0.4242 X, Y, Z

7 37.8506 -33.5763 -6.0322 37.5662 -35.0541 -5.7943 0.2844 -1.4778 0.2379 1.5236 -1.4778 Y

8 42.0105 -33.6052 -2.5200 41.6126 -34.9433 -2.3525 0.3979 -1.3381 0.1675 1.4060 -1.3381 Y

9 37.8006 -33.1044 -0.7653 37.2551 -34.5572 -1.4151 0.5455 -1.4528 -0.6498 1.6824 -1.4528 Y

10 4.6656 -34.4134 -21.0775 4.4480 -35.1334 -21.3082 0.2176 -0.7200 -0.2307 0.7867 -0.7200 Y

11 16.9465 -35.8778 -19.0566 16.7395 -36.6494 -19.1095 0.2070 -0.7716 -0.0529 0.8006 -0.7716 Y

12 28.6972 -35.9130 -17.8170 28.4566 -36.6012 -17.7198 0.2406 -0.6882 0.0972 0.7355 -0.6882 Y

13 5.6047 -35.2433 -3.5393 5.1603 -36.0231 -3.7795 0.4444 -0.7798 -0.2402 0.9291 -0.7798 Y

14 16.3793 -36.2554 -2.3811 15.9803 -36.9699 -2.3994 0.3990 -0.7145 -0.0183 0.8186 -0.7145 Y

15 25.0145 -36.4447 -2.3427 24.5668 -37.0350 -2.3326 0.4477 -0.5903 0.0101 0.7409 -0.5903 Y

16 33.0941 -4.9560 -47.8902 33.3837 -5.3203 -47.8452 -0.2896 -0.3643 0.0450 0.4676 0.0450 Z

17 32.7883 -10.7653 -47.8803 33.1994 -11.1245 -47.8574 -0.4111 -0.3592 0.0229 0.5464 0.0229 Z

18 31.8451 -17.0904 -47.8489 32.1642 -17.4357 -47.8233 -0.3191 -0.3453 0.0256 0.4709 0.0256 Z

19 31.0979 -21.9119 -47.8325 31.3959 -22.3033 -47.8092 -0.2980 -0.3914 0.0233 0.4925 0.0233 Z

20 30.6618 -27.6174 -47.8251 30.9279 -27.9676 -47.8130 -0.2661 -0.3502 0.0121 0.4400 0.0121 Z

21 13.7536 -3.5218 -53.3000 14.0224 -3.9320 -53.3004 -0.2688 -0.4102 -0.0004 0.4904 -0.0004 Z

22 13.1195 -8.7277 -53.4122 13.3860 -9.0308 -53.4307 -0.2665 -0.3031 -0.0185 0.4040 -0.0185 Z

23 12.1783 -16.1647 -51.7076 12.4530 -16.4841 -51.7215 -0.2747 -0.3194 -0.0139 0.4215 -0.0139 Z

24 12.6128 -21.5911 -52.9459 12.8119 -21.9173 -52.9548 -0.1991 -0.3262 -0.0089 0.3823 -0.0089 Z

25 11.9451 -28.1818 -51.9487 12.1729 -28.5146 -51.9576 -0.2278 -0.3328 -0.0089 0.4034 -0.0089 Z

26 -1.1827 -2.8739 -53.3167 -0.9049 -3.1999 -53.3738 -0.2778 -0.3260 -0.0571 0.4321 -0.0571 Z

27 -1.4532 -8.5257 -53.2532 -1.2271 -8.7861 -53.3076 -0.2261 -0.2604 -0.0544 0.3491 -0.0544 Z

28 -2.2720 -15.8214 -51.7643 -1.9865 -16.0907 -51.8069 -0.2855 -0.2693 -0.0426 0.3948 -0.0426 Z

29 -2.1565 -21.5675 -53.1110 -1.8821 -21.8469 -53.1420 -0.2744 -0.2794 -0.0310 0.3928 -0.0310 Z

30 -2.5574 -27.8102 -52.1423 -2.3242 -28.1168 -52.1425 -0.2332 -0.3066 -0.0002 0.3852 -0.0002 Z

31 37.5272 -34.0673 -27.3927 37.5064 -34.4813 -27.2408 0.0208 -0.4140 0.1519 0.4415 0.1533 X, Z

32 36.1537 -33.9353 -31.3989 36.1773 -34.3070 -31.3046 -0.0236 -0.3717 0.0943 0.3842 0.0943 Z

33 34.2224 -33.3859 -35.0041 34.2563 -33.7506 -34.9130 -0.0339 -0.3647 0.0911 0.3774 0.0911 Z

34 32.5164 -32.6918 -38.5513 32.6323 -33.0500 -38.4926 -0.1159 -0.3582 0.0587 0.3810 0.0587 Z

35 30.8578 -32.1332 -42.0097 31.0327 -32.5209 -41.8885 -0.1749 -0.3877 0.1212 0.4423 0.1212 Z

36 29.2821 -30.8458 -45.3642 29.5001 -31.2314 -45.2761 -0.2180 -0.3856 0.0881 0.4516 0.0881 Z

31 37.5272 -34.0673 -27.3927 37.5064 -34.4813 -27.2408 0.0208 -0.4140 0.1519 0.4415 -0.4140 Y

32 36.1537 -33.9353 -31.3989 36.1773 -34.3070 -31.3046 -0.0236 -0.3717 0.0943 0.3842 -0.3717 Y

33 34.2224 -33.3859 -35.0041 34.2563 -33.7506 -34.9130 -0.0339 -0.3647 0.0911 0.3774 -0.3647 Y

34 32.5164 -32.6918 -38.5513 32.6323 -33.0500 -38.4926 -0.1159 -0.3582 0.0587 0.3810 -0.3582 Y

35 30.8578 -32.1332 -42.0097 31.0327 -32.5209 -41.8885 -0.1749 -0.3877 0.1212 0.4423 -0.3877 Y

36 29.2821 -30.8458 -45.3642 29.5001 -31.2314 -45.2761 -0.2180 -0.3856 0.0881 0.4516 -0.3856 Y

37 -1.3302 -31.4904 -46.0059 -1.1274 -31.7822 -46.0028 -0.2028 -0.2918 0.0031 0.3554 0.0031 Z

38 -8.3065 -31.8293 -41.7919 -8.1000 -32.1360 -41.7505 -0.2065 -0.3067 0.0414 0.3720 0.0414 Z

39 -2.2365 -32.9676 -35.0963 -2.0664 -33.2402 -35.0813 -0.1701 -0.2726 0.0150 0.3217 0.0150 Z

40 -8.3924 -33.2476 -28.0816 -8.2257 -33.5181 -28.1387 -0.1667 -0.2705 -0.0571 0.3228 0.0000 NA

37 -1.3302 -31.4904 -46.0059 -1.1274 -31.7822 -46.0028 -0.2028 -0.2918 0.0031 0.3554 -0.2918 Y

38 -8.3065 -31.8293 -41.7919 -8.1000 -32.1360 -41.7505 -0.2065 -0.3067 0.0414 0.3720 -0.3067 Y

39 -2.2365 -32.9676 -35.0963 -2.0664 -33.2402 -35.0813 -0.1701 -0.2726 0.0150 0.3217 -0.2726 Y

40 -8.3924 -33.2476 -28.0816 -8.2257 -33.5181 -28.1387 -0.1667 -0.2705 -0.0571 0.3228 -0.2705 Y
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A Positive values denote deformation as inward toward the occupant compartment, negative values denote deformations outward away from the occupant 

compartment.
B Crush calculations that use multiple directional components will disregard components that are negative and only include positive values where the 

component is deforming inward toward the occupant compartment.
C Direction for Crush column denotes which directions are included in the crush calculations.  If "NA" then no intrusion is recorded, and Crush will be 0.
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Figure F-20. Occupant Compartment Deformation Data - Set 2, Test No. STBR-4

Date: Test Name: VIN:

Year: Make: Model:

POINT

Pretest

X

(in.)

Pretest

Y

(in.)

Pretest

Z

(in.)

Posttest X

(in.)

Posttest 

Y

(in.)

Posttest Z

(in.)

ΔXA

(in.)

ΔYA

(in.)

ΔZA

(in.)

Total Δ

(in.)

CrushB 

(in.)

Directions  

for 

CrushC

1 38.3783 -22.5925 -27.8804 38.0054 -22.5070 -27.9529 0.3729 0.0855 -0.0725 0.3894 0.3894 X, Y, Z

2 38.0547 -36.4812 -29.6576 37.6489 -36.4140 -29.7303 0.4058 0.0672 -0.0727 0.4177 0.4177 X, Y, Z

3 36.7072 -47.9836 -26.8385 36.3120 -47.9237 -26.8739 0.3952 0.0599 -0.0354 0.4013 0.4013 X, Y, Z

4 32.4315 -21.3783 -16.7592 32.2242 -21.2602 -16.8078 0.2073 0.1181 -0.0486 0.2435 0.2435 X, Y, Z

5 30.9987 -34.8556 -16.3274 30.2807 -34.6852 -16.9443 0.7180 0.1704 -0.6169 0.9618 0.9618 X, Y, Z

6 31.8198 -48.9196 -16.9045 31.4626 -48.8723 -17.0175 0.3572 0.0473 -0.1130 0.3776 0.3776 X, Y, Z

7 39.1293 -51.3628 -7.4146 38.7945 -52.3865 -7.4553 0.3348 -1.0237 -0.0407 1.0778 -1.0237 Y

8 43.3851 -51.3947 -4.0193 42.9724 -52.2662 -4.1747 0.4127 -0.8715 -0.1554 0.9767 -0.8715 Y

9 39.2217 -50.9470 -2.1436 38.6521 -51.9255 -3.0635 0.5696 -0.9785 -0.9199 1.4588 -0.9785 Y

10 5.5475 -52.3130 -21.5450 5.0921 -52.6390 -21.6535 0.4554 -0.3260 -0.1085 0.5705 -0.3260 Y

11 17.8910 -53.6978 -19.8802 17.4732 -54.0635 -19.9526 0.4178 -0.3657 -0.0724 0.5599 -0.3657 Y

12 29.6715 -53.6496 -18.9664 29.2352 -53.9230 -19.0248 0.4363 -0.2734 -0.0584 0.5182 -0.2734 Y

13 6.9792 -53.3208 -4.0495 6.5027 -53.6554 -4.1741 0.4765 -0.3346 -0.1246 0.5954 -0.3346 Y

14 17.7894 -54.2565 -3.2005 17.3763 -54.5175 -3.2286 0.4131 -0.2610 -0.0281 0.4895 -0.2610 Y

15 26.4236 -54.3754 -3.4029 25.9590 -54.5077 -3.5003 0.4646 -0.1323 -0.0974 0.4928 -0.1323 Y

16 32.9875 -22.3411 -48.8133 32.7050 -22.3722 -49.0719 0.2825 -0.0311 -0.2586 0.3842 -0.2586 Z

17 32.7282 -28.1524 -48.8578 32.5696 -28.1776 -49.1229 0.1586 -0.0252 -0.2651 0.3099 -0.2651 Z

18 31.8363 -34.4850 -48.8686 31.5901 -34.4977 -49.0980 0.2462 -0.0127 -0.2294 0.3367 -0.2294 Z

19 31.1280 -39.3124 -48.8838 30.8642 -39.3719 -49.0924 0.2638 -0.0595 -0.2086 0.3415 -0.2086 Z

20 30.7374 -45.0210 -48.9260 30.4445 -45.0398 -49.1226 0.2929 -0.0188 -0.1966 0.3533 -0.1966 Z

21 13.4937 -21.0085 -53.6706 13.1325 -21.1127 -53.7495 0.3612 -0.1042 -0.0789 0.3841 -0.0789 Z

22 12.8980 -26.2179 -53.8214 12.5348 -26.2158 -53.8950 0.3632 0.0021 -0.0736 0.3706 -0.0736 Z

23 12.0633 -33.6800 -52.1720 11.7331 -33.6898 -52.2096 0.3302 -0.0098 -0.0376 0.3325 -0.0376 Z

24 12.5062 -39.0892 -53.4804 12.0892 -39.1101 -53.4991 0.4170 -0.0209 -0.0187 0.4179 -0.0187 Z

25 11.9186 -45.6954 -52.5364 11.5460 -45.7202 -52.5299 0.3726 -0.0248 0.0065 0.3735 0.0065 Z

26 -1.4420 -20.4830 -53.2674 -1.7917 -20.5113 -53.2293 0.3497 -0.0283 0.0381 0.3529 0.0381 Z

27 -1.6659 -26.1373 -53.2575 -2.0637 -26.1005 -53.1949 0.3978 0.0368 0.0626 0.4044 0.0626 Z

28 -2.3853 -33.4548 -51.8255 -2.7013 -33.4226 -51.7233 0.3160 0.0322 0.1022 0.3337 0.1022 Z

29 -2.2617 -39.1852 -53.2369 -2.6008 -39.1674 -53.1072 0.3391 0.0178 0.1297 0.3635 0.1297 Z

30 -2.5862 -45.4409 -52.3250 -2.9500 -45.4483 -52.1407 0.3638 -0.0074 0.1843 0.4079 0.1843 Z

31 38.2176 -51.6303 -28.7621 37.8841 -51.6515 -28.8777 0.3335 -0.0212 -0.1156 0.3536 0.3335 X

32 36.7326 -51.4672 -32.7271 36.3943 -51.4579 -32.8845 0.3383 0.0093 -0.1574 0.3732 0.3384 X, Y

33 34.6977 -50.8955 -36.2714 34.3280 -50.8911 -36.4099 0.3697 0.0044 -0.1385 0.3948 0.3697 X, Y

34 32.8886 -50.1780 -39.7623 32.5582 -50.1776 -39.9171 0.3304 0.0004 -0.1548 0.3649 0.3304 X, Y

35 31.1304 -49.5964 -43.1674 30.8214 -49.6369 -43.2431 0.3090 -0.0405 -0.0757 0.3207 0.3090 X

36 29.4521 -48.2865 -46.4629 29.1456 -48.3352 -46.5574 0.3065 -0.0487 -0.0945 0.3244 0.3065 X

31 38.2176 -51.6303 -28.7621 37.8841 -51.6515 -28.8777 0.3335 -0.0212 -0.1156 0.3536 -0.0212 Y

32 36.7326 -51.4672 -32.7271 36.3943 -51.4579 -32.8845 0.3383 0.0093 -0.1574 0.3732 0.0093 Y

33 34.6977 -50.8955 -36.2714 34.3280 -50.8911 -36.4099 0.3697 0.0044 -0.1385 0.3948 0.0044 Y

34 32.8886 -50.1780 -39.7623 32.5582 -50.1776 -39.9171 0.3304 0.0004 -0.1548 0.3649 0.0004 Y

35 31.1304 -49.5964 -43.1674 30.8214 -49.6369 -43.2431 0.3090 -0.0405 -0.0757 0.3207 -0.0405 Y

36 29.4521 -48.2865 -46.4629 29.1456 -48.3352 -46.5574 0.3065 -0.0487 -0.0945 0.3244 -0.0487 Y

37 -1.1601 -49.1756 -46.2650 -1.4809 -49.1496 -46.0822 0.3208 0.0260 0.1828 0.3701 0.3701 X, Y, Z

38 -8.0141 -49.6163 -41.8637 -8.2772 -49.5968 -41.5616 0.2631 0.0195 0.3021 0.4011 0.4011 X, Y, Z

39 -1.7519 -50.7756 -35.3511 -1.9761 -50.6986 -35.1441 0.2242 0.0770 0.2070 0.3147 0.3147 X, Y, Z

40 -7.7084 -51.1803 -28.1724 -7.8543 -51.0832 -27.9668 0.1459 0.0971 0.2056 0.2702 0.2702 X, Y, Z

37 -1.1601 -49.1756 -46.2650 -1.4809 -49.1496 -46.0822 0.3208 0.0260 0.1828 0.3701 0.0260 Y

38 -8.0141 -49.6163 -41.8637 -8.2772 -49.5968 -41.5616 0.2631 0.0195 0.3021 0.4011 0.0195 Y

39 -1.7519 -50.7756 -35.3511 -1.9761 -50.6986 -35.1441 0.2242 0.0770 0.2070 0.3147 0.0770 Y

40 -7.7084 -51.1803 -28.1724 -7.8543 -51.0832 -27.9668 0.1459 0.0971 0.2056 0.2702 0.0971 Y

D
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S
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(X
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Y
, 

Z
)

A Positive values denote deformation as inward toward the occupant compartment, negative values denote deformations outward away from the occupant 

compartment.
B Crush calculations that use multiple directional components will disregard components that are negative and only include positive values where the 

component is deforming inward toward the occupant compartment.
C Direction for Crush column denotes which directions are included in the crush calculations.  If "NA" then no intrusion is recorded, and Crush will be 0.
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Appendix G. Accelerometer and Rate Transducer Data Plots, Test No. STBR-1 
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Figure G-1. 10-ms Average Longitudinal Deceleration (SLICE-1), Test No. STBR-1 
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Figure G-2. Longitudinal Occupant Impact Velocity (SLICE-1), Test No. STBR-1 
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Figure G-3. Longitudinal Occupant Displacement (SLICE-1), Test No. STBR-1 
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Figure G-4. 10-ms Average Lateral Deceleration (SLICE-1), Test No. STBR-1 
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Figure G-5. Lateral Occupant Impact Velocity (SLICE-1), Test No. STBR-1 
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Figure G-6. Lateral Occupant Displacement (SLICE-1), Test No. STBR-1 
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Figure G-7. Vehicle Angular Displacement (SLICE-1), Test No. STBR-1 
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Figure G-8. Acceleration Severity Index (SLICE-1), Test No. STBR-1 
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Figure G-9. 10-ms Average Longitudinal Deceleration (SLICE-2), Test No. STBR-1 

-8

-6

-4

-2

0

2

4

0 0.2 0.4 0.6 0.8 1 1.2 1.4

A
cc

e
le

ra
ti

o
n
 (

g
's

)

Time (sec)

Longitudinal CFC-180 10-msec Extracted Average Acceleration - SLICE-2

CFC-180 Extracted 10 msec Average Longitudinal Acceleration (g's)

STBR-1



 

 

 

5
6
3
 

Ju
ly

 2
0

, 2
0

2
0

  

M
w

R
S

F
 R

ep
o

rt N
o
. T

R
P

-0
3

-4
1
0
-2

0
 

 

Figure G-10. Longitudinal Occupant Impact Velocity (SLICE-2), Test No. STBR-1 
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Figure G-11. Longitudinal Occupant Displacement (SLICE-2), Test No. STBR-1 
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Figure G-12. 10-ms Average Lateral Deceleration (SLICE-2), Test No. STBR-1 
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Figure G-13. Lateral Occupant Impact Velocity (SLICE-2), Test No. STBR-1 
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Figure G-14. Lateral Occupant Displacement (SLICE-2), Test No. STBR-1 
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Figure G-15. Vehicle Angular Displacement (SLICE-2), Test No. STBR-1 
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Figure G-16. Acceleration Severity Index (SLICE-2), Test No. STBR-1 

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0 0.2 0.4 0.6 0.8 1 1.2 1.4

A
S

I

Time (sec)

Acceleration Severity Index (ASI) - SLICE-2

ASI

STBR-1

Maximum ASI = 0.215408587



 

 

 

5
7
0
 

Ju
ly

 2
0

, 2
0

2
0

  

M
w

R
S

F
 R

ep
o

rt N
o
. T

R
P

-0
3

-4
1
0
-2

0
 

 

Figure G-17. Longitudinal CFC-60 Extracted Deceleration (DTS), Test No. STBR-1 
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Figure G-18. Lateral CFC-60 Extracted Deceleration (DTS), Test No. STBR-1
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Appendix H. Accelerometer and Rate Transducer Data Plots, Test No. STBR-2 
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Figure H-1. 10-ms Average Longitudinal Deceleration (SLICE-1), Test No. STBR-2 
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Figure H-2. Longitudinal Occupant Impact Velocity (SLICE-1), Test No. STBR-2 
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Figure H-3. Longitudinal Occupant Displacement (SLICE-1), Test No. STBR-2 
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Figure H-4. 10-ms Average Lateral Deceleration (SLICE-1), Test No. STBR-2 
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Figure H-5. Lateral Occupant Impact Velocity (SLICE-1), Test No. STBR-2 
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Figure H-6. Lateral Occupant Displacement (SLICE-1), Test No. STBR-2 
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Figure H-7. Vehicle Angular Displacement (SLICE-1), Test No. STBR-2 
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Figure H-8. Acceleration Severity Index (SLICE-1), Test No. STBR-2 
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Figure H-9. 10-ms Average Longitudinal Deceleration (SLICE-2), Test No. STBR-2 
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Figure H-10. Longitudinal Occupant Impact Velocity (SLICE-2), Test No. STBR-2 
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Figure H-11. Longitudinal Occupant Displacement (SLICE-2), Test No. STBR-2 
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Figure H-12. 10-ms Average Lateral Deceleration (SLICE-2), Test No. STBR-2 
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Figure H-13. Lateral Occupant Impact Velocity (SLICE-2), Test No. STBR-2 
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Figure H-14. Lateral Occupant Displacement (SLICE-2), Test No. STBR-2 
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Figure H-15. Vehicle Angular Displacement (SLICE-2), Test No. STBR-2 
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Figure H-16. Acceleration Severity Index (SLICE-2), Test No. STBR-2
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Appendix I. Accelerometer and Rate Transducer Data Plots, Test No. STBR-3 
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Figure I-1. 10-ms Average Longitudinal Deceleration (SLICE-1), Test No. STBR-3 
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Figure I-2. Longitudinal Occupant Impact Velocity (SLICE-1), Test No. STBR-3 
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Figure I-3. Longitudinal Occupant Displacement (SLICE-1), Test No. STBR-3 
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Figure I-4. 10-ms Average Lateral Deceleration (SLICE-1), Test No. STBR-3 
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Figure I-5. Lateral Occupant Impact Velocity (SLICE-1), Test No. STBR-3 
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Figure I-6. Lateral Occupant Displacement (SLICE-1), Test No. STBR-3 
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Figure I-7. Vehicle Angular Displacement (SLICE-1), Test No. STBR-3 
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Figure I-8. Acceleration Severity Index (SLICE-1), Test No. STBR-3 
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Figure I-9. 10-ms Average Longitudinal Deceleration (SLICE-2), Test No. STBR-3 

-20

-15

-10

-5

0

5

10

15

0 0.1 0.2 0.3 0.4 0.5 0.6

A
cc

e
le

ra
ti

o
n

 (
g

's
)

Time (sec)

Longitudinal CFC-180 10-msec Extracted Average Acceleration - SLICE-2

CFC-180 Extracted 10 msec Average Longitudinal Acceleration (g's)

STBR-3



 

 

5
9
9
 

Ju
ly

 2
0

, 2
0

2
0

  

M
w

R
S

F
 R

ep
o

rt N
o
. T

R
P

-0
3

-4
1
0
-2

0
 

 

Figure I-10. Longitudinal Occupant Impact Velocity (SLICE-2), Test No. STBR-3 
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Figure I-11. Longitudinal Occupant Displacement (SLICE-2), Test No. STBR-3 
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Figure I-12. 10-ms Average Lateral Deceleration (SLICE-2), Test No. STBR-3 
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Figure I-13. Lateral Occupant Impact Velocity (SLICE-2), Test No. STBR-3 
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Figure I-14. Lateral Occupant Displacement (SLICE-2), Test No. STBR-3 
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Figure I-15. Vehicle Angular Displacement (SLICE-2), Test No. STBR-3 
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Figure I-16. Acceleration Severity Index (SLICE-2), Test No. STBR-3
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Appendix J. Accelerometer and Rate Transducer Data Plots, Test No. STBR-4 
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Figure J-1. 10-ms Average Longitudinal Deceleration (SLICE-1), Test No. STBR-4 
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Figure J-2. Longitudinal Occupant Impact Velocity (SLICE-1), Test No. STBR-4 
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Figure J-3. Longitudinal Occupant Displacement (SLICE-1), Test No. STBR-4 
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Figure J-4. 10-ms Average Lateral Deceleration (SLICE-1), Test No. STBR-4 
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Figure J-5. Lateral Occupant Impact Velocity (SLICE-1), Test No. STBR-4 
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Figure J-6. Lateral Occupant Displacement (SLICE-1), Test No. STBR-4 
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Figure J-7. Vehicle Angular Displacement (SLICE-1), Test No. STBR-4 
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Figure J-8. Acceleration Severity Index (SLICE-1), Test No. STBR-4 
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Figure J-9. 10-ms Average Longitudinal Deceleration (SLICE-2), Test No. STBR-4 
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Figure J-10. Longitudinal Occupant Impact Velocity (SLICE-2), Test No. STBR-4 
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Figure J-11. Longitudinal Occupant Displacement (SLICE-2), Test No. STBR-4 
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Figure J-12. 10-ms Average Lateral Deceleration (SLICE-2), Test No. STBR-4 
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Figure J-13. Lateral Occupant Impact Velocity (SLICE-2), Test No. STBR-4 
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Figure J-14. Lateral Occupant Displacement (SLICE-2), Test No. STBR-4 
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Figure J-15. Vehicle Angular Displacement (SLICE-2), Test No. STBR-4 
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Figure J-16. Acceleration Severity Index (SLICE-2), Test No. STBR-4 
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Figure J-17. Longitudinal CFC-60 Extracted Deceleration (DTS), Test No. STBR-4 
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Figure J-18. Lateral CFC-60 Extracted Deceleration (DTS), Test No. STBR-4

-20

-10

0

10

20

30

40

50

60

0 0.5 1 1.5 2 2.5 3 3.5

A
c
c
e

le
ra

ti
o

n
 (
g

's
)

Time (sec)

Lateral CFC-60 Extracted Acceleration - DTS

CFC-60 Extracted Lateral Acceleration

STBR-4



July 20, 2020  

MwRSF Report No. TRP-03-410-20 

625 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

END OF DOCUMENT 

 

 

 

 

 


	DISCLAIMER STATEMENT
	UNCERTAINTY OF MEASUREMENT STATEMENT
	INDEPENDENT APPROVING AUTHORITY
	ACKNOWLEDGEMENTS
	TABLE OF CONTENTS
	LIST OF FIGURES
	LIST OF TABLES
	1  INTRODUCTION
	1.1 Background and Problem Statement
	1.2 Objective
	1.3 Scope

	2 LITERATURE REVIEW
	2.1 Overview
	2.2 Historical and Current Crash Testing Criteria, Matrices, and Conditions
	2.2.1 NCHRP Report No. 230
	2.2.2  AASHTO Guide Specifications for Bridge Railings
	2.2.3 NCHRP Report 350
	2.2.4 Crash Testing Equivalencies
	2.2.5 Manual for Assessing Safety Hardware (MASH)
	2.2.6 Impact Severity

	2.3 Steel, Side-Mounted, Beam-and-Post, Bridge Rails
	2.3.1 Illinois Side-Mounted Bridge Rail
	2.3.2 MwRSF STTR Bridge Rail
	2.3.3 California ST-70 Side-Mounted Bridge Rail
	2.3.4 Verrazano-Narrows Bridge Rail

	2.4 Steel, Top-Mounted, Beam-and-Post, Bridge Rails
	2.4.1 TxDOT T131 Bridge Rail
	2.4.2 TxDOT C2P Bridge Rail
	2.4.3 Massachusetts S3 TL-4 Bridge Rail
	2.4.4 Caltrans ST-10 Bridge Rail
	2.4.5 PosBarrier-B Bridge Rail
	2.4.6 Caltrans ST-20 Bridge Rail
	2.4.7 TxDOT T131RC Bridge Rail
	2.4.8 TxDOT Picket Bridge Rail

	2.5 Lateral and Vertical Impact Loading
	2.5.1 Overview
	2.5.2 42-in. Tall, Instrumented, Reinforced Concrete Wall
	2.5.3 90-in. Tall, Instrumented, Reinforced Concrete Wall
	2.5.4 AASHTO 1989 Guide Specifications for Bridge Rails - Design Loading
	2.5.5 AASHTO LRFD Bridge Design Specifications - Design Loading
	2.5.6 32-in. Tall, Vertical, Rigid Barrier Finite Element Simulations
	2.5.7 NCHRP Project No. 22-20(2)
	2.5.8 36-in. Tall, Single-Slope, Rigid Concrete Barrier

	2.6 Minimum Bridge Rail Overall Heights
	2.6.1 Impact Simulations of 27, 28, and 29 in. Tall Rigid Barriers
	2.6.2 32-in. Tall, Safety Shape, Concrete Barrier
	2.6.3 36-in. Tall, Single-Slope, Concrete Barrier


	3 DESIGN CRITERIA
	3.1 Overview
	3.2 Critical Deck Configuration
	3.3 Lateral and Vertical Design Impact Loading
	3.4 Minimum Bridge Rail Heights
	3.5 Top Rail Setback
	3.6 Potential for Vehicle Snag
	3.6.1 AASHTO LRFD Bridge Design Specifications
	3.6.2 Bumper Rigid Body Configurations

	3.7 Design Criteria from Sponsors

	4 DESIGN METHODOLOGY
	4.1 Introduction
	4.2 2-D and/or 3-D Nonlinear, Finite Element Computer Simulation
	4.3 Plastic Collapse Mechanism

	5 BRIDGE RAIL ANALYSIS AND DESIGN
	5.1 Overview
	5.2 Plastic Collapse Mechanism Method for IL/OH Bridge Rail Prototype Design
	5.2.1 Example Problem No. 1 – Estimate Barrier Capacity for IL/OH Prototype Bridge Rail for Single-Unit Trucks with Three Rails and DMF=1.0
	5.2.2 Example Problem No. 2 – Estimate Barrier Capacity for IL/OH Prototype Bridge Rail for Pickup Truck with Three Rails and DMF=1.0
	5.2.3 Example Problem No. 3 – Estimate Barrier Capacity for IL/OH Prototype Bridge Rail for Pickup Truck with Two Lower Rails and DMF=1.0

	5.3 Example Problem Summary
	5.4 Guidance Charts for Preliminary Bridge Rail Configurations
	5.5 Preliminary Bridge Rail Configurations
	5.6 Improved Bridge Rail Configurations for Critical Bridge Deck
	5.7 Modified Bridge Rail Configurations Considering Post-to-Rail Connection Holes
	5.7.1 Example Problem No. 4 – Calculate Modified Plastic Section Modulus for Three Rails in IL/OH Prototype Bridge Rail
	5.7.2 Preliminary Plastic Section Moduli Reduction for Final Bridge Rail Configuration

	5.8 Single-Span Check for 2270P Pickup Trucks for Lower Two Rails
	5.9 Other Design Considerations for Final Bridge Rail
	5.10 Vertical Bending Capacity and Deflection – Top Rail
	5.11 Final Bridge Rail Configurations

	6 DESIGN OF BRIDGE RAIL CONNECTIONS
	6.1 Overview
	6.2 Post-to-Rail Connections
	6.2.1 Top Rail Mounting Bracket
	6.2.1.1 Lateral Design Loading for Top Rail Mounting Bracket
	6.2.1.2 Review Concepts
	6.2.1.3 Double-Angle Bracket Concept
	6.2.1.3.1 Example Problem No. 5 – Estimate Plate Tear-Out, Plate Bearing, Bolt Shear, and Bolt Tensile Capacities of Double-Angle Mounting Bracket – Option 1
	6.2.1.3.2 Double-Angle Mounting Bracket Summary

	6.2.1.4 Fully-Welded Plate Concept
	6.2.1.4.1 Example Problem No. 6 – Estimate Plate Tear-Out, Plate Bearing, Bolt Shear, and Bolt Tensile Capacities of Fully-Welded Plate Mounting Bracket – Option 2

	6.2.1.5 Fully-Welded Plate Mounting Bracket Summary
	6.2.1.6 Final Selection of Top Rail Mounting Bracket
	6.2.1.7 Combined Shear and Tension Loading for Fully-Welded Plate Design

	6.2.2 Middle and Bottom Post-to-Rail Connections

	6.3 Rail-to-Rail Connections
	6.3.1 Rail Splices
	6.3.2 HSS Section Tubes
	6.3.3 Four-Plate (Built-Up) Welded Tubes
	6.3.4 Two-Bent Plate Tubes
	6.3.5 Final Splice Tube Design
	6.3.5.1 Moment and Shear Transfer of Splice Tube Selected

	6.3.6 Installation of Splice Tubes
	6.3.7 Installation and Removal of Splice Tube Bolts


	7 COMPONENT TESTING RESULTS, DISCUSSION, AND SYSTEM MODIFICATIONS
	7.1 Overview
	7.2 Component Testing Conditions and Instrumentation
	7.3 Dynamic Component Tests
	7.3.1 Test No. ILOH4-1
	7.3.2 Test No. ILOH4-2
	7.3.3 Test No. ILOH4-3
	7.3.4 Test No. ILOH4-4
	7.3.5 Test No. ILOH4-5
	7.3.6 Test No. ILOH4-6
	7.3.7 Test No. ILOH4-7
	7.3.8 Test Results Summary and Discussion

	7.4 Further Analysis of Bridge Railing Capacity

	8 SURROGATE CONCRETE BRIDGE DECK
	9 TEST REQUIREMENTS AND EVALUATION CRITERIA
	9.1 Test Requirements
	9.2 Evaluation Criteria
	9.3 Critical Impact Point (CIP)

	10 TEST CONDITIONS
	10.1 Test Facility
	10.2 Vehicle Tow and Guidance System
	10.3 Test Vehicles
	10.4 Simulated Occupant
	10.5 Data Acquisition Systems
	10.5.1 Accelerometers
	10.5.2 Rate Transducers
	10.5.3 Retroreflective Optic Speed Trap
	10.5.4 Digital Photography


	11 CONSTRUCTION DETAILS - TEST NO. STBR-1
	12 FULL-SCALE CRASH TEST NO. STBR-1
	12.1 Weather Conditions
	12.2 Test Description
	12.3 System Damage
	12.4 Vehicle Damage
	12.5 Occupant Risk
	12.6 10,000S Peak Lateral Impact Force Calculation
	12.7 Discussion

	13 CONSTRUCTION DETAILS TEST NO. STBR-2
	14 FULL-SCALE CRASH TEST NO. STBR-2
	14.1 Weather Conditions
	14.2 Test Description
	14.3 System Damage
	14.4 Vehicle Damage
	14.5 Occupant Risk
	14.6 2,270P Peak Lateral Impact Force Calculation
	14.7 Discussion

	15 CONSTRUCTION DETAILS TEST NO. STBR-3
	16 FULL-SCALE CRASH TEST NO. STBR-3
	16.1 Weather Conditions
	16.2 Test Description
	16.3 System Damage
	16.4 Vehicle Damage
	16.5  Occupant Risk
	16.6 Discussion

	17 CONSTRUCTION DETAILS - TEST NO. STBR-4
	18 FULL-SCALE CRASH TEST NO. STBR-4
	18.1 Weather Conditions
	18.2 Test Description
	18.3 System Damage
	18.4 Vehicle Damage
	18.5 Occupant Risk
	18.6 10,000S Peak Lateral Impact Force Calculation
	18.7 Discussion

	19 FULL-SCALE CRASH TESTING DISCUSSION
	20 SUMMARY
	21 CONCLUSIONS AND RECOMMENDATIONS
	21.1 Conclusions
	21.2 Recommendations

	22 REFERENCES
	23 APPENDICES
	Appendix A. Derivation of Single-Span Plastic Collapse
	Appendix B. Bridge Rail Design
	Appendix C. Midwest Steel Works Inc. Splice Fabrication Drawings
	Appendix D. Material Specifications
	Appendix E. Vehicle Center of Gravity Determination
	Appendix F. Vehicle Deformation Records
	Appendix G. Accelerometer and Rate Transducer Data Plots, Test No. STBR-1
	Appendix H. Accelerometer and Rate Transducer Data Plots, Test No. STBR-2
	Appendix I. Accelerometer and Rate Transducer Data Plots, Test No. STBR-3
	Appendix J. Accelerometer and Rate Transducer Data Plots, Test No. STBR-4


