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ABSTRACT

National Cooperative Highway Research Program (NCHRP) Report 350
“Recommended Procedures for the Safety Performance Evaluation of Highway Features” was
superseded by the American Association of State Highway and Transportation Officials
(AASHTO) Manual for Assessing Safety Hardware (MASH) in 2009. MASH contained
revised criteria for safety-performance evaluation of virtually all roadside safety features.
Changes included new design vehicles and impact conditions that place greater safety-
performance demands on many types of roadside safety hardware, including bridge rails.

A second edition of MASH was published in 2016. A MASH implementation
agreement was jointly adopted by AASHTO and the Federal Highway Administration
(FHWA) as part of the update process. The implementation agreement establishes dates for
implementing MASH compliant safety hardware for new installations and full replacements
on the National Highway System (NHS). The implementation date for bridge rails is
December 31, 2019.

There are many types of non-proprietary bridge rails in use throughout the states.
Under this project, research was performed to determine which bridge rails need to be retested
to MASH criteria and which, if any, could be "grandfathered™ based on equivalency between
MASH and NCHRP Report 350 test levels. The research approach included identifying,
categorizing, and prioritizing bridge rail systems, determining MASH equivalent test levels
for different categories of bridge rails tested under previous criteria, performing detailed
analysis of selected bridge rail systems, and developing justification for systems considered to
be MASH compliant without further testing.
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EXECUTIVE SUMMARY

National Cooperative Highway Research Program (NCHRP) Report 350
“Recommended Procedures for the Safety Performance Evaluation of Highway Features” was
superseded by the American Association of State Highway and Transportation Officials
(AASHTO) Manual for Assessing Safety Hardware (MASH) in 2009. MASH contains
revised criteria for safety-performance evaluation of virtually all roadside safety features.
Changes included new design vehicles and impact conditions that place greater safety-
performance demands on many types of roadside safety hardware, including bridge rails.

A second edition of MASH was published in 2016. A MASH implementation
agreement was jointly adopted by AASHTO and the Federal Highway Administration
(FHWA) as part of the update process. The implementation agreement establishes dates for
implementing MASH compliant safety hardware for new installations and full replacements
on the National Highway System (NHS). The implementation date for bridge rails is
December 31, 2019.

There are many types of non-proprietary bridge rails in use throughout the states.
Under this project, research was performed to determine which bridge rails need to be retested
to MASH criteria and which, if any, could be "grandfathered™ based on equivalency between
MASH and NCHRP Report 350 test levels. The research approach included identifying,
categorizing, and prioritizing bridge rail systems, determining MASH equivalent test levels
for different categories of bridge rails tested under previous criteria, performing detailed
analysis of selected bridge rail systems, and developing justification for systems considered to
be MASH compliant without further testing.

An electronic, web-based survey was used to obtain input from State Departments of
Transportation (DOTS). The survey requested information regarding the type and frequency
of use of non-proprietary domestic bridge rails in each state. A total of 34 survey responses
were collected, including 33 DOT Agencies and FHWA Federal Lands. The submitted bridge
rail systems were categorized by rail type and NCHRP Report 350 test level, and prioritized
based on weighted frequency of use.

Analyses were performed to assist with a performance-based comparison of test levels
between NCHRP Report 350 and MASH. Three key criteria were considered during this
evaluation process: vehicle stability, bridge rail strength, and bridge rail geometrics.
Minimum rail heights were established for each test level through consideration of available
full-scale crash test and finite element impact simulation data. These minimum rail heights
are 29 inches, 36 inches, and 42 inches for Test Levels 3, 4, and 5, respectively. These rail
heights were used to evaluate relative vehicle stability between the two test criteria. Structural
adequacy criterion was evaluated through consideration of lateral design impact loads and
their application heights. The lateral design impact load defines the required capacity of a
bridge rail system for a given test level. Available test data was used to assess the relevance
of existing empirical relationships related to potential for vehicle snagging interaction
between structural elements of the vehicle and bridge rail system. Various geometric
characteristics, such as post set back distance, vertical clear opening, and ratio of contact
surface to rail height, were plotted for bridge rail systems tested to different test levels under
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both NCHRP Report 350 and MASH criteria. The outcomes of these tests in relation to the
recommended regions of the relationships were used to assess relevancy of the criteria to
different MASH test levels.

NCHRP Report 350 TL-5 is considered equivalent to MASH TL-5. NCHRP Report
350 TL-3 and TL-4 are not globally equivalent, but some bridge rail categories were
considered to have equivalency. Specifically, NCHRP Report 350 TL-3 and TL-4 solid
concrete parapets and metal rails on concrete parapets with a parapet height greater than 24
inches are considered acceptable under MASH TL-3. NCHRP Report 350 TL-3 and TL-4
concrete post and beam, metal rail deck, or curb mounted systems can be found acceptable
under MASH TL-2.

Since many of the NCHRP 350 bridge rail systems are not eligible to be grandfathered
under MASH, more detailed analyses and evaluation of specific rail systems was performed.
The funding resources allocated for this project were not sufficient to perform a detailed
strength analysis and impact performance evaluation of every bridge rail system identified.
Therefore, the bridge rail systems with the highest priority were selected for individual
analysis to assess compliance with MASH criteria. The analyses considered vehicle stability,
structural adequacy, and bridge rail geometrics. For a bridge rail system to be considered a
MASH acceptable barrier, a minimum height must be met to ensure stability of the vehicle.

Using procedures in Section 13 of the AASHTO LRFD Bridge Design Specifications,
an analysis of the strength of the rail system was performed. For concrete parapet railings, the
yield line method was applied to determine the ultimate strength of the system. Metal rail
systems were analyzed using plastic strength analysis methods. The strength of the rail
members, posts, and post connections were analyzed to obtain the overall strength of the rail
system. Limiting failure modes determined from previous NCHRP Report 350 crash tests of
the rail system and/or similar rail systems were considered. The calculated strength of the
bridge rail systems was compared to design impact loads corresponding to the relevant
MASH Test Level to evaluate sufficiency of barrier capacity.

Rail geometrics and propensity for snagging were analyzed using relationships in
Figures A13.1.1-2 and A13.1.1-3 of the AASHTO LRFD Bridge Design Specifications. For
each bridge rail system analyzed, post setback distance, ratio of contact width to height, and
vertical clear opening were determined or calculated from the provided bridge rail details and
plotted against the current geometric criteria. The bridge rail had to plot in the recommended
regions to receive a Satisfactory assessment.

Out of the 22 bridge rail systems analyzed, 13 were given a Satisfactory overall
assessment. To receive an overall assessment of Satisfactory, a bridge rail system must
receive a Satisfactory designation for each of the three evaluation criteria: stability, rail
geometrics, and strength. Other bridge rail systems that were similar or less critical than the
13 systems with a Satisfactory overall assessment are also considered Satisfactory. This
resulted in a total of 50 bridge rail systems found to be MASH compliant.
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The bridge rail systems that were given a Not Satisfactory overall assessment had a
Marginal or Not Satisfactory designation for at least one of the three criteria. Note that a Not
Satisfactory overall assessment does not mean that the investigated bridge rail system will not
meet MASH criteria. Rather, it means that a determination regarding MASH compliance
cannot be confidently made and further testing in accordance with MASH criteria is
recommended.

Eligibility request forms were developed for each of the analyzed bridge rail systems
that received a Satisfactory overall designation. An open letter dated May 26, 2017 states that
FHWA will no longer accept and review any eligibility requests based solely or in part on
engineering analysis. Thus, the eligibility requests developed under this project will not be
considered by FHWA. However, the eligibility justification can still be reviewed and
considered by individual State DOTSs.

Throughout the project, researchers coordinated with research facilities, pooled fund
programs, testing laboratories and user agencies to collect and share information regarding
completed or planned MASH bridge rail crash tests. Collected data has been incorporated
into a database that is available on the Roadside Safety Pooled Fund site under the MASH
implementation page (https://www.roadsidepooledfund.org/mash-implementation/search/).
The database contains information on MASH tested bridge rail systems as well as other
categories of roadside safety hardware. At the writing of this report, the MASH database
contained a total of 33 entries under the “Bridge Rail” category. These systems are
summarized in the report.

MASH implementation testing plans were also collected. Twenty-two bridge rail
systems ranging from TL-2 to TL-5 are currently programmed for full-scale crash testing by
various state DOTSs at the writing of this report. These systems are summarized in the report.
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1 BACKGROUND AND OBJECTIVE
1.1 Introduction

National Cooperative Highway Research Program (NCHRP) Report 350
“Recommended Procedures for the Safety Performance Evaluation of Highway Features”
contains guidelines for evaluating the safety performance of roadside features, such as
longitudinal barriers, terminals, crash cushions, and breakaway structures.® This document
was published in 1993 and was formally adopted as the national standard by the Federal
Highway Administration (FHWA) later that year with an implementation date for late 1998.

An update to NCHRP Report 350 was developed under NCHRP Project 22-14(02),
“Improvement of Procedures for the Safety-Performance Evaluation of Roadside Features.”
The resulting document was published by the American Association of State Highway
Transportation Officials (AASHTO) as the Manual for Assessing Safety Hardware (MASH).
MASH contains revised criteria for safety-performance evaluation of virtually all roadside
safety features.®> For example, MASH recommends testing with heavier light truck vehicles
to better represent the current fleet of vehicles in the pickup/van/sport-utility vehicle class.
Further, MASH increases the impact angle for most small car crash tests to the same angle as
the light truck test conditions. These changes place greater safety-performance demands on
many current roadside safety features.

AASHTO recently published the second edition of MASH in December 2016.® As
part of this process, the Federal Highway Administration (FHWA) and AASHTO adopted a
joint implementation agreement that establishes dates for implementing MASH compliant
safety hardware for new installations and full replacements on the National Highway System
(NHS). Although some barrier testing was performed during the development of the updated
criteria, many barrier systems and other roadside safety features have yet to be evaluated
under MASH criteria. Therefore, evaluation of the remaining widely used roadside safety
features using the safety-performance evaluation guidelines included in MASH is needed.

There are many types of non-proprietary bridge rails in use throughout the states, and
research is needed to determine which rail systems need to be retested to MASH criteria and
which, if any, can be "grandfathered" based on evaluation under previous criteria. In 1997,
FHWA provided a list of 74 bridge rails and their equivalent NCHRP Report 350 test levels
based on testing performed under the earlier NCHRP Report 230 test levels and the
performance levels contained in the AASHTO Guide Specification for Bridge Rails.®) In
2000, FHWA provided guidance that allowed for demonstrating that variations of an accepted
bridge rail design would not have to be crash tested if the basic geometry of the bridge rail has
not bee(:r; changed and the structural design of the rail is comparable to the rail that has been
tested.®

1.2 Research Objective

The objectives of this project are to identify and prioritize bridge railings, determine
equivalent test levels between NCHRP Report 350 and MASH, and determine whether



individual types of bridge railing can be considered MASH compliant or if retesting is
needed.

1.3  General Discussions
1.3.1 MASH Implementation Plan

MASH is the latest in a series of documents that provides guidance on testing and
evaluation of roadside safety features.® MASH was published in 2009 and represents a
comprehensive update to crash test and evaluation procedures to reflect changes in the vehicle
fleet, operating conditions, and roadside safety knowledge and technology. It supersedes
National Cooperative Highway Research Program (NCHRP) Report 350, “Recommended
Procedures for the Safety Performance Evaluation of Highway Features.”® A second edition
of MASH was published in 2016.®

AASHTO and FHWA adopted a MASH implementation plan that has compliance
dates for installing MASH hardware that differ by hardware category. The different dates and
associated roadside safety hardware categories are shown in Figure 1.1. According to the
plan, all new installations of roadside safety devices on the NHS on projects let after
December 31, 2019 must be MASH compliant. The FHWA no longer issues eligibility letters
for highway safety hardware under previous performance criteria.

MASH Compliance Timeline

Dec. 31, June 30, Dec. 31, Dec. 31,
2017 2018 2018 2019
W-beam & W-beam Cable barriers, & Bridge rails, trarsitions, all other
castin-place terminalks their terminals, longitudinal barriers including porta-
concrete crash cushions  ble barriers installed permanently, all
Report 350 SUNSET barriers other terminals, sign supports, & MASH SUNRISE

other breakaway hardware

Figure 1.1 MASH Implementation Deadlines for Roadside Safety Devices.
1.3.2 MASH Major Changes and Implications

MASH incorporated significant changes and additions to the procedures for the safety
performance of roadside safety hardware, including new design vehicles that better reflect the
changing character of vehicles using the highway network. For example, MASH increased the
weight of the pickup truck design test vehicle from 4,409 Ib to 5,000 Ib, changed the body
style from a %-ton, standard cab to a ¥%-ton, 4-door, and imposes a minimum height for the
vertical center of gravity (CG) of 28 inches. The increase in vehicle mass represents an
increase in impact severity of approximately 13 percent with respect to the impact conditions
of NCHRP Report 350. The increased impact severity may result in increased impact forces
and larger lateral barrier deflections compared to NCHRP Report 350 impact conditions.



The impact conditions for the small car test have also changed. The weight of the
small passenger design test vehicle increased from 1,800 Ib to 2,420 Ib, and the impact angle
increased from 20 degrees to 25 degrees. These changes represent an increase in impact
severity of 206 percent for Test 3-10 with the small car design test vehicle with respect to the
impact conditions of NCHRP Report 350. This increase in impact severity may result in
increased vehicle snagging and occupant compartment deformation, and could possibly
aggravate vehicle stability during impacts with certain types of barriers.

Similar to NCHRP Report 350, MASH defines six test levels for longitudinal barriers.
Each test level places an increasing level of demand on the structural capacity of a barrier
system. At a minimum, all barriers on high-speed roadways on the National Highway System
(NHS) are required to meet Test Level 3 (TL-3) requirements. The structural adequacy test
for this test level consists of a 5,000-1b pickup truck (denoted 2270P) impacting the barrier at
a speed of 62 mph and an angle of 25 degrees. The severity test consists of a 2,420-Ib
passenger car (denoted 1100C) impacting the barrier at the same speed and angle.

Most state departments of transportation require that their bridge railings and median
barriers meet Test Level 4 (TL-4), which includes a test with a 24,240-Ib single unit truck
(denoted 10000S) impacting the barrier at a speed of 56 mph and an angle of 15 degrees.
Higher containment barriers are sometimes used when conditions such as a high percentage of
truck traffic or the nature of a hazard underlying a bridge so warrant. Higher test levels (e.g.,
TL-5 and TL-6) include evaluation with 80,000-1Ib tractor-van trailers and tractor-tank trailers.
Such barriers are necessarily taller, stronger, heavier, and more expensive to construct.

Under TXDOT Research Project 9-1002 “Roadside Safety Device Crash Testing
Program,” TTI researchers investigated the minimum height and lateral design load for
MASH TL-4 bridge rails.®) Under MASH, the severity of TL-4 impacts increased 56%
compared to NCHRP Report 350. Consequently, 32 inch tall barriers that met TL-4
requirements under NCHRP Report 350 do not satisfy MASH. The minimum rail height for
MASH TL-4 barriers was determined to be 36 inches. The lateral design impact load was
found to vary with rail height. For a 36-inch tall barrier (the minimum height required to
meet stability requirements for the single unit truck), the design impact load is 68 kips. As the
height of the barrier increases, more of the cargo box of the single unit truck is engaged and
the lateral load on the barrier increases. For a barrier height of 42 inches, the lateral design
impact load for TL-4 is 80 kips.®






2 IDENTIFICATION AND PRIORITIZATION OF BRIDGE RAIL SYSTEMS
2.1 Survey Structure

The research team prepared and distributed an electronic survey seeking input from
State Departments of Transportation (DOTSs). The survey requested information regarding the
type and frequency of use of non-proprietary domestic bridge rails in each state.
Additionally, for each of their bridge rail systems, the DOT was asked whether they intend to
discontinue its use or pursue MASH eligibility. The information was collected through a
web-based survey instrument. Follow up telephone and email communications were made to
resolve questions, clarify information, or request additional input. The web based survey was
e-mailed to appropriate contact persons in each state. AASHTO assisted the research team
with identification of appropriate contact persons and information. The research team
additionally reached out to active State DOT members of the Roadside Safety Pooled Fund,
Midwest States Pooled Fund, AASHTO Technical Committee for Roadside Safety, and
AASHTO Subcommittee on Bridges and Structures, Technical Committee T-7 “Guardrail and
Bridge Rail.”

In addition to verifying the types of bridge rails currently in use, the survey also
requested relative frequency of use for each rail type. Because actual inventory data of bridge
rails is not typically available, this was accomplished using the following categories: Never;
Rarely (1-25%); Somewhat Frequently (26-50%); Frequently (51-75%); and Very Frequently
(76-100%). The respondent was asked to indicate their state’s frequency of use of each type
of bridge rail using these percentages based on best available knowledge. In addition, two
additional check boxes were presented to indicate whether or not the state plans to discontinue
use of the bridge rail system or pursue MASH eligibility to permit its continued use on the
NHS beyond the implementation date. Finally, the respondent was asked to provide standard
details for each of their bridge rail systems. A copy of the submitted electronic survey
instrument is provided in Appendix A.

The research team analyzed the information and determined those bridge rails which
are most frequently used and would, therefore, be high priority for evaluation to MASH
criteria. The bridge rails in each category were ranked by the researchers in order of weighted
frequency of use.

A total of 34 survey responses were collected, including 33 DOT Agencies and
FHWA Federal Lands. The research team reviewed and organized the survey responses based
on the following bridge rail categories and sub-categories:

e Concrete Only
o Vertical profile
Vertical profile, post and beams
New Jersey profile
Single Slope profile
F-Shape profile
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e Metal Only
o Deck-Mounted
o Side-Mounted
e Concrete-Metal Combined (Traffic Only)
o With Curb
= 3 metal members
= 2 metal members
= 1 metal member
0 With Parapet
= 3 metal members
= 2 metal members
= 1 metal member
e Combination Traffic-Pedestrian
o With Sidewalk
o Without Sidewalk
e Wood Only
e Noise Wall Only
e Retrofit Only

For each sub-category, the research team grouped the received bridge rail systems by
test level, and developed a Weighted Frequency of Use (WFofU) based on the relative
frequency of use indicated for each rail type. As shown below, each rail system was assigned
a weighted value based on the reported frequency of use from a DOT. The number represents
the Weighed Frequency of Use of a DOT for that specific bridge rail system at the considered
Test Level:

Never (up to 1%) > 1

Rarely (1-25%) - 2

Somewhat Frequently (26-50%) - 3
Frequently (51-75%) - 4

Very Frequently (76-100%) - 5

The WFofU for a given bridge rail system for a specific Test Level is defined as the
sum of all the contributing weighted frequency of use values reported by the DOTSs for that
specific bridge rail system at that specific Test Level.

Figure 2.1 illustrates a simplified version of the adopted prioritization methodology.
In this example, bridge rail System #1 is used by three state DOTs. DOT #1 uses the bridge
rail frequently, DOT #2 rarely uses the bridge rail, and DOT #3 uses the bridge rail somewhat
frequently. Based on the assigned weighted values for these Frequency of Use categories,
System #1 is assigned a Weighted Frequency of Use (WFofU) of 9 (4+2+3).

Table 2.1 summarizes the survey results for each proposed bridge rail category,
including:



Information on the bridge rail system test level;

Number of Agencies who provided a response;

Number of provided bridge rail systems input per category (and sub-category);
Weighted frequency of use (WFofU) for each sub-category, per system Test Level.

For clarification, the number of “Inputs” will always be equal to or greater than the
number of “Replying Agencies”, due to the fact that a specific DOT (identified as “Replying
Agency”) might have reported multiple variation of a similar system (“Inputs”) for a given
test level. For example, a DOT might have submitted three single slope barriers, all used
under TL-4 conditions. Although similar in shape and details, these barriers would be
different in height. Therefore, the DOT would be identified as one (1) Replying Agency,
however there would be three (3) Inputs.

Category A
Bridge Rail  |Bridge Rail System | Replying F"ﬁ'_“““}' F"ﬁ‘f‘“’-" F"?:_E“"-"
Svstem Name Test Level Agencies o Lse o Lse o Lse
- DOT #1 DOT #2 DOT#3
DOT=1, ] ] Somewhat
System #1 TL4 DOT#=2, l-'r; lqﬁ?:ﬂ" E;ir:uh Frequently
pores | CFP%) | (1-25%) (26-50%)
System 2 TL4 DOT2 Frequently
3 (51-75%)

Category A l l l

Weighted | Weighted | Weighted

Bridge Rail |Bridge Rail System | Replying | Frequency | Frequency | Frequency WFofU
System Name Test Level Agencies of Use of Use of Use (Bridge Rail System)
DOT #1 DOT #2 DOT #3
DOT=1,
System =1 TL4 DOT=2, 4 2 3 9
DOT=3
Swstem #2 TL4 DOT=2 4 4
WFofU
(Category A, 13
TL4)
Figure 2.1 Adopted Methodology for Calculation of Weighted Frequency of Use

(WFofU).

Table 2.1 summarizes the survey results for each proposed bridge rail category. As an
example, inputs have been received for test levels 3, 4, and 5 on the concrete barrier category,
with F-Shape profile. No barrier height details have been included in this summary, however



they were captured, compared, and reported in another tables. Thirteen (13) Agencies
indicated they currently have at least a concrete F-shape bridge rail system that they would
like to keep in their standard under MASH implementation, for Test Level 4 applications.
Eighteen (18) barrier systems were included by the 13 Agencies. The total weighted
frequency of use for all the concrete F-shape barrier systems indicated by the Agencies for
Test Level 4 applications resulted to be 67.



Table 2.1 Summary of Survey Results Divided by Proposed Bridge Rail Categories.
# Replying Weighted Frequency of
Cat
ategory Test Lewel Agencies # Inputs Use
TL-3 1 1 5
F-Shape TL-4 13 18 67
TL-5 9 10 31
TL-2 1 2
New Jersey TL-3 2 10
TL-4 5 23
. TL-4 8 14 44
Single Slope
TL-5 2 2 6
Only Concrete
TL-2 3 9
. TL-3 2 3 8
Vertical
TL-4 7 12 27
TL-5 3 5 12
TL-2 2 2 7
TL-3 2 3 8
Post & Beam
TL-4 6 8 28
TL-5 2 2 3
TL-2 1 1 2
Deck Mounted TL-3 3 3 6
Only Metal TL-4 2 3 12
. TL-2 2 2 5
Side Mounted
TL4 5 5 17
3 Metal Members TL-4 2 2 6
i TL-2 1 1 3
With Curb
2 Metal Members TL-3 4 6 19
TL4 11 11 39
TL-2 1 1 3
3 Metal Members
Combined TL-A4 3 3 10
Concrete TL-2 2 2 6
Metal - 2 Metal Members TL-4 3 4 12
Traffic Only |y TL5 2 2 7
Parapet TL2 1 1 2
TL-3 2 3 6
1 Metal Members TL-4 3 3 8
TL-5 2 2 6
TL-6 1 1 2
TL-2 6 6 17
. TL-3 2 6 12
With Sidewalk
Combination Traffi TL-4 11 15 39
om |nat|on_ raffic TLS > > 5
Pedestrian
TL-2 3 3 10
Without Sidewalk TL-3 3 8 20
TL-4 5 7 22
TL-1 1 1 2
Only Wood
TL-2 1 1 2
Only Noise Wall TL-4 1 2 4
TL-2 1 1 2
Only Retrofit TL-3 2 2 4
TL-4 4 6 12




2.2 Survey Result Summaries by Bridge Rail System Category

The next sections summarize survey results for each proposed bridge rail system
category.

2.2.1 Concrete Bridge Rail Systems

Below survey results are summarized for proposed sub-categories based on concrete
bridge rail systems profile types.

Vertical Profile — Post and Beam Concrete Barrier

Inputs were received for vertical profile —post and beam concrete barrier systems for
test level 2, 3, 4, and 5 applications (Figure 2.2 (a)). The lowest weighted frequency of use
was recorded for test level 5 applications (Figure 2.2 (b)). The highest weighted frequency of
use in this sub-category was recorded for test level 4 applications (Figure 2.2 (b)). A total of 6
Agencies indicated current use of vertical profile post and beam concrete barriers for test level
4 applications, for a total of 8 inputs, which had a combined weighted frequency of use of 28.
Based on the survey responses, the highest recorded weighted frequency of use for test level 4
applications with vertical concrete post and beam barriers was for 32 inches barrier height
(WFofU = 16) (Figure 2.2 (c)).

Vertical Profile — Concrete Barrier

Inputs were received for vertical profile concrete barrier systems for test level 2, 3, 4,
and 5 applications (Figure 2.3 (a)). The lowest weighted frequency of use was recorded for
test level 3 applications (Figure 2.3 (b)). The highest weighted frequency of use in this sub-
category was recorded for test level 4 applications (Figure 2.3 (b)). A total of 7 Agencies
indicated current use of vertical profile concrete barriers for test level 4 applications, for a
total of 12 inputs, which had a combined weighted frequency of use of 27. Based on the
survey responses, the highest recorded weighted frequency of use for test level 4 applications
with vertical concrete barriers was for 32 inches barrier height (WFofU = 9) (Figure 2.3 (c)).

New Jersey Profile — Concrete Barrier

Inputs were received for New Jersey profile concrete barrier systems for test level 2, 3,
and 4 applications (Figure 2.4 (2)). The lowest weighted frequency of use was recorded for
test level 2 applications (Figure 2.4 (b)). The highest weighted frequency of use in this sub-
category was recorded for test level 4 applications (Figure 2.4 (b)). A total of 5 Agencies
indicated current use of New Jersey profile concrete barriers for test level 4 applications, for a
total of 6 inputs, which had a combined weighted frequency of use of 23. Based on the survey
responses, the highest recorded weighted frequency of use for test level 4 applications with
New Jersey concrete barriers was for 32, 33, and 34 inches barrier height (WFofU = 5)
(Figure 2.4 (c)).
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Single Slope Profile — Concrete Barrier

Inputs were received for single slope profile concrete barrier systems for test level 4
and 5 applications (Figure 2.5 (a)). The lowest weighted frequency of use was recorded for
test level 5 applications (Figure 2.5 (b)). The highest weighted frequency of use in this sub-
category was recorded for test level 4 applications (Figure 2.5 (b)). A total of 8 Agencies
indicated current use of single slope profile concrete barriers for test level 4 applications, for a
total of 14 inputs, which had a combined weighted frequency of use of 44. Based on the
survey responses, the highest recorded weighted frequency of use for test level 4 applications
with single slope concrete barriers was for 42 inches barrier height (WFofU = 18) (Figure 2.5

(€)).
F-Shape Profile — Concrete Barrier

Inputs were received for F-Shape profile concrete barrier systems for test level 3, 4
and 5 applications (Figure 2.6 (a)). The lowest weighted frequency of use was recorded for
test level 3 applications (Figure 2.6 (b)). The highest weighted frequency of use in this sub-
category was recorded for test level 4 applications (Figure 2.6 (b)). A total of 13 Agencies
indicated current use of F-Shape profile concrete barriers for test level 4 applications, for a
total of 18 inputs, which had a combined weighted frequency of use of 67. Based on the
survey responses, the highest recorded weighted frequency of use for test level 4 applications
with F-Shape concrete barriers was for 32 inches barrier height (WFofU = 39) (Figure 2.6

(©).

Use of concrete barriers were then compared based on test level applications (Figure
2.7 and Figure 2.8). Table 2.2 summarizes survey results for concrete barriers. The highest
WFofU for the concrete barrier category are summarized below:

o Test Level 2: vertical (WFofU =9), vertical post and beam (WFofU = 7); New Jersey
(WFofU = 2);

e Test Level 3: New Jersey (WFofU = 10), vertical and vertical post and beam (WFofU
= 8), F-Shape (WFofU = 5);

e Test Level 4: F-Shape (WFofU = 67), single slope (WFofU = 44), vertical post and
beam (WFofU = 29);

e Test Level 5: F-Shape (WFofU = 31), \ vertical (WFofU = 12), single slope (WFofU =
6).
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Figure 2.2 Summary for Vertical Post-and-Beam Concrete Barriers — Survey Results.
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Figure 2.6 Summary for F-Shape Concrete Barriers — Survey Results.




LT

Weighted Frequency of Use

of Use

Weiglted Frequency

6 i I
]
4
3
2
1
0

Vertical P&B Vertical

R \ D Iib

Conerete Barrier Types

(a) TL-2

12

F-Shape

iE-2

11

Vertical P&B Vertical

o N\ l@

Concrete Barrier Types

(c) TL-4

& 12

F-Shape

of Use

‘Weighted Frequency

‘Weighted Frequency of Use

12

10

=

=)

Vertical P&B Vertical

111

F-Shape

of® \& | IQI

Concrete Barrier Types

(b) TL-3

[

Vertical P&B Vertical

P \D

sS F-Shape

lé 12 &

Concrete Barrier Types

(d) TL-5

Figure 2.7 Weighted Frequency of Use for Concrete Barriers According to Test Levels — Survey Results.




80

HATL-2 mTL-3 BTL-4 ETL-5
70
2
:_j
s 60
P
'Eé‘ 50
E
2 40
0
. 30 —
20 —
10 —
Vertical P&B Vertical NI 58 F-Shape
Concrete Barrier Types
i # Apencies| |, Weighted Frequency
Category Test Level Replying # Inputs of s
TL-2
TL-3 1 1 5
T e s [w [ e
TL-3 o 10 31
-2 1 1 2
B TL-3 2 2 10
Mew Jersey
TL-4 5 23
TL-5
TL-2
: TL-3
Oxly Single Slope
Conerate TL-4 8 14 44
TL-3 2 2 6
TL-2 3 4 £
o TL-3 2 3 8
Wartieal
TL-4 7 12 27
-3 3 5 12
-2 2 2 T
TL-3 2 3 3
Post & Beam
TL-4 & 8 28
TL-3 2 2 3

Figure 2.8 Concrete Barriers — Survey Results Summary

18



Table 2.2 Weighted Frequency of Use Comparison for Concrete Barriers — Survey

Results.
Conerete| WofU | 20d | WofU | 3rd | WofU
Only
Tt &= T e
TL2 | Veical | 8 | SR 7 e 2
Beam Jerzay
New Vertical 3 F-Zhaps 3
TL-3 E 10
Jersay Post & 3
Bzam
- Zingls Post & -
TL-4 | Flhape| & Siops 44 i 29
TL-5 | Fdhape | 31 | Vertical 12 Single 5
Slope

2.2.2 Metal-Only Bridge Rail Systems

Survey results are summarized for metal-only bridge rail systems below (Figure 2.9):

e Test Level 2: WFofU =7;
e Test Level 3: WFofU =6;
e Test Level 4: WFofU = 29.

The WFofU was then evaluated for two sub-category of the metal-only rail systems:
those that are deck-mounted and those that are side-mounted (Figure 2.10). In addition,
investigation and comparison were conducted based on the number or railing members of the
proposed sub-categories. Given a very limited number of inputs, no distinctions were
attributed for w-beam, thrie-beam or tubular member: they are all here considered as
contributing as one railing member.

Deck-Mounted — Metal Only

Inputs were received for deck-mounted, metal-only systems for test level 2, 3 and 4
applications (Figure 2.11). The lowest weighted frequency of use was recorded for test level 2
applications. The highest weighted frequency of use in this sub-category was recorded for test
level 4 applications. A total of 6 Agencies indicated current use of deck-mounted metal-only
barriers for test level 4 applications, for a total of 8 inputs, which had a combined weighted
frequency of use of 26. Based on the survey responses, the highest recorded weighted
frequency of use for test level 4 applications with deck-mounted metal-only barriers was for 2
railing members (WFofU = 15) (Figure 2.11 (a)).

Side-Mounted — Metal Only
Inputs were received for side-mounted, metal-only systems for test level 2 and 4

applications (Figure 2.11). The lowest weighted frequency of use was recorded for test level 2
applications. The highest weighted frequency of use in this sub-category was recorded for test
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level 4 applications. A total of 5 Agencies indicated current use of side-mounted metal-only
barriers for test level 4 applications, for a total of 5 inputs, which had a combined weighted
frequency of use of 17. Based on the survey responses, the highest recorded weighted
frequency of use for test level 4 applications with side-mounted metal-only barriers was for 3
railing members (WFofU = 12) (Figure 2.11 (b)).

Table 2.3 summarizes survey results for metal-only barriers. The highest WFofU for
the metal-only barrier category are summarized below:

e Test Level 2: Side-Mounted (WFofU = 5), Deck-Mounted (WFofU = 2);

e Test Level 3: Deck-Mounted (WFofU = 6);
e Test Level 4: Deck-Mounted (WFofU = 12), Side-Mounted (WFofU = 17).

Table 2.3 Weighted Frequency of Use for Metal-Only Barriers — Survey Results.

Only Lst WofU | 2nd | WofU | 3md Wofll
Metal
TL-2 fide- 5 Dacke 2
MMovnted Movnted
Dack
L3 MMovnted &
Dack . Bide- -
T4 |y founted 2 | o= 1
TL-5

2.2.3 Concrete-Metal Combined (Traffic-Only) Bridge Rail Systems

Survey results are summarized for concrete-metal combined (traffic-only) bridge rail
systems below (Figure 2.12 (a)):

Test Level 2: WFofU = 14;
Test Level 3: WFofU = 25;
Test Level 4: WFofU = 75;
Test Level 5: WFofU = 13;
Test Level 6: WFofU = 2.

The WFofU was then evaluated for two sub-category of the concrete-metal combined
(traffic-only) systems: those with metal railing mounted on a parapet and those with metal
railing mounted on a curb (Figure 2.12 (b)). In addition, investigation and comparison were
conducted based on the number or railing members of the proposed sub-categories.
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Figure 2.9 Weighted Frequency of Use for Metal-Only Barriers — Survey Results.
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Figure 2.10 Weighted Frequency of Use for Deck and Curb Mounted Metal-Only Barriers — Survey Results.
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— Survey Results.
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Figure 2.12 Weighted Frequency of Use for Traffic-Only Combined Barriers — Survey
Results.
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Concrete-Metal on Curb

Inputs were received for concrete-metal combined system on curb for test level 2, 3
and 4 applications (Figure 2.12 (b)). The lowest weighted frequency of use was recorded for
test level 2 applications. The highest weighted frequency of use in this sub-category was
recorded for test level 4 applications (Figure 2.12 (b)). A total of 13 inputs were recorded
from Agencies’ responses from concrete-metal combined rails on parapet, for test level 4
applications, with a combined weighted frequency of use of 45. Based on the survey
responses, the highest recorded weighted frequency of use for test level 4 applications of
concrete metal combined barriers on curb was for 2 metal railings (WFofU = 39) (Figure 2.13

(a)).
Concrete-Metal on Parapet

Inputs were received for concrete-metal combined system on parapet for test level 2,
3,4, 5 and 6 applications (Figure 2.12 (b)). The lowest weighted frequency of use was
recorded for test level 6 applications. The highest weighted frequency of use in this sub-
category was recorded for test level 4 applications (Figure 2.12 (b)). A total of 11 inputs were
recorded from Agencies’ responses from concrete-metal combined rails on parapet, for test
level 4 applications, with a combined weighted frequency of use of 35. Based on the survey
responses, the highest recorded weighted frequency of use for test level 4 applications of
concrete metal combined barriers on parapet was for 2 metal railings (WFofU = 17) (Figure
2.13 (b)).

Table 2.4 summarizes survey results for concrete-metal combined barriers — traffic
only. The highest WFofU for this barrier category are summarized below:

e Test Level 2: combined on parapet, 2 metal railings (WFofU = 6); combined on
parapet, 1 metal railing (WFofU = 4); combined on parapet, 3 metal railings, and
combined on curb, 2 metal railings (WFofU = 3);

e Test Level 3: combined on curb, 2 metal railings (WFofU = 19); combined on parapet,
1 metal railing (WFofU = 6);

e Test Level 4: combined on curb, 2 metal railings (WFofU = 19); combined on parapet,
2 metal railings (WFofU = 17); combined on parapet, 3 metal railings (WFofU = 10);

e Test Level 5: combined on parapet, 2 metal railings (WFofU = 7); combined on
parapet, 1 metal railing (WFofU = 6);

e Test Level 6: combined on parapet, 1 metal railing (WFofU = 2).
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Figure 2.13 Weighted Frequency of Use for Traffic-Only Combined Barriers with
Railing Members — Survey Results.
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Table 2.4 Weighted Frequency of Use for Traffic-Only Combined Barriers with Railing

Members — Survey Results.

Parapat, 1 metal member

. - , Weighted F; r
Category Test Level | # Entities | # Inputs eight PrEquEnCy
of Use
-2
TL-3
3 MMetal Members
TL-4 2 2 6
With TL-5
Curb i) 3
TL-3 4 ] 19
ErmETme o o [ s
TL-5
) -2 1 1 3
Combined P
Conerate 3 Matal Mambers
hlztal - TL-4 3 3 10
Traffic TL-5
Only
TL-2 2 2 &
2 Metal Memb. 2
Wi 2 Meatal Mambers
_with TL-4 3 4 12
Parapat
TL-5 2 2 7
-2 1 1 2
TL-3 2 3 6
1 hMztal Members TL-4 3 3 3
TL-5 2 2 6
TL-& 1 1 2
Combined 1st Wafll Ind WofU 3rd WefU
TL-2 Combined -Traffic only-, p Combined -Traffic only-, 3 Combined -Traffic only-, °
- Parapet, 2 metal members Parapet, 3 matal members Parapet, 1 matal member -
L3 Combined -Traffic only-, 10 Combined -Traffic only-, 6
Curb, 2 metal members Parapet, 1 metal member
TL-4 Combined -Traffic only-, 10 Combined -Traffic only-, 12 Combined -Traffic only-, 10
Curb, 2 metal members Parapat, 2 metal members - Parapet, 3 metal members
TL-z Combined -Traffic only-, - Combined -Traffic only-, 6
= Parapet, 2 metal members ' Parapet, 1 metal member
TL-§ Combined -Traffic only-, 3
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2.2.4 Combination Traffic-Pedestrian Bridge Rail Systems

Survey results are summarized for combination traffic-pedestrian bridge rail systems
below (Figure 2.14):

Test Level 2: WFofU = 27;
Test Level 3: WFofU = 32;
Test Level 4: WFofU =61,
Test Level 5: WFofU = 5;

The WFofU was then evaluated for two sub-category of the combination traffic-
pedestrian rail systems: those with a sidewalk and those without a sidewalk (Figure 2.14).

Combination Traffic-Pedestrian — With Sidewalk

Inputs were received for combination traffic-pedestrian rails with sidewalk for test
level 2, 3, 4 and 5 applications (Figure 2.14 (b)). The lowest weighted frequency of use was
recorded for test level 5 applications. The highest weighted frequency of use in this sub-
category was recorded for test level 4 applications. A total of 11 Agencies indicated current
use of combination traffic-pedestrian rails with sidewalk for test level 4 applications, for a
total of 15 inputs, which had a combined weighted frequency of use of 39.

Combination Traffic-Pedestrian — Without Sidewalk

Inputs were received for combination traffic-pedestrian rails without sidewalk for test
level 2, 3 and 4 applications (Figure 2.14 (b)). The lowest weighted frequency of use was
recorded for test levels 2 and 3 applications. The highest weighted frequency of use in this
sub-category was recorded for test level 4 applications. A total of 5 Agencies indicated
current use of combination traffic-pedestrian rails with sidewalk for test level 4 applications,
for a total of 7 inputs, which had a combined weighted frequency of use of 22.

Table 2.5 summarizes survey results for combination traffic-pedestrian rails. The
highest WFofU for this barrier category are summarized below:

e Test Level 2: combination with sidewalk (WFofU = 17), combination without
sidewalk (WFofU = 10);

e Test Level 3: combination with sidewalk (WFofU = 12), combination without
sidewalk (WFofU = 10);

e Test Level 4: combination with sidewalk (WFofU = 39), combination without
sidewalk (WFofU = 22);

e Test Level 5: combination with sidewalk (WFofU = 5).
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Figure 2.14 Weighted Frequency of Use for Combination Traffic-Pedestrian Barriers —
Survey Results.
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Table 2.5 Weighted Frequency of Use for Combination Traffic-Pedestrian Barriers —
Survey Results.

Category Test Level | # Entities | # Inputs Weighted ljmquenr‘r
of Use
TL-2 & & 17
With TL-3 2 6 12
e o o
C’D‘fﬂb‘i.ﬂa[‘i.ﬂﬂ 11_5 2 1 5
Traffic -
Padestrian TL-2 3 3 10
Without TL-3 2 3 0
Bidawall TL-4 5 7 22
TL-3
TrafPed 1st WofU 2nd WofU
N R N o
TL-2 Combination TrafPad, 17 Combination TrafPad, 10

W Bidewallc ! Wiout Sidewallk

Combination TrafPad, Combination TrafPad,

TL-3

Wiout Sidewall W Bidewalle
TL-4 Combination TrafPad, 35 Combination TrafPad, ey
W/ Sidewall Wiout Sidewall -
N R
TL-5 Combination TrafPad, 5

W Bidewall

2.2.5 Wood Bridge Rail Systems

One Agency inputted two wood bridge rail systems, one for test level 1 and one for
test level 2. Both wood systems had a WFofU of 2.

2.2.6 Noise-Wall Bridge Rail Systems

One Agency inputted two noise wall bridge rail systems, both fur test level 4
applications, for a combine WFofU of 4.

2.2.7 Retrofit Bridge Rail Systems
Survey results are summarized for retrofit bridge rail systems below:

e Test Level 2: WFofU = 2;
e Test Level 3: WFofU =4;
e Test Level 4: WFofU =12;
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2.3 Conclusions

Table 2.6 summarizes ranking based on weighted frequency of use for each proposed
barrier category. Table 2.7 through Table 2.10 summarize overall ranking of railing system
types based on weighted frequency of use for test level 2 through test level 5, respectively.
These prioritized railing types were considered for further investigation and evaluation for
MASH equivalency.
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Table 2.6 Ranking Based on Weighted Frequency of Use per Category — Survey Results.

Category st WFofU 2nd WFoflJ Jrd WFoild
Concrste-Only Vertical ) Post & Beam 7 Naw Jersey 2
Mlztal-Only Bide-Mouvnted 5 Deacle-hovnted 2

Parapat, 3
B ai i ] E =
Combined (Trafic) | . © arapeat, P 3 metal member arapeat, 3
L2 2 metal members Parapst, 3 1 metal member
= 2 matal members
Combination TrafPed, 17 TrafPed, 10
TrafPed W/ Bidewall ) Wiont Sidewall
Wood Wood 2
Fetrofit Fetrofit 2
Vertical 3
Conerate-Only Meaw Jersaw 10 F-Zhaps 5
Post & Beam g
Metal-Only Decl-hMounted G
TL-3 Py =
., . urb, Parapat,
Com ffic) 15 6

bined (Traffic) 2 metal members 1 metal member
Combination TrafPed, 12 TrafPed, 20
TrafPad W/ Sidewallk - Wiout Sidewall 3
Ratrofit Ratrofit 4
Conerste-Only F-Ehaps 67 Zingl= Blope 44 Post & Beam 26
Matal-Only Declc-Movnted 12 Side-Mouvnted 17

. B = B i

Combined (Traffic) Curh, 30 Parapst, 17 Parapat, 10
TL-4 2 metal members 2 metal members 3 metal members

Combination TrafPed, 30 TrafPed, .

TrafPsd W/ Sidewalle Wiont Sidewall -

Moise-Wall Moise-Wall 4

Fetrofit Fetrofit 12

Conerate-Only F-Zhape 3l WVertical 12 ingle Slope 6

Matal-Only
TL-& S S

c ., P Parapat, - Parapat, 5

bined (Traffic) 2 metal members ) 1 metal member
Combination TrafPad, =
TrafPad W/ Sidewalle ~
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Table 2.7 TL-2 Ranking Based on Weighted Frequency of Use — Survey Results.

Rank Category Type Score

.
|- inep
\ o

Ard
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Table 2.8 TL-3 Ranking Based on Weighted Frequency of Use — Survey Results.

Rank Category Type WFofll

AR
||

Ird
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Table 2.9 TL-4 Ranking Based on Weighted Frequency of Use — Survey Results.
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Table 2.10 TL-5 Ranking Based on Weighted Frequency of Use — Survey Results.

Category
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3 METHODOLOGY FOR EVALUATING TEST LEVEL EQUIVALENCY

In the development of MASH, several changes and additions were incorporated to
reflect the changing fleet of vehicles using the highway network. Some of these changes
include increasing the weight and body style of the pickup truck vehicle used in Test No. 11.
Furthermore, the weight of the passenger car vehicle increased for Test No. 10 and the impact
angle increased from 20 to 25 degrees. These changes may result in increased impact forces,
vehicle snagging, vehicle deformation, vehicle accelerations, and barrier deflections when
compared to NCHRP Report 350 Test impact and vehicle conditions.

As part of the effort to evaluate equivalency between NCHRP Report 350 and MASH
test levels, three key criteria have been explored. The three criteria are stability, strength, and
geometrics. Stability relates to all of the characteristics of the barrier that affects vehicle
stability, such as barrier height, barrier shape, and barrier stiffness. The strength category
consists of all the features of the barrier that affect the ability of the barrier to effectively
contain and redirect the vehicle back into the travel lane-shoulder and all factors of the barrier
that prevents the vehicle from penetrating through the barrier. The geometric category is all
geometric features of the bridge rail that affect occupant risk criteria in MASH. These
include post setback, clear opening between longitudinal rail elements, and available vertical
contact surface area. These factors can influence key performance metrics that include
vehicle snagging, occupant compartment deformation, and acceleration-based occupant risk
indices.

Details of these evaluations and the relevance of the results to assessing test level
equivalencies are discussed below.

3.1 TestLevel 2 (TL-2) and Test Level 3 (TL-3) Bridge Rail Systems
3.1.1 Stability Requirements

The relative stability of the pickup truck design test vehicle plays an important role in
regard to rail height requirements necessary for acceptable impact performance for Test Level
2 (TL-2) and TL-3. If the stability of the MASH 2270P pickup truck design vehicle is
equivalent or improved compared to the NCHRP Report 350 2000P pickup truck design
vehicle, then minimum rail height requirements established under NCHRP Report 350 could
be acceptable under MASH. This is one of the factors that will assist with the evaluation of
test level equivalency between the two guidelines.

A stability criterion that can help assess the relative stability of the two pickup truck
design test vehicles is the Static Stability Factor (SSF). The SSF of a vehicle is an at-rest
calculation of its rollover resistance based on its geometric properties. The SSF is calculated
using Equation 3.1:

SSF = — Equation 3.1
2H

where
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T = Track width
H = Center of mass location of the vehicle above the ground surface

The track width (T) is the distance between the centerline of the left side and right side
wheels of the vehicle. As the track width of a vehicle increases, the stability of the vehicle
will also increase. As the center of mass location of the vehicle above the ground (H)
increases, the stability of the vehicle will decrease. A larger SSF value for a vehicle represents
a more stable vehicle.

From NCHRP Report 350, the specified track width (T) of the 2000P pickup truck is
65 inches £ 6 inches. An average track width of 63.5 inches was found by averaging track
widths for 10 different NCHRP Report 350 pickup truck test vehicles. From NCHRP Report
350, the center of mass location of the 2000P above the ground (H) is 28 inches + 2 inches.
An average value of 26.66 inches was found by averaging C.G. heights for 5 different
NCHRP Report 350 pickup truck test vehicles.

From MASH, the specified track width (T) of a 2270P pickup truck is 67 inches + 1.5
inches. An average value of 68.3 inches was found by averaging track widths for 10 different
MASH pickup truck test vehicles. From MASH, the center of mass location of the 2270P
above the ground (H) is a minimum of 28 inches. An average value of 28.4 inches was found
by averaging C.G. heights for 10 different MASH 2270P pickup truck test vehicles.

The SSF can be determined for both the NCHRP Report 350 and MASH pickup truck
vehicles using the average values for track width and center of mass location of the vehicle
above the ground. The SSF for the NCHRP Report 350 and MASH pickup truck vehicles is
1.19 and 1.20, respectively. Based on this information, the MASH 2270P vehicle is similar or
perhaps slightly improved in regard to static stability compared to the NCHRP Report 350
pickup truck. This has been anecdotally observed by TTI researchers through observation of
full-scale crash tests. Although the MASH pickup truck has a higher C.G. height than the
NCHRP Report 350 pickup truck, any associated effect on stability is offset by an increase in
track width.

Another, more direct means of comparing the stability of the MASH and NCHRP
Report 350 pickup truck design test vehicles is crash test data. Unfortunately, at this time,
few bridge rails have been tested to both NCHRP Report 350 and MASH guidelines that
permit a direct comparison of vehicle stability and other performance factors. Variations in
impact conditions (within specified tolerances) can also complicate the comparison. Two
bridge rail systems that have been tested under TL-3 impact conditions under both criteria are
the single slope traffic rail (SSTR) and New Jersey safety shape (NJSS) barrier.

The Texas version of the SSTR was crash tested under both NCHRP Report 350 and
MASH Test 3-11 and, therefore, provides the basis for direct comparison of vehicle stability
and other test metrics. Data for NCHRP Report 350 Test 3-11 was obtained from Research
Report FHWA-RD-98-043 entitled “Testing of State Roadside Safety Systems, Volume VIII:
Appendix G — Crash Testing and Evaluation the Single Slope Bridge Rail.” In this test, a 32-
inch tall single slope rail was impacted by the 2000P pickup truck at a speed of 60.4 mi/h and
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an angle of 25.5 degrees. The maximum pitch and roll angles of the pickup truck during the
test were 7 degrees and 30 degrees, respectively.

MASH Test 3-11 was performed on a 36-inch tall single slope barrier under TXDOT
Project 9-1002. Details of the test can be found in Research Report 9-1002-3 entitled “MASH
Test 3-11 of the TXDOT Single Slope Bridge Rail (Type SSTR) on Pan-Formed Bridge
Deck.” The 2270P pickup truck impacted the single slope rail at a speed of 63.8 mi/h and an
angle of 24.8 degrees. The maximum pitch roll angles for this test were 8 degrees and 26
degrees, respectively.

When comparing the vehicle stability data from the NCHRP Report 350 and MASH
crash tests, it can be seen that the maximum pitch angles for both tests are very similar, and
the maximum roll angle from MASH test 3-11 is slightly lower than the maximum roll angle
from the NCHRP Report 350 crash test. It should be noted that the MASH test had an impact
severity that was 20% greater than the NCHRP Report 350 test based on the actual impact
conditions.

A 32-inch tall New Jersey safety shape barrier has also been evaluated to TL-3 under
both NCHRP Report 350 and MASH 3-11. The NCHRP Report 350 test is documented in
Research Report FHWA/TX-04/9-8132-1, “Testing and Evaluation of the Florida Jersey
Safety Shaped Bridge Rail.” The 2000P pickup truck impacted the NJSS rail at a speed of
61.1 mi/h and an angle of 26.4 degrees. The maximum pitch angle and maximum roll angle
of the pickup truck during the test were 19.3 degrees and 18.6 degrees, respectively.

MAGSH test 3-11 on the 32-inch NJSS was performed under NCHRP Project 22-14(3)
and is documented in NCHRP Research Results Digest 349, "Evaluation of Existing Roadside
Safety Hardware Using Manual for Assessing Safety Hardware (MASH)." In this test, the
2270P pickup truck impacted the NJSS at a speed and angle of 62.6 mi/h and 25.2 degrees,
respectively. The maximum pitch angle and maximum roll angle recorded during the test
were 16 degrees and 29 degrees, respectively.

The impact severity of the MASH test was approximately 9% greater than the NCHRP
Report 350 test. A comparison of the vehicle stability during the test shows that while the
pitch angle was slightly less for the MASH test, the roll angle was significantly greater.

The evaluation of test data is based on a small sample and is inconclusive. While the
pitch angle was comparable in both tests for both systems, the roll angle differed. For the
single slope barrier, the roll angle in MASH test 3-11 was 4 degrees less than the
corresponding NCHRP Report 350 test, while testing of the New Jersey safety shape barrier
resulted in a roll angle that was 10 degrees more in the MASH test. In both tests, the impact
severity of the MASH test exceeded that of the NCHRP Report 350 test. However, it is noted
that the impact severity of MASH Test 3-11 is 13.5% greater than NCHRP Report 350 Test 3-
11 by design based on nominal impact conditions.
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To assist in evaluating the equivalency between NCHRP 350 and MASH TL-3, finite
element simulations were used to determine minimum rail height for MASH TL-3. To
determine minimum rail height MASH test level 3, finite element (FE) analysis was used to
simulate impacts of a truck against a rigid barrier. The height of the barrier was
parametrically varied to arrive at a suggested minimum rail height. The FE simulations with
varying barrier height were analyzed to determine effect of rail height on vehicle kinematics
and stability.

Finite element analysis was performed using LS-DYNA, which is a commercial free
FE software commonly used for crashworthiness analysis. The rigid concrete barriers were
modeled with rigid material representation in all of the analyses. This modelling technique
was done because no significant failure of deflection of the barrier was expected due to
vehicle impact. The MASH truck model was primarily developed by the National Crash
Analysis Center. Modifications were made to the truck model to improve performance when
impacting the rigid barrier.

To evaluate the effect of rail height on vehicle stability and kinematics, researchers
performed FE simulations of the MASH truck with a rigid barrier at varying heights. In order
to verify the kinematics of the MASH truck FE model a simulation was conducted on a 32-
inch vertical wall. This simulation was compared to a MASH 3-11 crash test that was
conducted on a 32-inch vertical MSE wall. Figure 3.1 shows a comparison of sequential
photographs from the simulation and full-scale crash test. In addition, the roll and pitch
angles were plotted and compared for the simulation and full-scale crash test as seen in Figure
3.2. The simulation roll angle reaches a peak of about 5 degrees less than the full-scale crash
test and the pitch angles reached a similar peak. Overall the behavior of the FE pickup truck
performed well when compared to the full-scale crash test.

To determine minimum rail height a total of three simulations were conducted. The
simulations were conducted with a vertical rigid barrier at a height of 27, 28, and 29 inches.
Figure 3.3 through Figure 3.5 show sequential photographs of the three simulations that were
performed. The simulation with a 27-inch barrier height resulted in rollover of the truck. The
simulation with a 28-inch barrier height did not rollover but was on the edge of instability.
The simulation with a 29-inch barrier height did roll after impact with the vertical wall but
was fairly stable throughout the impact event. With the analysis of this FE study the
recommended minimum rail height for MASH TL-3 is 29 inches.
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Figure 3.1 Sequential Photographs of FE Simulation and Full-Scale Crash Test(12),
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Figure 3.1. Sequential Photographs of FE Simulation and Full-Scale Crash Test(?
(Continued).
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Figure 3.2 Comparison of Roll and Pitch Angle for Full-Scale Crash Test and FE
Simulation.

43



0.000 s 0.450 s
0.150 s 0.600 s
0.300 s 0.750 s

Figure 3.3 Sequential Photographs of FE Simulation with 27-inch Barrier Height.
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Figure 3.4 Sequential Photographs of FE Simulation with 28-inch Barrier Height.
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Figure 3.5 Sequential Photographs of FE Simulation with 29-inch Barrier Height.

3.1.2 Strength Requirements

The strength requirements for a bridge rail system are related to the lateral load
imparted to the barrier by the design test vehicle during an impact. Impact Severity (IS) is
one parameter related to lateral load imparted to a barrier, and is often used as a means to
compare the relative structural demand on a barrier associated with different impact
conditions. Impact Severity is calculated using Equation 3.2:

IS = = M(Vsin6)> Equation 3.2
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where:
M = Mass of vehicle
V = Vehicle impact velocity
O = Vehicle impact angle

Test 11 with the pickup truck design test vehicle is the structural adequacy test for
Test Levels 2 and 3. For Test 11, the impact speed and angle did not change between
NCHRP Report 350 and MASH. However, the weight of the pickup truck increased from
4,400 Ib under NCHRP Report 350 to 5,000 Ib under MASH. Table 3.1 summarizes the
impact conditions and calculated impact severities for Test Levels 2 and 3 for Test 11 with the
pickup truck design test vehicle for both NCHRP Report 350 and MASH. There is a 13.6%
increase in Impact Severity from the NCHRP Report 350 and MASH that reflects the increase
in vehicle weight. This higher impact severity indicates that MASH Test 11 with the 2270
pickup truck will exert a higher impact force to the bridge rail system than NCHRP Report
350 Test 11 with 2000P pickup truck. In other words, with regard to Impact Severity, MASH
Test 11 is more severe than NCHRP Report 350 Test 11.

Table 3.1 Impact Severity for Test 11.

. Impact Impact .
Vehicle Impact Severity,
. Speed, V Angle, 0 Percent
Weight (lbs. . IS (k-ft
Test | Test | WeIght(bs) | “mimy | (degrees) &M | bifference
Level | Vehicle (%)
350 | MASH | 350 | MASH | 350 | MASH 350 MASH
Pickup
2 4400 | 5000 | 44 44 25 25 49.7 56.5 13.6
Truck
3 | PlekuP 00| s000 |62 | 62 | 25| 25 | 1014 | 1152 | 136
Truck

The calculation of Impact Severity provides an indication that impact forces should be
higher under MASH than NCHRP Report 350. The actual impact forces imparted to a barrier
under a prescribed set of impact conditions are related to a number of factors including barrier
stiffness, barrier height, and barrier shape. Generally speaking, higher loads will be
transmitted to a barrier with a higher stiffness. Many bridge rail systems behave in a nearly
rigid manner with low dynamic deflections under design impact conditions.

LS-DYNA impact simulations were performed to determine impact forces for MASH
Test 11 for TL-3. The impact simulations involved the 2270P pickup truck impacting a rigid
vertical parapet at the prescribed impact speed of 62 mi/h and a 25 degree impact angle. Both
the magnitude and resultant height of the applied impact force was determined from the
simulations. Similar impact simulations were performed for NCHRP Report 350 Test 11 with
the 2000P pickup truck for comparison to MASH impact forces to assist with evaluation of
test level equivalencies between the two guidelines. Figure 3.6 shows the simulation setup for
NCHRP Report 350 and MASH test vehicles.
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(a) MASH Pickup Truck (b) NCHRP Report 350 Pickup Truck
Figure 3.6 Simulation Setup.

For each LS-DYNA simulation that was performed, researchers determined the lateral
load applied to the barrier due to vehicle impact. The load was calculated by summing
contact forces on the barrier during impact. In addition to determining lateral impact load,
researchers also determined the resultant height at which the lateral load is being applied on
the barrier. This was accomplished using LS-DYNA contact force transducers, which allow
contact force to be measured along the height of the barrier. For each simulation, contact
forces were measured at 1-inch increments along the height of the barrier. Figure 3.7 shows
the resulting 50-ms average force distribution acting along the height of the barrier at the time
in which peak lateral force is observed.

The results of the impact simulations are shown in Table 3.2. The NCHRP Report 350
impact load was estimated to be 61 kips for TL-3. The MASH TL-3 impact force increased to
71 kips. This indicates that increased barrier capacity will be required to meet MASH.

It is noted that the 61 Kkip load for NCHRP Report 350 TL-3 is greater than the design
load of 54 kips specified in Section 13 of the AASHTO LRFD Bridge Design Specification
that has been the basis of bridge rail design for NCHRP Report 350 TL-3 impact conditions
for many years. If this value is indeed accurate, the successful performance of NCHRP
Report 350 TL-3 bridge rails may be attributed to several factors: (1) the computed ultimate
capacity for most rail systems exceeds the design impact force, (2) the analysis procedures
used to determine structural capacity of bridge rails are conservative in nature, (3) design is
based on minimum specifications for material strength (concrete, rebar, steel) and actual
material strengths are typically greater in practice, and (4) not all bridge rail systems are
perfectly rigid, and any deflection or deformation will reduce forces during an impact.
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It is important to consider not only the magnitude of the impact force, but also its
resultant height of application. For instance, the 54-kip design load specified for NCHRP
Report 350 TL-3 bridge rails is applied at a height of 24 inches. Thus, the moment that an
NCHRP Report 350 TL-3 bridge rails were designed for is 54 kips x 24 inches = 1,296 kip-
inches. With new finite element simulation technology, the distribution of the lateral force on
the barrier can be quantified, and the force distribution can be used to calculate the resultant
height of the load. For NCHRP Report 350 TL-3 impact conditions, the impact simulations
performed under Phase | indicated a 61 Kip lateral force at a resultant height of 18 inches.
This equates to a moment of 61 Kips x 18 inches = 1,098 kip-inches. Thus, while the 61 kip
load is 13% higher than the specified design load of 54 kips, the lower resultant height of the
load produces a moment that is 15% less than the current design moment. This indicates that
rails designed according to current criteria may have significant reserve capacity.

As shown in Table 3.2, the lateral impact force associated with MASH TL-3 impact
conditions (as determined through finite element impact simulations) is 71 kips, which is 16%
greater than the NCHRP Report 350 load. However, the associated moment (71 kips x 19.5
inches = 1,385 kip-inches) is within 7% of the design moment used for NCHRP Report 350
bridge rails. Thus, an NCHRP Report 350 TL-3 bridge rail may have sufficient capacity to
accommodate MASH impact conditions, especially considering the conservative nature of the
strength analysis methodology and material properties.

Table 3.2 Impact Forces for Test 11.

NCHRP Report 350 MASH
Lateral Impact Resultant Force Lateral Impact Resultant Force
Force (kips) Height (in) Force (kips) Height (in)
TL-3 61 18 71 19.5

3.1.3 Geometric Requirements

Geometric design requirements are intended to help mitigate the propensity for vehicle
snagging on bridge rail components. Severe snagging can result in higher occupant risk
through increased vehicle accelerations and occupant compartment deformation. Snagging
contact is relevant for beam-and-post bridge rail systems that have discrete elements such as
posts, rail splices, and connection hardware that vehicle components can snag on. These
bridge rails may be metal beam-and-post, concrete beam-and-post, or a beam-and-post section
on top of a concrete curb or parapet.

The impact severity of MASH Test 10 has increased dramatically due to an increase in
both vehicle weight and impact angle. Because this may result in a propensity for more
severe snagging compared to NCHRP Report 350 Test 10, rail geometric requirements must
be carefully considered when investigating test level equivalencies. Although testing of
beam-and-post bridge rails under MASH has been limited to date, failure of Test 10 with the
1100C small car due to snagging induced occupant compartment deformation or acceleration-
based occupant risk indices has not been observed. This may be due to improved vehicle
design and an effective increase in occupant compartment deformation thresholds under
MASH.
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NCHRP Report 350 did not have a quantitative threshold for maximum occupant
compartment deformation. It stated under Criterion D that “Deformations of, or intrusions
into, the occupant compartment that could cause serious injuries should not be permitted.”
The maximum occupant compartment deformation for MASH varies with location in the
vehicle. For the wheel/foot well and toe pan areas, which are the areas most likely to be
affected by snagging induced deformation, the maximum allowable occupant compartment
deformation is limited to 9.0 inches. For the floor pan and transmission tunnel areas, the
maximum allowable occupant compartment deformation is limited to 12.0 inches.

The geometric relationships for bridge railings contained in Section 13 AASHTO
LRFD Bridge Design Specifications were empirically developed based on a review of crash
test data. The impact performance of different rail systems was analyzed with respect to
different geometric characteristics that relate to the potential for vehicle snagging and high
vehicle accelerations. The resulting geometric relationships for bridge rail design are
contained in Figure A13.1.1-2 and Figure A13.1.1-3 in the AASHTO LRFD Bridge Design
Specifications, which are reproduced as Figure 3.8 and Figure 3.9 below. Figure 3.8 pertains
to the potential for wheel, bumper or hood snagging contact with a discrete post. Figure 3.9
relates post setback distance to contact area provided by the rail members as a function of the
post setback distance and ratio of rail contact width to rail height. Note that these
relationships apply to beam-and post-type bridge rail systems. These systems have openings
between longitudinal rail elements and discrete vertical elements that can interact with vehicle
components. The relationships are not applicable to solid faced bridge rails such as solid
concrete shapes.

As can be seen in the respective figures, the crash test data upon which these
relationships are based pertains to NCHRP Report 230. The relationships have not been
updated to reflect NCHRP Report 350 vehicles and impact conditions, but are still commonly
applied to bridge rail design. In fact, it would be expected that most NCHRP Report 350
bridge rail systems would satisfy these design relationships. The question becomes whether
these relationships remain valid for MASH bridge rail systems.

Sufficient crash test data does not yet exist for such relationships to be confidently
verified or revised for MASH test vehicles and impact conditions. Nonetheless, some value
can still be derived from evaluating rail geometry of bridge rail systems tested to MASH
criteria. Under this project, TTI researchers analyzed the geometry of MASH and NCHRP
Report 350 tested bridge rail systems in relation to current guidelines. In addition, these
bridge rail systems were broken down into different beam- and post-type categories including
concrete beam-and-post, metal beam-and-post deck or side mounted, metal beam-and-post
curb mounted, and metal beam-and-post parapet mounted. Curb mounted systems are defined
herein as those with a concrete height equal to or less than 11 inches above grade. Parapet
mounted systems are defined herein as those with a concrete height equal to or greater than 12
inches above grade with a metal rail on top.
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For each bridge rail system tested in accordance with MASH criteria, post setback
distance, ratio of contact width to height, and vertical clear opening were determined or
calculated. Table 3.3 shows the MASH bridge rail systems and their geometric parameters.
Geometric data for NCHRP Report 350 tested bridge rail systems were obtained from
NCHRP Project No. 22-19, “Aesthetic Concrete Barrier and Bridge Rail Design,” under
which a comprehensive review of NCHRP Report 350 crash tested bridge rails was
performed. Figure 3.10 and Figure 3.11 show the geometric data plotted for NCHRP Report
350 and MASH beam-and-post systems tested with the small car vehicle, and Figure 3.12 and
Figure 3.13 show the geometric data plotted for NCHRP Report 350 and MASH beam-and-
post systems tested with the pickup truck vehicle.

One observation of interest related to rail geometry and snagging severity is that the
pickup truck typically used in full-scale crash tests under MASH criteria is much more likely
to experience complete wheel separation than the typical pickup truck used by most testing
labs under NCHRP Report 350. The Y2-ton, 4-door Dodge Ram Quad Cab has been used
extensively for MASH crash testing and is expected to continue to be the vehicle of choice by
testing labs based on is availability and cost. TTI researchers have noted a propensity for this
pickup truck to experience suspension failure and complete wheel separation during crash
testing. A photo of a Dodge Quad Cab pickup truck showing typical suspension failure and
wheel separation after a MASH TL-3 crash test is shown in Figure 3.14.

Under NCHRP Report 350, the most common pickup truck test vehicle was a %-ton,
2-door, Chevrolet C2500. Experience with this vehicle was that while damage to the front
suspension (e.g., broken tie rod) was common, complete suspension failure and wheel
separation was not. A photo of a Chevrolet C2500 pickup truck after an NCHRP Report 350
TL-3 crash test is shown as Figure 3.15. In this test, components of the suspension were
damaged, but the wheel remained with the vehicle throughout the impact.

This difference in suspension performance can potentially have an effect on numerous
factors such as vehicle stability, occupant compartment deformation, and occupant risk.
Suspension deformation is caused by the impact forces generated through contact of the
vehicle with the barrier and may or may not involve “snagging” of the wheel or other
components of the vehicle on elements of the barrier system. Vehicle snagging in particular,
and high forces applied to the suspension in general, can result in greater vehicle deformation
and increased vehicle accelerations. Occupant compartment deformation often occurs as a
result of the wheel assembly being pushed rearward into the firewall and floorpan. Increased
accelerations can result in higher occupant ridedown accelerations and, since the suspension
forces are typically acting below the vehicle center of gravity (C.G.), greater vehicle
instability.
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Table 3.3 MASH Bridge Rail Systems and Geometry.

Bridge Rail System P(?st Setchk Verticgl C[ear Ra_tio of Con.tact
Distance (in) Opening (in) Width to Height
TxDOT T101 Bridge Rail 6.25 14.75 0.45
TxDOT T1F Bridge Rail 6.88 10.5 0.55
TxDOT T223 Bridge Rail 4.5 13.0 0.60
TxDOT T131 Bridge Rail 4.0 11.0 0.42
TxDOT 131RC Bridge Rail 6.0 7.0 0.64
RIST Bridge Rail 7.87 13.0 0.47
TxDOT Picket Rail 3.5 8.0 0.49
Lake Pontchartrain Bridge Rail 2.75 8.0 0.48
Lake Pontchartrain Bridge Rail Option 2 4.5 8.0 0.44
Dong-A Steel Bridge Rail 7.87 11.8 0.45
TxDOT T224 Bridge Rail 3.5 12.0 0.70
TBTA Bridge Rail 5.0 6.0 0.43
TxDOT Type C2P Bridge Rail 6.38 10.5 0.42
Pulaski Skyway Bridge Parapet 6.0 19.0 0.57
ST-10 Bridge Rail 5.50 10.0 0.42
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Figure 3.10 MASH and NCHRP Report 350 Small Car Test Data — Post Setback versus
Ratio of Rail Contact Width to Height.
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If the wheel assembly readily releases from the vehicle during an impact, it can limit
the magnitude of vehicle accelerations and vehicle deformation. By releasing during an
impact, the wheel assembly acts as a type of fuse that limits further increases in force and
deformation associated with the interaction of the suspension system and the barrier.
Anecdotally, this appears to be the case with the Dodge Ram. Although the significance of
this behavior cannot be fully quantified without more comparative crash tests, improved
performance could be expected for some barriers in terms of vehicle stability, occupant
compartment deformation, and ridedown accelerations when comparing the MASH 2270P to
the NCHRP Report 350 2000P pickup trucks. This effect is expected to be greater in TL-3
impacts than TL-2 impacts due to the fact that the higher impact severity will generate greater
impact forces.

3.1.4 Geometric Requirements for Specific Bridge Rail Categories

Further evaluation of the test level equivalency of NCHRP Report 350 bridge rail
systems was performed by separating the bridge rails into five different categories. These
categories include Solid Concrete Parapet, Concrete Beam-and-Post, Metal Beam-and-Post
Deck Mounted, Metal Beam-and-Post Curb Mounted, and Metal Beam-and-Post on Concrete
Parapet. The purpose for this categorization is that initial investigation of the geometric
relationships for MASH equivalency did not result in a strong correlation. As such, by
breaking down the bridge rails into different categories, test level equivalencies could
possibly be made for the individual category of NCHRP Report 350 bridge rails.

Solid Concrete Parapet

This category of bridge rails includes rails such as the single slope barrier, New Jersey
Safety Shape (NJSS) barrier, F-Shape barrier, vertical wall barrier, and any other closed
profile concrete barriers.

The Texas version of the single slope bridge rail, which has an 11-degree slope on the
traffic face, was crash tested under both NCHRP Report 350 and MASH Test 3-11 and,
therefore, provides the basis for direct comparison of vehicle stability and other test metrics.
Data for NCHRP Report 350 Test 3-11 was obtained from Research Report FHWA-RD-98-
043 entitled “Testing of State Roadside Safety Systems, Volume VIII: Appendix G — Crash
Testing and Evaluation the Single Slope Bridge Rail.” In this test, a 32-inch tall single slope
rail was impacted by the 2000P pickup truck at a speed of 60.4 mi/h and an angle of 25.5
degrees. The maximum pitch and roll angles of the pickup truck during the test were 7
degrees and 30 degrees, respectively.

MASH Test 3-11 was performed on a 36-inch tall single slope barrier under TXDOT
Project 9-1002. Details of the test can be found in Research Report 9-1002-3 entitled “MASH
Test 3-11 of the TXDOT Single Slope Bridge Rail (Type SSTR) on Pan-Formed Bridge
Deck.” The 2270P pickup truck impacted the single slope rail at a speed of 63.8 mi/h and an
angle of 24.8 degrees. The maximum pitch roll angles for this test were 8 degrees and 26
degrees, respectively.
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MASH Test 3-10 was performed on the Caltrans version of the single slope bridge
rail, which has a 9-degree slope on the traffic face. The 1100C small car vehicle impacted the
Caltrans Type 60 barrier at a speed of 61.2 mph and an angle of 25.7 degrees. The test was
considered a pass according to MASH Test 3-10 evaluation criteria. The final report was in
progress during the preparation of this report, so specific results from the test were not
available.

A 32-inch tall New Jersey safety shape barrier has also been evaluated to TL-3 under
both NCHRP Report 350 and MASH 3-11. The NCHRP Report 350 test is documented in
Research Report FHWA/TX-04/9-8132-1, “Testing and Evaluation of the Florida Jersey
Safety Shaped Bridge Rail.” The 2000P pickup truck impacted the NJSS rail at a speed of
61.1 mi/h and an angle of 26.4 degrees. The maximum pitch angle and maximum roll angle
of the pickup truck during the test were 19.3 degrees and 18.6 degrees, respectively.

MAGSH test 3-11 on the 32-inch NJSS was performed under NCHRP Project 22-14(3)
and is documented in NCHRP Research Results Digest 349, "Evaluation of Existing Roadside
Safety Hardware Using Manual for Assessing Safety Hardware (MASH)." In this test, the
2270P pickup truck impacted the NJSS at a speed and angle of 62.6 mi/h and 25.2 degrees,
respectively. The maximum pitch angle and maximum roll angle recorded during the test
were 16 degrees and 29 degrees, respectively.

MASH test 3-10 on the 32-inch NJSS was performed under NCHRP Project 22-14(2)
and is documented in Research Report TRP-03-177-06, "Performance Evaluation of the
Permanent New Jersey Safety Shape Barrier — Update to NCHRP 350 Test No. 3-10." In this
test, the 1100C small car impacted the NJSS at a speed and angle of 60.8 mi/h and 26.1
degrees, respectively. The longitudinal and lateral impact velocities recorded during the test
were 16.47 ft/s and 35.01 ft/s, respectively. The maximum occupant compartment
deformation was 2.25 inches at the right front floorpan.

TTI performed MASH Test 5-10 on a concrete beam-and-post bridge rail. Details of
the test are documented in Research Report FHWA/TX-15/9-1002-15-5 "Crash Test and
Evaluation of the T224 Bridge Rail.” The 42-inch tall bridge rail had a profile that consisted
of a 9-inch tall concrete curb, 12-inch tall concrete posts, and a 21-inch tall concrete beam.
The curb, posts, and beam had a vertically aligned traffic face. The 5-ft long concrete posts
were spaced at 15 ft intervals, providing 10 ft of clear opening between adjacent posts. The
openings/windows in the rail represent a more critical scenario for vehicle snagging and
accelerations than a solid vertical concrete profile. The T224 Bridge Rail successfully
contained and redirected the 1100C vehicle, and all required MASH criteria were satisfied.
Maximum occupant compartment deformation was 4.0 inches, and the maximum roll angle
was 7 degrees. The T224 vertical wall profile represents the most critical scenario for
occupant impact velocity.

While no MASH TL-3 testing has been conducted on F-Shape bridge rails, the cross-
sectional profile of the NJSS barrier is considered more critical in terms of vehicle stability
and the T224 vertically aligned traffic face barrier is considered more critical in terms of
occupant velocity. Since the NJSS barrier and T224 bridge rail have been found to meet
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MASH TL-3 criteria, the geometry of F-Shape barriers can be considered acceptable under
MASH TL-3 requirements.

With the different concrete barrier systems that have been tested according to MASH
TL-3, a global equivalency can be established for NCHRP Report 350 and MASH TL-3.
There was concern with the increased small car impact angle and increased mass in the
MASH TL-3 testing criteria, however all system types (single slope, NJSS, F-shape, vertical
wall) have performed acceptably based on crash testing and engineering analysis.

Concrete Beam-and-Post

For each concrete beam-and-post bridge rail system tested under NCHRP Report 350
and MASH, post setback distance, ratio of contact width to height, and vertical clear opening
were determined or calculated. Table 3.4 shows the bridge rail systems and their geometric
parameters. The appropriate data points for each bridge rail were plotted against the current
AASHTO LRFD Section 13 relationships.

Results for tests with the small passenger car and pickup truck were plotted separately.
Figure 3.16 and Figure 3.17 compare data for the small car MASH and NCHRP Report 350
tests against the AASHTO criteria, and Figure 3.18 and Figure 3.19 compare data for the
pickup truck MASH and NCHRP Report 350 tests against the AASHTO criteria. Note that the
symbols used to plot the data points in Figure 3.16 through Figure 3.19 correspond to the test
level of the barrier system.

Table 3.4 Concrete Beam-and-Post Bridge Rail Systems and Geometry.

MASH or . Ratio of
Bridge Rail System NCHRP E?::;i?gﬂ; \g)rtelrf?r: C(Iiena)r Contact Width
Report 350 P g to Height
TxDOT T223 Bridge Rail MASH 4.5 13.0 0.60
TxDOT T224 Bridge Rail MASH 35 12.0 0.70
. . NCHRP
T202 Bridge Rail Report 350 15 13.0 0.52
- . . NCHRP
Modified T202 Bridge Rail Report 350 45 13.0 0.52
. . NCHRP
Natchez Trace Bridge Rail Report 350 2.0 9.5 0.71
. . NCHRP
Nebraska Open Bridge Rail Report 350 2.0 13.0 0.55
. . NCHRP
Type 80SW Bridge Rail Report 350 4.0 11.0 0.65
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Figure 3.16 MASH and NCHRP Report 350 Small Car Test Data — Post Setback versus
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Only one concrete beam-and-post barrier system is known to have a failed crash test.
This system was tested under NCHRP Report 350 Test 3-10. As can be seen in Figure 3.16
the system plots in the not recommended region of post setback criteria and is on the edge of
the high snag potential region. In the NCHRP Report 350 crash Test 3-10 reported in, “Tests
4,5, & 6: NCHRP Report 350 Testing of the Texas Type T202 Bridge Rail,” the small car
was successfully redirected and contained. However, considerable damage to the vehicle
occurred and maximum occupant compartment deformation was 10.8 inches in the left
firewall area. This resulted in a failed test according to NCHRP Report 350 criteria. The
same system was tested with an increased post setback distance of 4.5 inches, and the results
were considered acceptable for NCHRP Report 350 Tests 3-10 and 3-11. In Test 3-10 on the
modified system, the damage to the vehicle was significantly less compared to the previous
test, and maximum occupant compartment deformation was 2 only inches. Figure 3.20
compares the damage between the two NCHRP Report 350 3-10 tests.

(a) NCHRP Report 350 Test 3-10 with 1.5-inch  (b) NCHRP Report 350 Test 3-10 with 4.5-inch
post setback®® post setback®®

Figure 3.20 Comparison of Damage to NCHRP Report 350 3-10 Small Car for T202
Bridge Rail.

While the AASHTO geometric relationship criteria for post setback, vertical clear
opening, and ratio of contact width to height appear appropriate for NCHRP Report 350
concrete beam-and-post systems, it is not as apparent for MASH concrete beam-and-post
systems. There is very limited data to date on concrete beam-and-post systems that have been
tested according to MASH. In fact, only one concrete beam-and-post system, the TXDOT
T224 Bridge Rail, has been tested with the MASH small car vehicle. In addition, this
concrete beam-and-post system was not a true concrete beam-and-post system due to the
presence of a curb that helps prevent snagging of the vehicle on the posts. Figure 3.21
compares the T224 bridge rail against a more common concrete beam-and post system, the
Nebraska Open Bridge Rail. As can be seen, the Nebraska Open Bridge Rail has a larger
vertical clear opening at the bottom of the system, which is more critical in regard to snagging
potential of the vehicle tire and wheel.
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(a) TXDOT T224 Bridge Rail®® (b) Nebraska Open Bridge Rail®®
Figure 3.21 TxDOT T224 and Nebraska Open Bridge Rail.

With the limited number of tests that have conducted on concrete beam-and-post
systems, the research team cannot confidently establish a global equivalency for NCHRP
Report 350 concrete beam-and-post bridge rails. The performance of these systems according
to MASH is uncertain considering the increase in impact angle from 20 to 25 degrees.

Metal Beam-and-Post Deck Mounted

For each metal beam-and-post deck mounted bridge rail system tested under NCHRP
Report 350 and MASH, post setback distance, ratio of contact width to height, and vertical
clear opening were determined or calculated. Table 3.5 shows the bridge rail systems and
their geometric parameters. The appropriate data points for each bridge rail test were plotted
against the current AASHTO LRFD Section 13 relationships.

Tests that were conducted with the MASH and NCHRP Report 350 small passenger
car and pickup truck were plotted separately. Figure 3.22 and Figure 3.23 compare data for
the small car MASH and NCHRP Report 350 tests against the AASHTO criteria, and Figure
3.24 and Figure 3.25 compare data for the pickup truck MASH and NCHRP Report 350 tests
against the AASHTO criteria. Note that the symbols used to plot the data points in Figure
3.22 through Figure 3.25 correspond to the test level of the barrier system.

The AASHTO geometric relationship criteria for post setback, vertical clear opening,
and ratio of contact width to height appear appropriate for metal beam-and-post deck mounted
systems for the MASH small car test. Several systems plot near the not recommended and
high snag potential regions and were still successful crash tests.

Two systems tested according to MASH Test 3-11 with the pickup truck were
considered failures. The first system, the TxDOT T101 bridge rail, failed due to rollover of
the pickup truck. Damage to the T101 bridge rail is shown in Figure 3.26. Failure and
cracking of the concrete deck was noted near impact location.
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Table 3.5 Metal Beam-and-Post Deck Mounted Bridge Rail Systems and Geometry.

MASH or . Ratio of
Bridge Rail System NCHRP E(i):asnitf?ii\l; \grgﬁﬁ: C(Iiena)r Contact Width
Report 350 P g to Height
TxDOT 131 Bridge Rail MASH 4.0 11.0 0.42
TBTA Bridge Rail MASH 5.0 6.0 0.43
T101 Bridge Rail MASH 6.25 14.75 0.45
California SF-70 Sld.e Mounted MASH 6.0 0.43 8.5
Bridge Rail
New York (2-member) Bridge NCHRP
Rail Report 350 6.0 13.0 0.38
New York (4-member) Bridge NCHRP
Rail Report 350 6.0 6.0 043
. . NCHRP
Mass. Type S3 Bridge Rail Report 350 5.0 11.2 0.36
o . . NCHRP
Illinois Side Mount Bridge Rail Report 350 4.0 12.0 0.44
. . NCHRP
Tacoma Narrows Bridge Rail Report 350 10.5 12.0 0.56
. . NCHRP
NETC Bridge Rail Report 350 4.0 8.0 0.48
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Figure 3.22 MASH and NCHRP Report 350 Small Car Test Data — Post Setback versus
Ratio of Rail Contact Width to Height.
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Figure 3.24 MASH and NCHRP Report 350 Pickup Truck Test Data — Post Setback
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Figure 3.26 Damage to TxDOT T101 Bridge Rail®.
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The second bridge rail system, the TxDOT T131 bridge rail, also failed due to rollover
of the pickup truck. Damage to the T131 bridge rail is shown in Figure 3.27. Similar failure
and cracking of the concrete deck was noted at the posts in the impact region.

Figure 3.27 Damage to TxDOT T131 Bridge Rail®®.

In both tests, impact loads imparted to the steel posts resulted in punching shear failure
of the reinforced concrete bridge deck. It was concluded that the deck failure resulted in
rotation of the posts that subsequently lead to instability of the impacting vehicle.

Metal Beam-and-Post Curb Mounted

For each metal beam-and-post curb mounted bridge rail system tested under NCHRP
Report 350 and MASH, post setback distance, ratio of contact width to height, and vertical
clear opening were determined or calculated. Table 3.6 shows the bridge rail systems and
their geometric parameters. The appropriate data points for each bridge rail test were plotted
against the current AASHTO LRFD Section 13 relationships.

Tests that were conducted with the MASH and NCHRP Report 350 small passenger
car and pickup truck were plotted separately. Figure 3.28 and Figure 3.29 compare data for
the small car MASH and NCHRP Report 350 tests against the AASHTO criteria, and Figure
3.30 and Figure 3.31 compare data for the pickup truck MASH and NCHRP Report 350 tests
against the AASHTO criteria. Note that the symbols used to plot the data points in Figure
3.28 through Figure 3.31 correspond to the test level of the barrier system.

The AASHTO geometric relationship criteria for post setback, vertical clear opening,
and ratio of contact width to height appear reasonable for metal beam-and-post curb mounted
systems for the MASH small car test. Several systems plot near the not recommended and
high snag potential regions and were still successful crash tests. Although few data points
were located near the high snag potential region, the presence of the curb aids in preventing
wheel snag with the post.

However, a test conducted by Caltrans on their ST-10 bridge rail resulted in a failed
test due to rollover of the pickup truck.*Y No significant damage to the barrier or vehicle was
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noted. The maximum permanent deflection of the bridge rail was only 0.4 inches. Dynamic
deflection was not reported due to issues with the sensors. Figure 3.32 shows the damage to
the rail and the pickup truck after impact with the rail. The reason for the failure has not been
identified. With this failed crash test and limited number of MASH crash test data points
plotting near the edge of the acceptable zone of the geometric guidelines, the research team is
not confident in confirming geometric relationship criteria for MASH metal beam-and-post

curb mounted bridge rails.

Table 3.6 Metal Beam-and-Post Curb Mounted Bridge Rail Systems and Geometry.

MASH or . Ratio of
Bridge Rail System NCHRP F[))(i)s:asnectebz;i; \grte';?r: C(Iiena)r Contact Width
Report 350 P g to Height
TxDOT 131RC Bridge Rail MASH 6.0 7.0 0.64
Rist Bridge Rail MASH 7.87 13.0 0.47
TxDOT Picket Rail MASH 6.38 8.0 0.49
Dong-A Steel Bridge Rail MASH 7.87 11.8 0.45
ST-10 Bridge Rail MASH 5.50 10.0 0.42
TxDOT Type C2P Bridge Rail MASH 6.38 10.5 0.42
T1F Bridge Rail MASH 6.88 10.5 0.55
. . NCHRP
Mass. Type S3 Bridge Rail Report 350 5.0 8.0 0.54
George Washington Memorial NCHRP
Parkway Bridge Rail Report 350 28 8.25 0.54
. . NCHRP
T77 Bridge Rail Report 350 4.0 7.7 0.57
. . NCHRP
Alaska Bridge Rail Report 350 5.0 9.0 0.53
. . NCHRP
Oregon Bridge Rail Report 350 7.0 5.75 0.6
Wyoming 830WYBRAIL NCHRP
Bridge Rail Report 350 35 10.4 04
. . NCHRP
NETC Bridge Rail Report 350 4.0 8.0 0.62
. . . NCHRP
Ilinois 2399-1 Bridge Rail Report 350 4.0 7.0 0.59
. . NCHRP
ST-20 Bridge Rail Report 350 35 8.3 0.43
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Figure 3.28 MASH and NCHRP Report 350 Small Car Test Data — Post Setback versus
Ratio of Rail Contact Width to Height.
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Figure 3.29 MASH and NCHRP Report 350 Small Car Test Data — Post Setback versus
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B Figure 3.32 Damage to Barrier and Vehicle for ST-10 Bridge Railt®,

Metal Beam-and-Post on Concrete Parapet

For each metal beam-and-post on concrete parapet bridge rail system tested under
NCHRP Report 350 and MASH, post setback distance, ratio of contact width to height, and
vertical clear opening were determined or calculated. Table 3.7 shows the bridge rail systems
and their geometric parameters. The appropriate data points for each bridge rail test were
plotted against the current AASHTO LRFD Section 13 relationships.

Tests that were conducted with the MASH and NCHRP Report 350 small passenger
car and pickup truck were plotted separately. Figure 3.33 and Figure 3.34 compare data for
the small car MASH and NCHRP Report 350 tests against the AASHTO criteria, and Figure
3.35 and Figure 3.36 compare data for the pickup truck MASH and NCHRP Report 350 tests
against the AASHTO criteria. Note that the symbols used to plot the data points in Figure
3.33 through Figure 3.36 correspond to the test level of the barrier system.

The AASHTO geometric relationship criteria for post setback, vertical clear opening,
and ratio of contact width to height appear appropriate for NCHRP Report 350 and MASH
metal beam-and-post parapet mounted systems. For the small car and pickup truck NCHRP
Report 350 and MASH test data, several systems plot near the edge of the recommended
region and were still successful crash tests.

In terms of the relationship for snag potential, there are no MASH metal beam-and-
post parapet mounted systems that plot near the high snagging potential region. However, for
a sufficiently tall concrete parapet, there is little concern for wheel and bumper snagging.

Metal beam-and-post parapet mounted bridge rail systems commonly have concrete
parapets that are at least 18 inches tall. This can aid in preventing snagging for small cars and
even pickup trucks. Typical MASH pickup trucks have a height to the top of bumper that
ranges from 25 to 27 inches, and top of a passenger car bumper is typically around 21 inches.
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Table 3.7 Metal Rail on Concrete Parapet Bridge Rail Systems and Geometry.

MASH or . Ratio of
Bridge Rail System NCHRP E?ss:asnitfz(r:g \grgr:?r: C(Iiza)r Contact Width
Report 350 P g to Height
Lake Pontchartrain Bridge Rail MASH 2.75 8.0 0.48
Lake Pontchart_raln Bridge Rail MASH 45 8.0 0.44
Option 2
. . NCHRP
Type T4(A) Bridge Rail Report 350 8.0 6.9 0.68
. . NCHRP
BR27C Bridge Rail Report 350 3.0 14.0 0.67
. . NCHRP
Type 90 Bridge Rail Report 350 7.0 10.75 0.7
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Figure 3.33 MASH and NCHRP Report 350 Small Car Test Data — Post Setback versus
Ratio of Rail Contact Width to Height.
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Figure 3.36 MASH and NCHRP Report 350 Pickup Truck Test Data — Post Setback
versus Vertical Clear Opening.

Although the data is somewhat limited, the researchers have recommended a global
equivalency between NCHRP Report 350 and MASH TL-2 and TL-3 can be established for
metal beam-and-post parapet mounted systems with a concrete parapet height greater than or
equal to 24 inches. Considering that the MASH pickup truck vehicle top of bumper height
ranges from 25 to 27 inches, a parapet height of 24 inches or greater will mitigate snagging of
the test vehicles. Future testing could justify an equivalency of concrete parapets with heights
less than 24 inches. One particular system, the Texas Type T4(A) bridge rail, has a parapet
height of 18 inches. If this or a similar system is successfully tested, it could potentially allow
for the range of parapet heights for global equivalency to be expanded.

3.2 Test Level 4 (TL-4) Bridge Rail Systems
3.2.1 Stability Requirements

Test 4-12 is the structural adequacy test for Test Level 4 (TL-4). Under NCHRP
Report 350, Test 4-12 involved a 17,640-Ib single unit truck (SUT) impacting the barrier at a
nominal speed of 50 mi/h and an angle of 15 degrees. The center of mass of the ballast was
required to be at a nominal height of 67 inches.

Under MASH, the impact conditions associated with test 4-12 were significantly
modified. The weight of the single unit truck design vehicle was increased from 17,640 Ib to
22,050 Ib. Impact speed was increased from 50 mph to 56 mph, and the nominal CG height of
the vehicle ballast was reduced 4 inches to 63 inches. Due to the increase in vehicle weight
and impact velocity, the nominal impact severity of MASH test 4-12 increased by
approximately 56% compared to NCHRP Report 350 (Table 3.8). This represents a
significant increase in the amount of lateral energy imparted to the barrier, which is an
indication that lateral design impact loads have also increased under MASH.
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Table 3.8 Impact Severity for MASH Test 4-12.

. . Impact
Vehicle Weight | Impact Speed, | Impact Angle, Severity, IS (k- | percent

Test Test (Ibs) V (mi/h) 0 (degrees) ft)

Level Vehicle Cf(\(?/:)ge
350 MASH | 350 | MASH | 350 | MASH | 350 | MASH
4 SUvV 17600 22000 50 56 15 15 98.5 154.4 56.8

The AASHTO LRFD Bridge Design Specifications recommended a minimum rail
height of 32 inches for TL-4 railings designed to meet NCHRP Report 350 guidelines.
Numerous bridge rail systems have been successfully crash tested under NCHRP Report 350
TL-4 impact conditions with a 32 inch rail height. However, testing performed at MWRSF
under NCHRP Project 22-14(02) ® and at TTI under NCHRP Project 22-14(03) ©
demonstrated that this height was not adequate for MASH TL-4 impact conditions. In these
tests, which differed only by the C.G. height of the ballast inside the single unit truck (SUT)
design test vehicle, the SUT rolled over the top of a 32-inch tall New Jersey safety shape
barrier.

Under TXDOT Research Project 9-1002 “Roadside Safety Device Crash Testing
Program,” TTI researchers investigated the minimum rail height requirement and lateral
design load for MASH TL-4 bridge rails.® The researchers employed finite element analysis
and crash testing to determine the minimum rail height for MASH TL-4 impact conditions.
The minimum rail height for MASH TL-4 barriers was determined to be 36 inches. This was
verified with a MASH TL-4 test of a 36-inch tall single slope barrier.

3.2.2 Strength Requirements

Under the same TxDOT research project ©, researchers used impact simulations to
calculate lateral impact loads for MASH TL-4 impact conditions for a rigid single slope
barrier with various heights. Results indicated that the lateral loads for MASH TL-4 were
significantly greater than those specified for NCHRP Report 350 TL-4 impact conditions.
Further, the lateral impact force was found to vary with rail height. For a 36-inch tall barrier,
the design impact load was determined to be approximately 68 kips. As the height of the
barrier increases, more of the cargo box of the single unit truck is engaged and the lateral load
on the barrier increases. For a barrier height of 42 inches, the lateral design impact load
increases to approximately 80 kips. The 36-inch single slope bridge rail that was tested had a
calculated capacity of approximately 70 kips. The continuous concrete rail performed well
without any significant damage to the rail or deck.

This effort to define design impact loads for MASH TL-4 was reproduced and
expanded under NCHRP Project 22-20(02) “Design Guidelines for TL-3 through TL-5
Roadside Barrier Systems Placed on Mechanically Stabilized Earth (MSE) Retaining Walls.”
Researchers used finite element impact simulations to determine the magnitude and
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distribution of impact loads imparted by the SUT based on MASH TL-4 impact conditions. It
was found that the magnitude, distribution and resultant height of the impact load are
influenced by the height of the barrier. Design impact loads in the lateral, longitudinal, and
vertical direction, and the longitudinal distribution and height of the resultant lateral load were
recommended for MASH TL-4 impacts.

A summary of the magnitude, distribution and resultant height of the MASH TL-4
impact loads for different barrier heights is presented in Table 3.9. It is noted that the
transverse force, Ft, increases as the barrier height increases. As the height of the barrier
increases, there is less vehicle roll and more mass is engaged in the impact, thereby increasing
the impact load.

Table 3.9 Summary of Magnitude, Distribution and Application of the MASH TL-4
Impact Loads.

Design Forces and Barrier Height (in.)
Designations 36 39 42 Tall
F; Transverse (kip) 67.2 72.3 79.1 933
F; Longitudinal (kip) 21.6 23.6 26.8 27.5
F, Vertical (kip) 37.8 327 22 N/A
L (ft) 4 5 5 14
H,(in.) 25.1 28.7 30.2 45.5

N/A= not applicable

As presented in Table 3.9, the magnitude of the impact force for MASH TL-4 bridge
rails has increased compared to the current design recommendation of 54 kips for NCHRP
Report 350 TL-4 rails contained in Section 13 of the AASHTO LRFD Bridge Design
Specification. However, the resultant load height must also be considered when evaluating
required capacity. Current guidance for NCHRP Report 350 TL-4 bridge rails recommends
that the design load be placed at a height of 32 inches. This height corresponds to the top of
barrier for the minimum recommended rail height. Thus, the moment that must be resisted by
the barrier is 1,728 kip-inches (54 kips x 32 inches). Comparatively, with reference to Table
3.9, the moment corresponding to a 36-inch tall MASH TL-4 bridge rail is 67.2 kips x 25.1
inches = 1,687 kip-inches, which is less than the current design moment used for NCHRP
Report 350 bridge rails.. Thus, at the minimum recommended height of 36-inches, MASH
TL-4 bridge rails will not require additional capacity compared to current NCHRP Report 350
design recommendations.

3.2.3 Geometric Requirements
Specific geometric requirements for the MASH TL-4 SUT have not been established.
The geometric criteria previously presented for TL-3 would also apply to TL-4 bridge rails.

The test matrix for a MASH TL-4 rail includes Test 4-10 with the 1100C small passenger car
and Test 4-11 with the 2270 pickup truck.
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It was previously discussed that the recommended minimum rail height to achieve
MASH TL-4 impact performance is 36 inches. It is likely that some TL-4 bridge rails will be
designed with a height greater than 36 inches to provide improved stability for heavy truck
impacts and to accommodate future pavement overlays. Although not a specific MASH
evaluation criterion, consideration should be given to the potential for occupant head
excursion and contact with components of the bridge rail system for these taller height
barriers. However, testing to date has not found this to be a problem with existing rails.

3.3 Test Level 5 (TL-5) Bridge Rail Systems

The impact conditions associated with MASH Test 5-12 with the 36000V tractor-van
trailer have not changed from NCHRP Report 350 to MASH. Therefore, extensive evaluation
of NCHRP Report 350 TL-5 bridge rails is not required.

3.3.1 Stability Requirements

The vehicle mass, impact speed and impact angle has not changed from NCHRP
Report 350 TL-5 to MASH TL-5. Therefore the impact severity has not changed for MASH
TL-5. The minimum rail height for MASH TL-5 impacts remains 42 inches. There are
several 42-inch barriers that have met NCHRP Report 350 and MASH TL-5 requirements.

Recently, TTI researchers designed and successfully tested a new MASH TL-5 bridge
rail for TXDOT.“9 This new barrier, which is known as the T224, was designed with
openings to provide some aesthetic characteristics. It is believed to be the first TL-5 bridge
rail to incorporate openings into the rail design. Additionally, the system was tested on an 8
Y2-inch thick concrete deck cantilever, which is thinner than decks previously designed for
TL-5 rails. A photo of the TXDOT T224 MASH TL-5 bridge rail is shown in Figure 3.37.
The TxDOT T224 met all the strength and performance requirements of MASH TL-5 when
tested with a 36000V tractor-van trailer with the new 53-ft long trailer now permitted under
MASH 2016.

3.3.2 Strength Requirements

As part of NCHRP Project 22-20(02), finite element analyses were also conducted to
determine impact loads associated with the MASH 80,000-1b tractor-van trailer vehicle for
different barrier heights under TL-5 impact conditions. The barrier heights analyzed were
selected to cover the range of heights of previously crash tested TL-5 barriers. A tall rigid
wall provided information regarding the maximum impact load associated with a TL-5
impact. The simulation data was used to determine the dynamic load in the lateral,
longitudinal and vertical direction. The distribution of the lateral impact load in the
longitudinal and vertical directions of the barrier was also investigated. Barrier height was
found to have a dramatic effect on the peak lateral load. Above a height of 42 inches, the
trailer floor engaged the barrier, resulting in a significant increase in force applied to the
barrier.
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Figure 3.37 TxDOT T224 MASH TL-5 Bridge Rail System(19),

As shown in Table 3.10, the dynamic load due to the first impact with the front of the
tractor is similar for all barrier heights. The longitudinal force, Fi, which is controlled by the
frictional contact between the tires and the barrier, is also similar in all cases. Similar to the
TL-4 study, the vertical force Fy decreases as barrier height increases. This is due to reduction
in roll of the tractor-trailer.

The peak lateral loads associated with the taller barriers were greater than the load
measured in the instrumented wall tests conducted in the 1980’s. The primary reason for this
is the difference in the ballast. Many of the early tests conducted with tractor-van-trailers used
sand bags and hay bales for ballast. Because the ballast was not rigidly secured to the floor of
the trailer, it was able to shift during impact resulting in lower forces on the barrier. While
these are still considered an acceptable type of ballast, MASH states that “Ballast should be
firmly secured to prevent movement during and after the test.” This results in higher impact
loads transmitted to the barrier.

Although the results of this project indicate a potential need to update the TL-5 design
impact loads contained in Section 13 of the AASHTO LRFD Bridge Design Specification, it
IS not necessarily material to the evaluation of TL-5 bridge rails under this project. As
discussed, the impact conditions and, hence, impact severity have not changed for MASH TL-
5. Therefore, if a TL-5 bridge rail was successfully crash tested in accordance with NCHRP
Report 350 and the ballast inside the trailer was properly restrained, the barrier should have
sufficient capacity for MASH TL-5 and no further strength analyses will be needed.

If the ballast was not rigidly secured, strength analysis may be required to confirm the

structural adequacy of the barrier. If the rail is determined to have sufficient structural
capacity, it could be considered MASH TL-5 compliant without further testing.
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Table 3.10 Summary of Magnitudes, Distributions and Resultant
Height of Loads for MASH TL-5 Impact.

Design Forces and Barrier Height (in.)

Designations 42 48 54 Tall
F; Transverse (kip) ) - o
(First Impact) 54.6 51.7 53.8 53.7
F Transverse (kip) ~n ” " .
(Second Tmpact) 123 2618 263.5 270.4
FTransverse (kip) nan -
(Third Tmpact) 159 2328 2955 316.6
Fr Longitudinal (kip) 73.5 74.6 77.2 72.6
F,Vertical (kip) 160 108 62.8 N/A
L ()
(Second Impact) 10 10 10 10
H, (in.) 34.3 4.9 46.6 51.7

N/A= not applicable

3.3.3 Geometric Requirements

Specific geometric requirements for the MASH TL-5 tractor-van trailer have not been
established. The geometric criteria previously presented for TL-3 would also apply to TL-5
bridge rails. The test matrix for a MASH TL-5 rail includes Test 5-10 with the 1100C small
passenger car and Test 5-11 with the 2270 pickup truck. As discussed in regard to MASH TL-
4, consideration should be given to the potential for occupant head excursion and contact with
components of the bridge rail system for these tall TL-5 barriers. Testing of 42-inch TL-5
barriers to date has not indicated a problem in this regard.

3.4  Summary of Evaluation Requirements for Test Levels 3, 4, and 5

The conclusions for each of the different test level requirements are summarized in the
list below.

e The static stability of the MASH 2270P pickup truck is similar or slightly improved
compared to the NCHRP Report 350 2000P pickup truck. Anecdotal crash test
experience supports improved stability of the MASH 2270P pickup truck. Crash test
comparisons of two similar rails were inconclusive regarding relative stability of the
two vehicles. To assist in evaluating vehicle stability, finite element simulations were
performed with the MASH pickup truck vehicle impacting a rigid wall at varying
barrier heights of 27, 28, and 29 inches. Based on the results from the simulations, the
minimum recommended rail height for MASH TL-3 bridge rails is 29 inches. This
minimum rail height is higher than the minimum rail height of 27 inches for NCHRP
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Report 350 bridge rails. Bridge rails successfully tested under NCHRP Report 350
TL-3 impact conditions should generally be adequate for the equivalent TL-3 under
MASH. (Section 3.1.1)

MASH Test 11 with the 2270P pickup truck has a higher impact severity and greater
impact load compared to NCHRP Report 350 Test 11 with the 2000P truck for both
TL-2 and TL-3. Consequently, TL-2 and TL-3 bridge rail systems will require
additional capacity. However, current estimates of impact load and resultant height
indicate that NCHRP Report 350 TL-3 bridge rails may have significant reserve
capacity. This reserve capacity appears to be sufficient to accommodate the increased
capacity demand associated with MASH impact conditions. (Section 3.1.2)

Initial assessment of the impact performance of beam-and-post bridge rail systems
under MASH guidelines indicates that the current geometric relationships for bridge
rail design contained in Section 13 of the AASHTO LRFD Bridge Design
Specifications still has some validity for both the small passenger car and pickup
truck, and that bridge rail systems designed to meet these geometric relationships
under NCHRP Report 350 may satisfy MASH. Given the significant increase in
impact severity of MASH Test 10 with the 1100C small passenger car design test
vehicle due to increases in both vehicle weight and impact angle, this finding may be
very important to establishing test level equivalencies. It is noted that this conclusion
is based on a limited amount of data and tests conducted according to MASH. As
more data becomes available, the geometric data should continue to be updated and
analyzed. (Section 3.1.3)

A global equivalency can be confidently established for metal beam-and-post parapet
mounted systems that have a concrete parapet height greater than or equal to 24
inches. The parapet height requirement was selected to mitigate potential wheel and
bumper snagging with MASH small car and pickup truck vehicles. (Section 3.1.4)
The recommended minimum rail height for a TL-4 bridge rail is 36 inches. (Section
3.2.1)

MASH Test 4-12 with the SUT has a higher impact severity and greater impact load
compared to NCHRP Report 350 Test 4-12. Consequently, MASH TL-4 bridge rail
systems will require additional capacity. However, current estimates of impact load
and resultant height indicate that NCHRP Report 350 TL-4 may have substantial
reserve capacity. This reserve capacity appears to be sufficient to accommodate the
increased capacity demand associated with MASH TL-4 impact conditions. This is
primarily due to having improved estimates of load application heights using advanced
finite element impact simulations. (Section 3.2.2)

Geometric requirements for MASH TL-4 bridge rails are the same as for MASH TL-3
bridge rails with the exception of rail height, which will be a minimum of 36 inches.
(Section 3.2.3)

The minimum rail height for a MASH TL-5 bridge rails remains 42 inches. (Section
3.3.1)
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e A bridge rail successfully crash tested in accordance with NCHRP Report 350 TL-5
with properly restrained ballast will have sufficient capacity for MASH TL-5. (Section
3.3.2)

e Geometric requirements for MASH TL-5 bridge rails are the same as for MASH TL-3
bridge rail. (Section 3.3.3)

3.5 Global Equivalency Results

The resulting global equivalencies are presented in Table 3.11. All NCHRP Report
350 TL-5 bridge rail system types can be found acceptable under equivalent MASH TL-5.
NCHRP Report 350 TL-3 and TL-4 bridge rail systems are dependent upon the bridge rail
type. NCHRP Report 350 TL-3 and TL-4 solid concrete parapets and metal rails on concrete
parapets with a parapet height greater than 24 inches are considered acceptable under MASH
TL-3. NCHRP Report 350 TL-3 and TL-4 concrete post and beam, metal rail deck, or curb
mounted systems can be found acceptable under MASH TL-2.

Table 3.11 Summary of Global Test Equivalency for NCHRP Report 350 Bridge Rail

Systems.
NCHRP Report MASH Test Level
350 Rail System
Type TL-2 TL-3 TL-4 TL-5
Solid Concrete TL-3
Parapet TL-2 TL-4 LS
TL-2
TL-4
Metal Beam-and- TL-2
Post Deck Mounted TL-3 TL-5
TL-4
TL-2
TL-4
Metal Beam-and- TL-3
Post on Concrete TL-2 TL-5
P x TL-4
arapet

* Concrete parapet height greater than or equal to 24 inches
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4 RAIL SPECIFIC ANALYSIS METHODOLOGY

Based on the global test level equivalency presented in Chapter 3, many of the
NCHRP Report 350 bridge rail systems are not eligible to be grandfathered under MASH.
These rail systems will require more detailed analyses and evaluation, and perhaps crash
testing. This section describes the rail specific analyses methodologies applied to different
bridge rail categories and the results of the analyses performed on the bridge rail systems
prioritized in Chapter 2.

The funding resources allocated for this project were not sufficient to perform a
detailed strength analysis and impact performance evaluation of every bridge rail system
identified. The analysis effort includes the evaluation of the most common, highest
prioritized railing systems. The highest ranked rails in the highest ranked categories and test
levels were analyzed based on the specific details and attributes of the rail system. The
prioritization of commonly used bridge rail systems is described in Chapter 2, and is based on
relative frequency of use among state DOTSs that responded to the survey with consideration
given to different rail categories, subcategories, test levels, and features.

As discussed in Chapter 2, rails with similar characteristics and features were grouped
together to more appropriately define frequency of use and, hence, priority for a given
subcategory of rails. The selection of specific rail systems for analysis was based on the
relative priority of the rails that were grouped to form that particular subcategory. For
example, there may be 5 state DOTSs that have a detail for a metal rail on concrete curb with
two longitudinal rail elements. Because these rails have some key similar characteristics (e.g.,
metal and concrete material combination, curb mounted, two longitudinal rail elements), they
were grouped together to establish the relative frequency of use and priority ranking for this
subcategory. The first system selected for detailed rail-specific analysis in this particular
subcategory would be the rail with the highest indicated frequency of use or ranking.
Altogether twenty-two bridge rail systems were analyzed based on this selection method.

To evaluate the prioritized bridge rail systems according to MASH, three different
criterions were considered. These criteria consist of stability, rail geometrics, and strength.
The analysis methodologies used to evaluate these criteria are presented below. The results of
the analyses were used to determine which rails can be considered MASH compliant and
which will require further analysis or crash testing to establish MASH compliance.

4.1  Stability Requirements for MASH Bridge Rail Systems

For a bridge rail system to be considered a MASH acceptable barrier, a minimum
height must be met to ensure stability of the vehicle. Table 4.1 shows the minimum height
requirements for MASH TL-3, TL-4 and TL-5 bridge rail systems. The minimum height
requirement for TL-3 was determined using finite element simulations as previously presented
in Chapter 3. The TL-4 minimum rail height was determined to be 36 inches in a previous
TTI study.® Minimum rail height for TL-5 remains 42 inches as previously specified for
NCHRP Report 350 bridge rails.
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Table 4.1 Minimum Height Requirements for MASH TL-3, TL-4, and TL-5.

MASH Test Level Minimum Height (in.)
TL-3 29
TL-4 36
TL-5 42

The height of a bridge rail system being analyzed was acquired from the detailed
drawings of that specific bridge rail system and compared to the minimum height requirement
for the specified test level. As specified in AASHTO Section 13 LRFD, rail height is
measured to the top of the rail. If the minimum rail height was satisfied, the rail was
considered to satisfactorily meet stability requirements.

4.2  Geometric Requirements for MASH Bridge Rail Systems

The geometric relationships for bridge railings contained in Section 13 AASHTO
LRFD Bridge Design Specifications (Figure 4.1) were applied to evaluate rail geometry.
These relationships pertain to the potential for wheel, bumper or hood snagging on elements
of the bridge rail system. Severe snagging can lead to a number of undesirable consequences
including increased occupant compartment deformation, higher accelerations and occupant
risk indices, and vehicle instability.

For each bridge rail system analyzed, post setback distance, ratio of contact width to
height, and vertical clear opening were determined or calculated from the provided bridge rail
details and plotted against the current AASHTO LRFD Section 13 geometric criteria.

When pedestrian hand rails are mounted on top of a traffic barrier in order to provide
combined traffic and pedestrian use, the potential for vehicle interaction with the hand rail
was evaluated. If available, previous testing of systems with similar geometry was analyzed
to determine extent of intrusion of vehicle components beyond the traffic face of the rail.
This zone of intrusion was then used to evaluate potential for vehicle contact with the
pedestrian hand rail.
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Figure 4.1 AASHTO Section 13 Figures A13.1.1-2 and A13.1.1-3.

4.3  Strength Requirements for MASH Bridge Rail Systems

Section 13 of the AASHTO LRFD Bridge Design Specifications contains procedures
for analyzing the structural capacity of different types of bridge railings (e.g., steel, concrete).
Using these procedures, an analysis of the strength of the rail system was performed. For
concrete parapet railings, the yield line method was applied to determine the ultimate strength
of the system. Metal rail systems were analyzed using plastic strength analysis methods. The
strength of the rail members, posts, and post connections were analyzed to obtain the overall
strength of the rail system.

To evaluate the strength of a beam-and-post bridge rail system, the post strength must
be determined from various load cases. The load case that provides the least amount of post
resistance is used in the analysis as the limiting post strength. Several common limiting load
cases that are frequently used for analysis of a bridge rail system’s post strength include:

e Plastic strength of post.

e Post strength based on tension/shear strength of bolts.

e Post strength based on baseplate bearing on concrete from post baseplate.

e Post strength based on lateral block shear in curb.

e Post strength based on anchor bolt tension cone failure in concrete.

e Post strength based on strength of reinforcing.

e Post strength based on vertical punching shear in concrete from post baseplate.

The project team considered the limiting failure modes as determined from previous NCHRP
Report 350 crash tests of the rail system and/or similar rail systems.

The calculated strength of the bridge rail systems were compared to design impact

loads (see Table 4.2) corresponding to relevant MASH Test Level. Complete structural details
of the rail system were required for this task.

87



Table 4.2 Design Impact Loads.

MASH Test Rail Height Design Impact Height of Design
Level (in.) Force (Kip) Impact Force (in.)
TL-3 >29 71 19

36 68(") 250

TL-4
>36 80® 300)
42 1600 3507

TL-5
> 42 262N 430

For NCHRP Report 350 TL-3 impact conditions, a design load of 54 kips at a height
of 24 inches has been used for strength design. Based on finite element impact simulations,
the load that a MASH TL-3 barrier must resist is 71 kips at a height of 19 inches. A bridge rail
system must be able to resist this impact force to be classified as a MASH TL-3 barrier
without crash testing. The design moment associated with this load is within 4% of the
current NCHRP Report 350 TL-3 design moment. Therefore, it is expected that existing
NCHRP Report 350 TL-3 barriers will satisfy MASH TL-3 strength requirements.

For NCHRP Report 350 TL-4 impact conditions, a design load of 54 kips at a height
of 32 inches has been used. As discussed in Chapter 3, recent research has recommended a
design impact load of 68 Kips at a height of 25 inches for a 36-inch tall MASH TL-4 bridge
rail or 80 kips at a height of 30 inches for a MASH TL-4 bridge rail taller than 36 inches. A
bridge rail system must be able to resist this impact force to be classified as a MASH TL-4
barrier without crash testing. For a 36-inch tall MASH TL-4 bridge rail, the load conditions
produce an equivalent design moment to that used in the design of NCHRP Report 350 bridge
rails. Therefore, a 36-inch tall MASH TL-4 bridge rail will not require added capacity above
NCHRP Report 350 TL-4 bridge rail requirements. It is noted that the design impact load
increases with barrier height, so taller barriers are required to have additional capacity.

If a TL-5 bridge rail was successfully crash tested in accordance with NCHRP Report
350, then the barrier should have sufficient capacity for MASH TL-5 and no further strength
analyses are needed.

4.4  Rail Specific Analysis Methodology

Four bridge rail system analysis categories were developed for this project to
encompass the various bridge rail systems that were analyzed. The four bridge rail system
analysis categories are Solid Concrete Parapet, Concrete Post and Beam, Steel Post and
Beam, and Combination Steel Post and Concrete Parapet. Analysis templates for the four
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different categories were created in Microsoft Excel to assist in determining the overall
strength of the bridge rail systems. As previously discussed, the three criteria for analysis of a
specific bridge rail system are stability, geometrics, and strength. A bridge rail system must
meet all the criteria to be considered acceptable under MASH evaluation criteria for the
specified Test Level.

The first section of the template for each category evaluates stability. This section
remains the same for each bridge rail category because the minimum rail height requirement
does not change. The analyst specifies the Test Level and height to the top of the rail as
determined from the detailed drawings of the bridge rail. The stability criterion will be
assessed according to whether or not the rail height is equal to or greater than the minimum
rail height. Figure 4.2 below shows an example of the stability criteria portion that is used in
all templates.

Stability Criteria

Test Level 5

H= 44.00|Total Bridge Rail Height (in.) |NOTE: H is measured to the top of the rail.
H,.= 42| Minimum Height (in.)

CHECK 0OK OK if: H > H;,

Figure 4.2 Stability Criteria Evaluation.

The second section of the template for each bridge rail category evaluates geometric
criteria. For each bridge rail, post setback distance, vertical clear opening, and ratio of rail
contact width to height were determined or calculated. These values were plotted on the
AASHTO Section 13 Figures A13.1.1-2 and A13.1.1-3 (Figure 4.3) to assess the potential for
vehicle wheel, bumper, or hood snagging. For solid concrete parapets, this section is not
evaluated as there are no rail openings that provide potential for vehicle snagging. An
assessment was made based on the location of the data points relative to the different regions
of the plots.

The third and final section of the template for each bridge rail category evaluates
strength criteria. For each bridge rail system, an AASHTO Section 13 LRFD strength
analysis was conducted. Figure 4.4 shows the MASH Test Level design impact forces that
were used in the strength analysis. Through this analysis the total resistance of the bridge rail
system is determined. This strength analysis section varies for the four different bridge rail
categories. The different equations and analysis methods for each bridge rail category are
summarized below.
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Design Forces for Traffic Railings
Teszt Level F, (kip) Fp (kip) F; (kip) Ly and Ly (fr) L {ft) H,jin)
TL1 133 45 45 10 18.0 180
TL2 270 2.0 4.5 4.0 18.0 200
TL 3 o 180 43 40 180 150/
TL 4 (a) 55.0 2.0 38.0 40 18.0 230
TL 4 (k) 80.0 170 20 50 180 3000
TL 5 {a) 1860.0 740 160.0 10.0 400 350
TL 5 (b) 2620 73.0 160.0 10.0 40.0 430
TL 6 175.0 58.0 300 10.0 400 0.0

MOTE: (a) and (b) denote different TL 4 and TL 3 design force vahues for bndge rails of different heights.

Figure 4.4 Design Forces for Bridge Railings.

4.4.1 Solid Concrete Parapet Bridge Rail Systems

The strength analysis procedure uses principles from the Whitney Stress Block method
to quantify moment values that are then used in the AASHTO Section 13 equations to
compute the resistance of the concrete parapet. The total transverse resistance of a Solid
Concrete Parapet bridge rail system within a wall segment (denoted Rwmid in the spreadsheet)
can be calculated using Equations A13.3.1-1 and A13.3.1-2 from AASHTO Section 13
(Equations 4.1 and 4.2 below).

For impacts within a wall segment:

ML>
R = 2 8M, +8M, +—<=
2L, 1L, H

Equation 4.1
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I, _£+\/[ L )-+ 8H(M, +M,) Equation 4.2

where:

Rw = Total transverse resistance of the railing (kips)

L. = Critical length of yield line failure pattern (ft.)

Lt = Longitudinal length of distribution of impact force (ft.)

Mw = Flexural resistance of the wall about its vertical axis (kip-ft)

My = Additional flexural resistance of beam in addition to My, if any, at top of wall
(kip-ft)

M_ = Flexural resistance of cantilevered walls about an axis parallel to the longitudinal
axis of the bridge (kip-ft/ft)

H = Height of wall (ft.)

The total transverse resistance of a Solid Concrete Parapet bridge rail system at the
end of a wall or joint segment (denoted Rwend in the spreadsheet) can be calculated using
Equations A13.3.1-3 and A13.3.1-4 from AASHTO Section 13 (Equations 4.3 and 4.4).

For impacts at the end of a wall or at a joint:

i % 2
R, =| s M” + M, + ML | Equation 4.3
S EYE | H |
2 ) .
I = L, (5‘; v H M,+M, | Equation 4.4
2\ 2 M, )

Figure 4.5 below shows an example of a portion of the Solid Concrete Parapet strength
criteria segment of the template. In this example Rwend is calculated and then compared to the
ultimate transverse force, F:.
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Nominal Railing Resistance to Transverse Load for Impacts at End of Wall or at Joint, R ;.4

L,= 4|Longitudinal Length of Distribution of Impact Force (in.)
H= 2.67 |Height of Wall (ft.)
M.y= 16.32|Flexural Resistance of Cantilever Wall (k-ft/ft)
Misns = 31.24|Flexural Resistance of Wall about its Vertical Awis (k-ft/ft)
M, = 0.00[{Add. Flex. Resist. of Wall about its Vertical Axis (k-fv'ft)
P 5.02 [Critical Length of Yield Line Failure Pattern (ft.)
F,= 71|Ultimate Transverse Force (kips)
H.= 19|Height of Equivalent Transverse Load (in)

_|Total Transverse Resistance of the Railing at end of wall or joint specified
Rovena = 103.45 in AASHTO Article A13.3.1 (kips)
CHECK 0K OK if: Ry 2 F,

Figure 4.5 Example of a Portion of the Solid Concrete Parapet Strength Analysis
Segment of the Template.

4.4.2 Concrete Post and Beam Bridge Rail Systems

The plastic moment resistance of a concrete post (denoted Mpost in AASHTO Section
13 and in the spreadsheet) is calculated using the principles of the Whitney Stress Block
method. The inelastic or yield line resistance of the concrete rail(s) contributing to a plastic
hinge (denoted M, in AASHTO Section 13, but denoted My.il in the spreadsheet) is also
calculated using the principles of the Whitney Stress Block method. The shear force on a
single post (denoted P, in AASHTO Section 13 and in the spreadsheet) is calculated using
Equation 4.5.

M
P, = = Equation 4.5

Ypar

where:

Pp = Shear force on a single post which corresponds to Mpost and is located Y par above
the deck (kips)

Y var = Height of Rail force above the deck (in.)

Mpost = Plastic moment resistance of a single post (kip-in)

The total resistance of the railing (denoted R in AASHTO Ch. 13 and the spreadsheet) is
calculated using AASHTO Ch.13 Equation A13.3.2-3 (Equation 4.6).
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2M, + ZRDL(Zi]

i=1

2NL-1,

Equation 4.6

where:

R = Total ultimate resistance, i.e., nominal resistance, of the railing (kips)

L = Post spacing or single span (ft.)

M, (denoted My on spreadsheet) = Inelastic or yield line resistance of all rails
contributing to a plastic hinge (kip-ft).

N = Number of railing spans.

Figure 4.6 below shows an example of a portion of the strength criteria segment of the
analysis template for the Concrete Post and Beam category. In this example My and Py are
computed.

Inelastic or Yield Line Resistance of all of the Rails Contributing to a Plastic Hinge, M,,;

Ay = 1.32 |Area of Longjtudinal Reinforcement in tension zone (in”)
dt = 8.5 |Distance to Longitudinal Tensile Reinforcement (in.)
b = 19.00|Width of Rail (in)
A = 1.226 |Whitney Stress Block Depth (in.)
Erail = 0.0147 |Strain in Tension most Longitudinal Reinforcement (in./in.)
Grai = 1.00 |Strength Reduction Factor
. B 52.05 Inelastic or Yield Line Resistance of all of the Rails Contributing to
M = “7* |a Plastic Hinge specified in AASHTO Section A13.3.2 (k-ft)
Shear Force on a Single Post, P
Yo = 22.50 |Height of Resultant Rail Force (in.)
Mpost = 201.26 |Plastic Moment Resistance of a Single Post (k-ft)

107.34

Shear Force on a Single Post specified in AASHTO Section A13.3.2

(kips)

Figure 4.6 Example of a Portion of the Concrete Post and Beam Strength Analysis
Segment of the Template.

4.4.3 Steel Post and Beam Bridge Rail Systems

The plastic resistance of all metal rails contributing to an inelastic hinge mechanism in
the rail (denoted M, in AASHTO Section 13, but denoted Myai in the spreadsheet) is
calculated.

Steel post and beam bridge rails systems can have several possible failure modes that

control the resistance of a post. Therefore additional checks are required to obtain the
limiting post strength. The failure mechanisms considered for use in this spreadsheet
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template are those observed to be critical in full-scale crash tests. These include plastic
strength of the post (denoted Pp: in the spreadsheet), ultimate strength of the anchor bolts,
weld strength of the post and baseplate weld connection, and concrete section capacity in the
block shear zone of the anchor bolts.

The post strength (Pp) value used in the AASHTO Section 13 equations is taken as the
limiting post strength of the relevant failure mechanisms. The total resistance of the railing
(denoted R in AASHTO Section 13 and the spreadsheet) is calculated using AASHTO
Section 13 Equation A13.3.2-3 (Equation 4.6).

Figure 4.7 below shows an example of a portion of the strength criteria segment of the
template for a Steel Post and Beam rail. In this example, the post strength based on the
concrete section in block shear due to the anchor bolts (Pp4) and the limiting post strength
(Pp) are computed.

Post Strength based on the Concrete Section Capacity in the Block Shear Zone of the Anchor Bolts,
Pos

Aper= 342 87 Area of Block Shear Zone caused by Anchor Bolts (in)

f'.= 4000 | Compression Strength of Concrete (psi)

i, = 1.0|5trength Reduction Factor for Concrete in Shear

V.= 126.49|Concrete Stress from Block Shear of Anchor Bolts (psi)

P, = 43.37 Post Snjeugﬂl of the Concrete Section in the Block Shear Zone of the Anchor

Rods (kips)

P = 19.32 Post Strength found by using the Limiting (" Worst Case") Post

’ Strength (kips)

Figure 4.7 Example of a Portion of the Steel Post and Beam Strength Analysis Segment
of the Template.

4.4.4 Combination Steel Post and Beam and Concrete Parapet Bridge Rail Systems

The strength analysis for Combination Steel Post and Concrete Parapet bridge rail
systems is broken into three sections. The parapet strength is found using the same method
described previously in the Solid Concrete Parapet Bridge Rail Systems section. The metal
post strength is found using the same method described previously in the Steel Post and Beam
Bridge Rail Systems section. The resultant strength of the entire bridge rail system (denoted
R1 and Rz in the spreadsheet) is calculated using AASHTO Section 13 Equations A13.3.3-1
and A13.3.3-2 (Equations 4.7 and 4.8) for R calculations and Equations A13.3.3-3, A13.3.3-
4, and A13.3.3-5 for R calculations shown as Equations 4.9, 4.10, and 4.11. The resultant
strength of a bridge rail system is calculated both at the midspan (R1) of the bridge rail and at
a post (R2) as follows:
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At midspan:

R=R,+R,
I—}’ — RRHR iRwHw
R
At a post:
R=P,+R,+R)
- P H,+RH,+R.H,
R
In which:
I} — RwHw _BDHR
W H

where:

R = Combined resultant strength of rail (kips).
(Note: R is denoted in the spreadsheet as R; at midspan and R at a post)
Y = Location of R above the deck (ft.)

Equation 4.7

Equation 4.8

Equation 4.9

Equation 4.10

Equation 4.11

(Note: Y is denoted in the spreadsheet as Y bar1 at midspan and Y bar2 at a post)

Rr = Ultimate capacity of rail over one span (kips)

Rw = Ultimate transverse resistance of wall (kips)

R’r = Ultimate transverse resistance of rail over two spans (kips)
R’w = Capacity of wall, reduced to resist post load (kips)

Hw = Height of wall (ft.)
Hr = Height of rail (ft.)

See Figure 4.8 below for an example of the resultant strength portion of the
Combination Steel Post and Concrete Parapet segment of the template. In this example Y par1,

Yrar2, R1, and Rz are computed and then R; and R are compared to F.
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Combined Resultant Strength of the Bridge Rail System at Midspan, B,

Fopmia = 300 26| Total Transverse Resistance of the Railing at midspan (kips)
Bgp= 95 00| Total Resistance of Metal Rail for a Single Span of the Railing (kips)
= 32,00 Height of Wall (in.)
.= 43|Height of Equivalent Transverse Load (in.)
Hp= 44 000|Height of Bail (in )
Rzt = 306.16]| Total Combined Resistance of the Bridge Rail System Located @ Y,o (kips)
Yiael = 34,90| Total Resultant Height (in.)
Fy= 262| Transverse Impact Fores (kips)
Total Combined Resistance of the Bridge Rail Svstem at Midspan
Ri= 321581 ocated @ H, specified in AASHTO Section 413.3.3 (kips)
CHECK OK OKif: R; 2 F;
I
Combined Resultant Strength of the Wall and Metal Rail at a Post, R;
Romia = 300.26| Total Transverse Resistance of the Railing at midspan (kips)
Pp= 28.19|Post Strength (kips)
By= 67.67| Total Resistance of Ivistal Rail for 2 Doubls Span of the Railing (kips)
H.= 32.00|Height of Wall (in.)
.= 43|Height of Equivalent Transverse Load (in.)
Hp= 44.000|Height of Rail (in)
Ry= 261,50 Capacity of Wall, Reduced to Resist Post Load (kips)
Baga = 357.36| Total Combined Resistance of the Bridge Rail System Located @ Yyu (ps)
Ve = 3522 Total Resultant Height (in)
Fi= 262 | Transverse Impact Foree (kips)
Total Combined Resistance of the Bridge Rail System at a Post Located
Ry= 292.69| & W, specified in AASHTO Section A13.3.3 (kips)
CHECK OK OKif: Ry 2 F;

Figure 4.8 Example of the Resultant Strength Portion of the Combination Steel Post and
Concrete Parapet Segment of the Template.

4.5

Rail Specific Evaluation Assessment Designations

For each bridge rail system analyzed in this study, an assessment is made for each of
the three evaluation criteria (stability, geometrics and strength). In addition, an overall rail
assessment is made. For each assessment, a designation of not satisfactory, satisfactory, or
marginal was assigned. These assessment designations are further described in this section.
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4.5.1 Not Satisfactory

The Not Satisfactory (NS) designation option is considered for stability, geometrics,
and strength criteria, as well as for the overall assessment of the bridge rail system. A Not
Satisfactory designation is given for stability when the considered bridge rail system’s height
does not meet the minimum MASH height requirements (Table 4.3). Table 4.3 shows an
example of a bridge rail system that has a total rail height of 32 inches. This total rail height is
less than the minimum rail height for MASH TL-4. Therefore, a Not Satisfactory designation
would be given to this bridge rail system for stability.

Table 4.3 Example of Not Satisfactory Designation for Stability Criteria.

Stability Criteria

Test Level 4
H= 32 Total Bridge Rail Height (in.)
Hmin = 36 Minimum Height (in.)

CHECK OKif: H > Hmin

A Not Satisfactory designation is given for geometrics when the bridge rail system’s
geometrics plot in the unacceptable or not recommended region (see Figure 4.9 and Figure
4.10). Some systems in this region have passed MASH testing criteria, therefore further
testing and evaluation could prove that systems with a Not Satisfactory designation for the
geometrics criteria are indeed MASH compliant.

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

Preferred

Not Recommended

Ratio of Rail Contact Width to Height

0 2 4 6 8 10 12
Post Setback Distance (in)

Figure 4.9 Example of Not Satisfactory Designation for Geometric Criteria.
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High Snag Potential
14 <

Vertical Clear Opening (in)
oo

6
4
2 Low Snag Potential
0
0 2 4 6 8 10 12 14

Post Setback Distance (in)
Figure 4.10 Example of Not Satisfactory Designation for Geometric Criteria.

A Not Satisfactory designation is given for strength when the considered bridge rail
system’s capacity does not meet the minimum MASH strength requirements (see
Table 4.4). However, the strength analysis procedure used to evaluate the bridge rail systems
is known to be conservative. Therefore, further testing and evaluation could prove that
systems with a Not Satisfactory designation for strength criteria are MASH compliant.

Table 4.4 Example of Not Satisfactory Designation for Strength Criteria.

Fe= 68 Transverse Impact Force (Kips)
_ Critical Total Resistance of Metal Rail @
R= 55 .
H. (kips)

4,5.2 Satisfactory

The Satisfactory (S) designation option is considered for stability, geometrics, and
strength criteria, as well as for the overall assessment of the bridge rail system.
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A Satisfactory designation is given for stability when the considered bridge rail
system’s height meets the minimum MASH height requirements (Table 4.5). Table 4.5 shows
an example of a bridge rail system that has a total rail height of 36 inches. This total rail
height is equal to the minimum rail height for MASH TL-4. Therefore, a Satisfactory
designation would be given to this bridge rail system for stability.

Table 4.5 Example of Satisfactory Designation for Stability Criteria.

Stability Criteria
Test Level 4
H= 36 Total Bridge Rail Height (in.)
Hmin = 36 Minimum Height (in.)
CHECK OK OK if: H > Hmin

A Satisfactory designation is given for geometrics when the considered bridge rail
system’s geometrics data points plot in the acceptable or preferred region (Figure 4.11 and
Figure 4.12).

O
o ©

Preferred

© © o o o
w M 01 O N

o
()

Not Recommended

o
[N

Ratio of Rail Contact Width to Height

o

0 2 4 6 8 10 12
Post Setback Distance (in)

Figure 4.11 Example of Satisfactory Designation for Geometric Criteria.
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Figure 4.12 Example of Satisfactory Designation for Geometric Criteria.

A Satisfactory designation is given for strength when the considered bridge rail
system’s capacity exceeds the MASH design impact load. In the example shown in Table 4.6,
the analyzed rail has a capacity of 75 kips, which exceeds the 68 kip design impact load for a
MASH TL-4 rail that has a height of 36 inches.

Table 4.6 Example of Satisfactory Designation for Strength Criteria.

Fe= 68 Transverse Impact Force (kips)

_ Critical Total Resistance of Metal Rail @
R= 75 .
H. (Kips)

45.3 Marginal

The Marginal (M) designation is considered only for the geometrics criteria. It is
specified when the rail geometrics plot between the Not Recommended and Preferred lines or
Low Snag Potential and High Snap Potential lines of the AASHTO Section 13 Figure
A13.1.1-2 and Figure A13.1.1-3, respectively. Figure 4.13 and Figure 4.14 give an example
of a data point plotting between the two regions. A marginal designation is given for this
range because limited MASH crash tests have been performed and some tests that plotted in
this region were failures according to MASH. For this reason, the research team could not
confidently assess the geometrics of bridge rails whose characteristics plot between the
Preferred and Not Recommended regions of the relationships.

This does not mean that the bridge rail system would not pass MASH crash testing. In

fact, some systems that have plotted in this region have passed MASH testing criteria. For
these reasons, a marginal designation was assigned to those bridge rail systems that plotted in
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this region. Additional crash testing and evaluation is recommended to assess these bridge
rails according to MASH.

Preferred

= 0.1 Not Recommended

0 2 4 6 8 10 12
Post Setback Distance (in)

Figure 4.13 Example of Data Point Resulting in Marginal Designation.

16 .
High Snag

Potential

=
N

[ay
N

[EY
o

6 Low Snag Potential

Vertical Clear Opening (in)
oo

0 5 10 15
Post Setback Distance (in)

Figure 4.14 Example of Data Point Resulting in Marginal Designation.
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45.4 Overall Assessment

A Not Satisfactory designation for the overall assessment of the analyzed bridge rail is
assigned if any of the three criteria are given a Marginal or Not Satisfactory designation
(Table 4.7). Note that a Not Satisfactory overall assessment does not mean that the
investigated bridge rail system will not meet MASH criteria. It merely indicates that a
determination regarding MASH compliance cannot be made without further testing.

Table 4.7 Example of Not Satisfactory Designation for Overall Assessment.

Evaluated MASH

Test Level Stability Geometrics Strength Overall Assessment

TL-4 S M NS NS

A Satisfactory designation option is applied if each of the three criteria are assigned a
Satisfactory designation (Table 4.8). With a Satisfactory overall assessment, the researchers
have concluded that the investigated bridge rail system is MASH compliant and no further
testing is needed.

Table 4.8 Example of Satisfactory Designation for Overall Assessment.

Evaluated MASH

Test Level Stability Geometrics Strength Overall Assessment

TL-4 S S S S

4.6 Rail Specific Analyses

The analyses procedures described in the Rail Specific Analysis Methodology section
were applied to the prioritized bridge rail systems identified in Chapter 2. The results of each
rail analysis are summarized in the sections below.

4.6.1 Aesthetic Parapet Tube B-25-J (Michigan)

The Aesthetic Parapet Tube B-25-J bridge rail from Michigan is a metal post and
beam combined with a concrete parapet. The bridge rail system has a total height of 42
inches. The concrete parapet has a height of 24 inches. The top metal rail is an HSS4x3x1/4
steel member. The bottom metal rail is an HSS2x2x1/8 steel member. The posts are made of
HSS4x4x5/16 steel members spaced at 6 feet-8 inches. Figure 4.15 shows a cross section of
the bridge rail system. Further details of the Aesthetic Parapet Tube B-25-J bridge rail can be
found in MDOT drawing “Bridge Railing, Aesthetic Parapet Tube.” Appendix B.1 contains
the full analysis for the Aesthetic Parapet Tube B-25-J bridge rail system. Below is a
summary of the evaluation results and recommendations.
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Figure 4.15 Detailed View of Aesthetic Parapet Tube B-25-J.



Stability Evaluation

The Aesthetic Parapet Tube B-25-J bridge rail system has a height of 42 inches. The
minimum height requirement for a MASH TL-4 bridge rail system is 36 inches (Table 4.1).
Therefore, the Aesthetic Parapet Tube B-25-J bridge rail system meets the MASH TL-4
stability criterion (Satisfactory).

Rail Geometrics Evaluation

Post setback distance, ratio of contact width to height, and vertical clear opening were
determined for the Aesthetic Parapet Tube B-25-J bridge rail system. The appropriate data
points were plotted against the current AASHTO LRFD Section 13 geometric relationships.
As seen in Figure 4.16, the rail geometrics plot in the acceptable regions. Therefore, the
snagging potential is low and the assessment of occupant risk is considered satisfactory
(Satisfactory).

0.9 16 Hiah S

S igh Snag
£ 08 \ £ Potential
g 07 > 12
g 06 Preferred g 10
EEZ05 @) Low Snag Potential
c.2 - 8
©Cfos4 3
'S O 6
E 0.3 5 .
S 02 B
2 S
5 01 > 2

o | Not Recommended 0

0 5 10 15 0 5 10 15
Post Setback Distance (in) Post Setback Distance (in)
(a) Post Setback Criteria (b) Snag Potential

Figure 4.16 Geometric Criteria Assessment of Aesthetic Parapet Tube B-25-J.
Strength Evaluation

The Aesthetic Parapet Tube B-25-J bridge rail system has a calculated resistance of
128 kips at an effective height (He) of 30 inches above the roadway surface. The MASH TL-4
design impact load (F+) is 80 Kips located at an effective height (He) of 30 inches above the
roadway surface (Table 4.2). Since the calculated resistance is equal to or greater than the
design impact load, the Aesthetic Parapet Tube B-25-J bridge rail system meets MASH TL-4
structural adequacy criterion (Satisfactory).

Recommendation

As summarized in Table 4.9, the Aesthetic Parapet Tube B-25-J bridge rail system
from Michigan satisfies all MASH TL-4 criteria.
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Table 4.9 Summary of Assessment of Aesthetic Parapet Tube B-25-J.

Required Actual Assessment

Stability 36 in. 42in. Satisfactory
Rail Geometrics See Figure 4.16 Satisfactory
Strength 80 kips 128 kips Satisfactory

4.6.2 Concrete Parapet with Structural Tubing (Tennessee)

The Concrete Parapet with Structural Tubing bridge rail from Tennessee is a metal
post and beam combined with a concrete parapet. The bridge rail system has a total height of
45.25 inches. The concrete parapet has a height of 30 inches. The metal rail is a steel tube
with an outer diameter of 5.563 inches. The posts are spaced at 10-1/2 feet. Figure 4.17 shows
the cross section details of the bridge rail system. Further details of the Concrete Parapet with
Structural Tubing bridge rail can be found in TDOT drawing “Bridge Railing, Concrete
Parapet with Structural Tubing.” Appendix B.2 contains the full analysis for the Concrete
Parapet with Structural Tubing bridge rail system. Below is a summary of the evaluation
results and recommendations.
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Figure 4.17 Detailed View of Concrete Parapet with Structural Tubing.

Stability Evaluation

The Concrete Parapet with Structural Tubing bridge rail system has a height of 45.25
inches. The minimum height requirement for a MASH TL-3 bridge rail system is 29 inches
(Table 4.1). Therefore, the Concrete Parapet with Structural Tubing bridge rail system meets
the MASH TL-3 stability criterion (Satisfactory).
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Rail Geometrics Evaluation

Post setback distance, ratio of contact width to height, and vertical clear opening were
determined for the Concrete Parapet with Structural Tubing bridge rail system. The
appropriate data points were plotted against the current AASHTO LRFD Section 13
geometric relationships. As seen in Figure 4.18, the rail geometrics plot in the acceptable
regions. Therefore, the snagging potential is low and the assessment of occupant risk is
considered satisfactory (Satisfactory).
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(a) Post Setback Criteria (b) Snag Potential

Figure 4.18 Geometric Criteria Assessment of Concrete Parapet with Structural Tubing.
Strength Evaluation

The Concrete Parapet with Structural Tubing bridge rail system has a calculated
resistance of 162 Kips at an effective height (He) of 19 inches above the roadway surface. The
MASH TL-3 design impact load (F+) is 71 kips located at an effective height (He) of 19
inches above the roadway surface (Table 4.2). Since the calculated resistance is equal to or
greater than the design impact load, the Concrete Parapet with Structural Tubing bridge rail
system meets MASH TL-3 structural adequacy criterion (Satisfactory).

Recommendation

As summarized in Table 4.10, the Concrete Parapet with Structural Tubing bridge rail
system from Tennessee satisfies all MASH TL-3 criteria.
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Table 4.10 Summary of Assessment of Concrete Parapet with Structural Tubing.

Required Actual Assessment

Stability 29 in. 45.25in. Satisfactory
Rail Geometrics See Figure 4.18 Satisfactory
Strength 71 Kips 162 kips Satisfactory

4.6.3 S-352 Series Steel Tubing Concrete Combination (Vermont)

The S-352 Series Steel Tubing Concrete Combination bridge rail from Vermont is a
metal post and beam system combined with a concrete parapet. The concrete parapet has a
height of 24 inches. The bridge rail system has a total height of 42 inches. The top metal rail
is an HSS4x3x1/4 steel member. The bottom metal rail is an HSS2x2x1/8 steel member. The
posts are made of HSS4x4x5/16 steel members spaced at 6 feet-8 inches. Figure 4.19 shows
the cross section of the bridge rail system. Further details of the S-352 Series Steel Tubing
Concrete Combination bridge rail can be found in VTrans drawing “Bridge Railing,
Galvanized Steel Tubing/Concrete Combination.” Appendix B.3 contains the full analysis for
the S-352 Series bridge rail system. Below is a summary of the evaluation results and
recommendations.
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Figure 4.19 Detailed View of S-352 Series Steel Tubing Concrete Combination.
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Stability Evaluation

The S-352 Series bridge rail system has a height of 42 inches. The minimum height
requirement for a MASH TL-4 bridge rail system is 36 inches (Table 4.1). Therefore, the S-
352 Series bridge rail system meets the MASH TL-4 stability criterion (Satisfactory).

Rail Geometrics Evaluation

Post setback distance, ratio of contact width to height, and vertical clear opening were
determined for the S-352 Series bridge rail system. The appropriate data points were plotted
against the current AASHTO LRFD Section 13 geometric relationships. As seen in Figure
4.20 the rail geometrics plot in the acceptable regions. Therefore, the snagging potential is
low and the assessment of occupant risk is considered satisfactory (Satisfactory).
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Figure 4.20 Geometric Criteria Assessment of S-352 Series Steel Tubing Concrete
Combination.

Strength Evaluation

The S-352 Series bridge rail system has a calculated resistance of 124 kips at an
effective height (He) of 30 inches above the roadway surface. The MASH TL-4 design impact
load (Ft) is 80 Kips located at an effective height (He) of 30 inches above the roadway surface
(Table 4.2). Since the calculated resistance is equal to or greater than the design impact load,
the S-352 Series bridge rail system meets MASH TL-4 structural adequacy criterion
(Satisfactory).

Recommendation

As summarized in Table 4.11, the S-352 Series bridge rail system from Vermont
satisfies all MASH TL-4 criteria.
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Table 4.11 Summary of Assessment of S-352 Series Steel Tubing Concrete Combination.
Required Actual Assessment
Stability 36 in. 42in. Satisfactory
Rail Geometrics See Figure 4.20 Satisfactory
Strength 80 kips 124 Kips Satisfactory

4.6.4 Kansas Corral 32in Without Curb (Virginia)

The Kansas Corral 32-in without Curb bridge rail from Virginia is a concrete post and
beam bridge rail system without a curb. The bridge rail system has a total height of 32 inches.
The concrete rail uses Number 6 Grade 60 rebar for longitudinal reinforcement and Number 3
Grade 60 rebar for transverse reinforcement. The concrete posts are spaced at 10 feet and use
Number 3 Grade 60 rebar for transverse reinforcement. Figure 4.21 shows the cross section of
the bridge rail system. Further details of the Kansas Corral 32-in without Curb bridge rail can
be found in VDOT drawing “Cast-In-Place Concrete Railing 32” Kansas Corral W/O Curb.”
Appendix B.4 contains the full analysis for the Kansas Corral 32in Without Curb bridge rail
system. Below is a summary of the evaluation results and recommendations.
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Figure 4.21 Detailed View of Kansas Corral 32in Without Curb.
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Stability Evaluation

The Kansas Corral 32in without Curb bridge rail system has a height of 32 inches. The
minimum height requirement for a MASH TL-4 bridge rail system is 36 inches (Table 4.1).
The Kansas Corral 32in without Curb bridge rail system does not satisfy the minimum rail
height for MASH TL-4. Therefore, the Kansas Corral 32in without Curb bridge rail system
was evaluated for MASH TL-3. The minimum height requirement for MASH TL-3 is 29
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inches (Table 4.1). Therefore, the Kansas Corral 32in without Curb bridge rail system meets
the MASH TL-3 stability criterion (Satisfactory).

Rail Geometrics Evaluation

Post setback distance, ratio of contact width to height, and vertical clear opening were
determined for the Kansas Corral 32in without Curb bridge rail system. The appropriate data
points were plotted against the current AASHTO LRFD Section 13 geometric relationships.
As seen in Figure 4.22 the rail geometrics do not plot in the acceptable regions. Therefore, the
snagging potential is not low and the assessment of occupant risk is considered marginal
(Marginal).
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Figure 4.22 Geometric Criteria Assessment of Kansas Corral 32in Without Curb.
Strength Evaluation

The Kansas Corral 32in without Curb bridge rail system has a calculated resistance of
62 kips at an effective height (He) of 19 inches above the roadway surface. The MASH TL-3
design impact load (F+) is 71 Kips located at an effective height (He) of 19 inches above the
roadway surface (Table 4.2). Since the calculated resistance is less than the design impact
load, the Kansas Corral 32in without Curb bridge rail system does not meet MASH TL-3
structural adequacy criterion (Not Satisfactory).

Recommendation
As summarized in Table 4.12, the Kansas Corral 32in without Curb bridge rail system

from Virginia does not satisfy all evaluation criteria, and determination of MASH TL-3
compliance will require testing.
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Table 4.12 Summary of Assessment of Kansas Corral 32in Without Curb.

Required Actual Assessment
Stability 29 in. 32in. Satisfactory
Rail Geometrics See Figure 4.22 Marginal
Strength 71 Kips 62 kips Not Satisfactory

4.6.5 Open Concrete Rail (Nebraska)

The Open Concrete Rail from Nebraska is a concrete post and beam bridge rail system
without a curb. The bridge rail system has a total height of 34 inches. The concrete rail uses
Number 5 Grade 60 rebar for longitudinal reinforcement and Number 3 Grade 60 rebar for
transverse reinforcement. The concrete posts are spaced at 6 feet and use Number 3 and
Number 4 Grade 60 rebar for transverse reinforcement. Figure 4.23 shows the cross section of
the bridge rail system. Further details of the Open Concrete Rail can be found in NDOR
drawing “Rail on Approach Slab.” Appendix B.5 contains the full analysis for the Open
Concrete Rail bridge rail system. Below is a summary of the evaluation results and
recommendations.
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Figure 4.23 Detailed View of Open Concrete Bridge Rail.

Stability Evaluation

The Open Concrete Rail bridge rail system has a height of 34 inches. The minimum
height requirement for a MASH TL-4 bridge rail system is 36 inches (Table 4.1). The Open
Concrete Rail bridge rail system does not satisfy the minimum rail height for MASH TL-4.
Therefore, the Open Concrete Rail bridge rail system was evaluated for MASH TL-3. The
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minimum height requirement for MASH TL-3 is 29 inches (Table 4.1). Therefore, the Open
Concrete Rail bridge rail system meets the MASH TL-3 stability criterion (Satisfactory).

Rail Geometrics Evaluation

Post setback distance, ratio of contact width to height, and vertical clear opening were
determined for the Open Concrete Rail bridge rail system. The appropriate data points were
plotted against the current AASHTO LRFD Section 13 geometric relationships. As seen in
Figure 4.24, the rail geometrics plot in the acceptable regions. Therefore, the snagging
potential is not low and the assessment of occupant risk is considered marginal (Marginal).
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Figure 4.24 Geometric Criteria Assessment of Open Concrete Bridge Rail.
Strength Evaluation

The Open Concrete Rail bridge rail system has a calculated resistance of 102 Kips at
an effective height (He) of 19 inches above the roadway surface. The MASH TL-3 design
impact load (F+) is 71 kips located at an effective height (He) of 19 inches above the roadway
surface (Table 4.2). Since the calculated resistance is equal to or greater than the design
impact load, the Open Concrete Rail bridge rail system meets MASH TL-3 structural
adequacy criterion (Satisfactory).

Recommendation
As summarized in Table 4.13, the Open Concrete Rail bridge rail system from

Nebraska does not satisfy all evaluation criteria, and determination of MASH TL-3
compliance will require testing.
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Table 4.13 Summary of Assessment of Open Concrete Bridge Rail.

Required Actual Assessment

Stability 29 in. 34in. Satisfactory
Rail Geometrics See Figure 4.24 Marginal

Strength 71 kips 102 kips Satisfactory

4.6.6 4-Bar Steel Traffic Bicycle Railing on Curb (Maine)

The 4-Bar Steel Traffic Bicycle Railing on Curb from Maine is a metal post and beam
traffic and bicycle bridge rail system on a 9-inch curb. The bridge rail system has a total
height of 54 inches. The top two metal rails and the bottom rail are HSS4x4x1/4 steel
members. The third metal rail from the top of the bridge rail system is an HSS8x4x5/16 steel
member. The posts are made of W6x25 steel members spaced at 8 feet. Figure 4.25 shows the
cross section of the bridge rail system. Further details of the 4-Bar Steel Traffic Bicycle
Railing on Curb can be found in MaineDOT drawing “Steel Bridge Railing 507(06).”
Appendix B.6 contains the full analysis for the 4-Bar Steel Traffic Bicycle Railing on Curb
bridge rail system. Below is a summary of the evaluation results and recommendations.

Stability Evaluation

The 4-Bar Steel Traffic Bicycle Railing on Curb bridge rail system has a height of 54
inches. The minimum height requirement for a MASH TL-4 bridge rail system is 36 inches
(Table 4.1). Therefore, the 4-Bar Steel Traffic Bicycle Railing on Curb bridge rail system
meets the MASH TL-4 stability criterion (Satisfactory).

Rail Geometrics Evaluation

Post setback distance, ratio of contact width to height, and vertical clear opening were
determined for the 4-Bar Steel Traffic Bicycle Railing on Curb bridge rail system. The
appropriate data points were plotted against the current AASHTO LRFD Section 13
geometric relationships. As seen in Figure 4.26, the rail geometrics plot in the acceptable
regions. Therefore, the snagging potential is not low and the assessment of occupant risk is
considered marginal (Marginal).
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Strength Evaluation

The 4-Bar Steel Traffic Bicycle Railing on Curb bridge rail system has a calculated
resistance of 86 kips at an effective height (He) of 30 inches above the roadway surface. The
MASH TL-4 design impact load (F+) is 80 kips located at an effective height (He) of 30
inches above the roadway surface (Table 4.2). Since the calculated resistance is equal to or
greater than the design impact load, the 4-Bar Steel Traffic Bicycle Railing on Curb bridge
rail system meets MASH TL-4 structural adequacy criterion (Satisfactory).

Recommendation
As summarized in Table 4.14, the 4-Bar Steel Traffic Bicycle Railing on Curb bridge
rail system from Maine does not satisfy all evaluation criteria, and determination of MASH

TL-4 compliance will require testing.

Table 4.14 Summary of Assessment of 4-Bar Steel Traffic Bicycle Railing on Curb.

Required Actual Assessment

Stability 36 in. 54 in. Satisfactory
Rail Geometrics See Figure 4.26 Marginal

Strength 71 Kips 86 kips Satisfactory

4.6.7 Alaska Multi-State Bridge Rail (Alaska)

The Alaska Multi-State Bridge Rail is a metal post and beam bridge rail system with a
7 inch curb. The bridge rail system has a total height of 32.5 inches. The two metal rails are
HSS5x5x5/16 steel members and the posts are W8x24 steel members spaced at 10 feet. Figure
4.27 shows the cross section of the bridge rail system. Further details of the Alaska Multi-
State Bridge Rail can be found in ADOT/PF drawing “Steel Bridge Railing.” Appendix B.7
contains the full analysis for the Alaska Multi-State Bridge Rail. Below is a summary of the
evaluation results and recommendations.
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Stability Evaluation

The Alaska Multi-State Bridge Rail has a height of 32.5 inches. The minimum height
requirement for a MASH TL-4 bridge rail system is 36 inches (Table 4.1). The Alaska Multi-
State Bridge Rail does not satisfy the minimum rail height for MASH TL-4. Therefore, the
Alaska Multi-State Bridge Rail was evaluated for MASH TL-3. The minimum height
requirement for MASH TL-3 is 29 inches (Table 4.1). Therefore, the Alaska Multi-State
Bridge Rail meets the MASH TL-3 stability criterion (Satisfactory).

Rail Geometrics Evaluation

Post setback distance, ratio of contact width to height, and vertical clear opening were
determined for the Alaska Multi-State Bridge Rail. The appropriate data points were plotted
against the current AASHTO LRFD Section 13 geometric relationships. As seen in Figure
4.28, the rail geometrics plot in the acceptable regions. Therefore, the snagging potential is
low and the assessment of occupant risk is considered satisfactory (Satisfactory).

Strength Evaluation

The Alaska Multi-State Bridge Rail has a calculated resistance of 85 kips at an
effective height (He) of 19 inches above the roadway surface. The MASH TL-3 design impact
load (Ft) is 71 Kips located at an effective height (He) of 19 inches above the roadway surface
(Table 4.2). Since the calculated resistance is equal to or greater than the design impact load,
the Alaska Multi-State Bridge Rail meets MASH TL-3 structural adequacy criterion
(Satisfactory).
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As summarized in Table 4.15, the Alaska Multi-State Bridge Rail satisfies MASH TL-

3 criteria.

Table 4.15 Summary of Assessment of Alaska Multi-State Bridge Rail.

Required Actual Assessment

Stability 29 in. 32.5in. Satisfactory
Rail Geometrics See Figure 4.28 Satisfactory
Strength 71 Kips 85 kips Satisfactory

4.6.8 George Washington Memorial Parkway (Federal Lands)

The George Washington Memorial Parkway bridge rail system from the Federal Lands
is a metal post and beam bridge rail system with an 8-inch curb. The bridge rail system has a
total height of 42.5 inches. The three steel circular rails have a diameter of 5-5/8 inches and
the posts are steel plate members spaced at 7 feet-9-Y2 inches. Figure 4.29 shows the cross
section of the bridge rail system. Further details of the George Washington Memorial
Parkway bridge rail can be found in FHWA Federal Lands drawing “Design Details of the
GWMPBR for Test GWMP-1.” Appendix B.8 contains the full analysis for the George
Washington Memorial Parkway bridge rail system. Below is a summary of the evaluation

results and recommendations.
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Figure 4.29 Detailed View of George Washington Memorial Parkway.
Stability Evaluation

The George Washington Memorial Parkway bridge rail system has a height of 42.5
inches. The minimum height requirement for MASH TL-3 is 29 inches (Table 4.1). Therefore,
the George Washington Memorial Parkway bridge rail system meets the MASH TL-3
stability criterion (Satisfactory).

Rail Geometrics Evaluation

Post setback distance, ratio of contact width to height, and vertical clear opening were
determined for the George Washington Memorial Parkway bridge rail system. The
appropriate data points were plotted against the current AASHTO LRFD Section 13
geometric relationships. As seen in Figure 4.30, the rail geometrics do not plot in all
acceptable regions. Therefore, the snagging potential is not low and the assessment of
occupant risk is considered marginal (Marginal).

Strength Evaluation

The George Washington Memorial Parkway bridge rail system has a calculated
resistance of 104 kips at an effective height (He) of 19 inches above the roadway surface. The
MASH TL-3 design impact load (Ft) is 71 kips located at an effective height (He) of 19
inches above the roadway surface (Table 4.2). Since the calculated resistance is equal to or
greater than the design impact load, the George Washington Memorial Parkway bridge rail
system meets MASH TL-3 structural adequacy criterion (Satisfactory).
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Figure 4.30 Geometric Criteria Assessment of George Washington Memorial Parkway.

Recommendation

As summarized in Table 4.16, the George Washington Memorial Parkway bridge rail
system from the Federal Lands does not satisfy all evaluation criteria, and determination of
MASH TL-3 compliance will require testing.

Table 4.16 Summary of Assessment of George Washington Memorial Parkway.

Required Actual Assessment

Stability 29 in. 42.5in. Satisfactory
Rail Geometrics See Figure 4.30 Marginal

Strength 71 Kips 104 kips Satisfactory

4.6.9 S3-TL4 (Massachusetts)

The S3-TL4 bridge rail system from Massachusetts is a metal post and beam bridge
rail system without a curb. The bridge rail system has a total height of 42-1/8 inches. The top
metal rail is an HSS5x4x1/4 steel members. The two bottom metal rails are HSS5x5x1/4 steel
members. The posts are made of W6x25 steel members spaced at 6-1/2 feet. Figure 4.31
shows the cross section of the bridge rail system. Further details of the S3-TL4 bridge rail
system can be found in MassDOT drawing “S3-TL4 Bridge Railing.” Appendix B.9 contains
the full analysis for the S3-TL4 bridge rail system. Below is a summary of the evaluation
results and recommendations.
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Figure 4.31 Detailed View of S3-TL4 Bridge Rail.

Stability Evaluation

The S3-TL4 bridge rail system has a height of 42-1/8 inches. The minimum height
requirement for a MASH TL-4 bridge rail system is 36 inches (Table 4.1). Therefore, the S3-
TL4 bridge rail system meets the MASH TL-4 stability criterion (Satisfactory).

Rail Geometrics Evaluation

Post setback distance, ratio of contact width to height, and vertical clear opening were
determined for the S3-TL4 bridge rail system. The appropriate data points were plotted
against the current AASHTO LRFD Section 13 geometric relationships. As seen in Figure
4.32, the rail geometrics do not plot in all acceptable regions. Therefore, the snagging
potential is not low and the assessment of occupant risk is considered marginal (Marginal).

Strength Evaluation

The S3-TL4 bridge rail system has a calculated resistance of 81 kips at an effective
height (He) of 30 inches above the roadway surface. The MASH TL-4 design impact load (F+)
is 80 Kips located at an effective height (He) of 30 inches above the roadway surface (Table
4.2). Since the calculated resistance is equal to or greater than the design impact load, the S3-
TL4 bridge rail system meets MASH TL-4 structural adequacy criterion (Satisfactory).
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Figure 4.32 Geometric Criteria Assessment of S3-TL4 Bridge Rail.

Recommendation
As summarized in Table 4.17, the S3-TL4 bridge rail system from Massachusetts does

not satisfy all evaluation criteria, and determination of MASH TL-4 compliance will require
testing.

Table 4.17 Summary of Assessment of S3-TL4 Bridge Rail.

Required Actual Assessment

Stability 36 in. 42-1/8 in. Satisfactory
Rail Geometrics See Figure 4.32 Marginal

Strength 80 kips 81 kips Satisfactory

4.6.10 Side Mounted Metal Bridge Railing (New Mexico)

The Side Mounted Metal Bridge Railing from New Mexico is a side mounted metal
post and beam bridge rail system. The bridge rail system has a total height of 32.5 inches. The
top rail is an HSS8x4x5/16 steel member and the bottom rail is an HSS6x4x1/4 steel member.
The posts are W6x25 steel members spaced at 6-1/4 feet. Figure 4.33 shows the cross section
of the bridge rail system. Further details of the Side Mounted Metal Bridge Railing can be
found in NMDOT drawing “Metal Railing Type A.” Appendix B.10 contains the full analysis
for the Side Mounted Metal Bridge Railing. Below is a summary of the evaluation results and
recommendations.
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Figure 4.33 Detailetlj View of Side Mounted Metal Bridge Railing.

Stability Evaluation

The Side Mounted Metal Bridge Railing has a height of 32.5 inches. The minimum
height requirement for MASH TL-4 is 36 inches (Table 4.1). Therefore, the Side Mounted
Metal Bridge Railing was evaluated for MASH TL-3. The minimum height requirement for
MASH TL-3 is 29 inches (Table 4.1). Therefore, the Side Mounted Metal Bridge Railing
meets the MASH TL-3 stability criterion (Satisfactory).

Rail Geometrics Evaluation

Post setback distance, ratio of contact width to height, and vertical clear opening were
determined for the Side Mounted Metal Bridge Railing. The appropriate data points were
plotted against the current AASHTO LRFD Section 13 geometric relationships. As seen in
Figure 4.34, the rail geometrics do not plot the acceptable regions. Therefore, the snagging
potential is not low and the assessment of occupant risk is considered marginal (Marginal).

Strength Evaluation

The Side Mounted Metal Bridge Railing has a calculated resistance of 74 kips at an
effective height (He) of 19 inches above the roadway surface. The MASH TL-3 design impact
load (Ft) is 71 Kips located at an effective height (He) of 19 inches above the roadway surface
(Table 4.2). Since the calculated resistance is equal to or greater than the design impact load,
the Side Mounted Metal Bridge Railing meets the MASH TL-3 structural adequacy criterion
(Satisfactory).
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Figure 4.34 Geometric Criteria Assessment of Side Mounted Metal Bridge Railing.

Recommendation
As summarized in Table 4.18, the Side Mounted Metal Bridge Railing from New

Mexico does not satisfy all evaluation criteria, and determination of MASH TL-3 compliance
will require testing.

Table 4.18 Summary of Assessment of Side Mounted Metal Bridge Railing.

Required Actual Assessment

Stability 29 1in. 32.51n. Satisfactory
Rail Geometrics See Figure 4.34 Marginal

Strength 71 kips 74 Kips Satisfactory

4.6.11 T4 Steel Bridge Rail (New Hampshire)

The T4 Steel Bridge Rail from New Hampshire is a metal post and beam bridge rail
system without a curb. The bridge rail system has a total height of 42 inches. The top metal
rail and two bottom rails are HSS4x4x1/4 steel members. The second metal rail from the top
of the bridge system is an HSS8x4x5/16 steel member. The posts are made of W6x25 steel
members spaced at 8 feet. Figure 4.35 shows the cross section of the bridge rail system.
Further details of the T4 Steel Bridge Rail can be found in NHDOT drawing “T4 Steel Bridge
Rail.” Appendix B.11 contains the full analysis for the T4 Steel Bridge Rail. Below is a
summary of the evaluation results and recommendations.
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Figure 4.35 Detailed View of T4 Steel Bridge Rail.
Stability Evaluation

The T4 Steel Bridge Rail has a height of 42 inches. The minimum height requirement
for a MASH TL-4 bridge rail system is 36 inches (Table 4.1). Therefore, the T4 Steel Bridge
Rail meets the MASH TL-4 stability criterion (Satisfactory).

Rail Geometrics Evaluation

Post setback distance, ratio of contact width to height, and vertical clear opening were
determined for the T4 Steel Bridge Rail. The appropriate data points were plotted against the
current AASHTO LRFD Section 13 geometric relationships. As seen in Figure 4.36, the rail
geometrics do not plot in all acceptable regions. Therefore, the snagging potential is not low
and the assessment of occupant risk is considered marginal (Marginal).

Strength Evaluation

The T4 Steel Bridge Rail has a calculated resistance of 63 Kips at an effective height
(He) of 30 inches above the roadway surface. The MASH TL-4 design impact load (Ft) is 80
kips located at an effective height (He) of 30 inches above the roadway surface (Table 4.2).
Since the calculated resistance is less than the design impact load, the T4 Steel Bridge Rail
does not meet MASH TL-4 structural adequacy criterion (Not Satisfactory).
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Figure 4.36 Geometric Criteria Assessment of T4 Steel Bridge Rail.
Recommendation
As summarized in Table 4.19, the T4 Steel Bridge Rail from New Hampshire does not
satisfy all MASH TL-4 criteria.

Table 4.19 Summary of Assessment of T4 Steel Bridge Rail.

Required Actual Assessment
Stability 36 in. 42 in. Satisfactory
Rail Geometrics See Figure 4.36 Marginal
Strength 80 kips 63 kips Not Satisfactory

4.6.12 Two Tube Railing — 36¢ (Wyoming)

The Two Tube Railing-36¢ from Wyoming is a metal post and beam bridge rail
system with a 6-inch curb. The bridge rail system has a total height of 29 inches. Both metal
rails are HSS6x2x1/4 steel members. The posts are made of two 5/8-inch x 10-inch x 22.375-
inch steel plate members spaced at 7 feet. Figure 4.37 shows the cross section of the bridge
rail system. Further details of the Two Tube Railing-36¢ can be found in WYDOT drawing
“TL4_brl.dgn.” Appendix B.12 contains the full analysis for the Two Tube Railing-36¢
bridge rail system. Below is a summary of the evaluation results and recommendations.
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Stability Evaluation

The Two Tube Railing-36¢ bridge rail system has a height of 29 inches. The minimum
height requirement for a MASH TL-3 bridge rail system is 29 inches (Table 4.1). Therefore,
the Two Tube Railing-36¢ bridge rail system meets the MASH TL-3 stability criterion
(Satisfactory).

Rail Geometrics Evaluation

Post setback distance, ratio of contact width to height, and vertical clear opening were
determined for the Two Tube Railing-36¢ bridge rail system. The appropriate data points
were plotted against the current AASHTO LRFD Section 13 geometric relationships. As seen
in Figure 4.38, the rail geometrics do not plot in all acceptable regions. Therefore, the
snagging potential is high and the assessment of occupant risk is not considered satisfactory
(Not Satisfactory).

Strength Evaluation

The Two Tube Railing-36¢ bridge rail system has a calculated resistance of 76 kips at
an effective height (He) of 19 inches above the roadway surface. The MASH TL-3 design
impact load (F¢) is 71 kips located at an effective height (He) of 19 inches above the roadway
surface (Table 4.2). Since the calculated resistance is equal to or greater than the design
impact load, the Two Tube Railing-36¢ bridge rail system meets MASH TL-3 structural
adequacy criterion (Satisfactory).
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Figure 4.38 Geometric Criteria Assessment of Two Tube Railing — 36¢.

Recommendation
As summarized in Table 4.20, the Two Tube Railing-36c bridge rail system from

Wyoming does not satisfy all evaluation criteria, and determination of MASH TL-3
compliance will require testing.

Table 4.20 Summary of Assessment of Two Tube Railing — 36c¢.

Required Actual Assessment

Stability 29 1in. 291n. Satisfactory
Rail Geometrics See Figure 4.38 Not Satisfactory

Strength 71 kips 76 kips Satisfactory

4.6.13 Two Tube Railing — 36d (Wyoming)

The Two Tube Railing-36d from Wyoming is a metal post and beam bridge rail
system with a 6-inch curb. The bridge rail system has a total height of 32-5/8 inches. The top
metal rail is an HSS6x4x1/4 steel member and the bottom metal rail is an HSS6x3x1/4 steel
member. The posts are made of two 5/8-inch x 10-inch x 26-inch steel plate members spaced
at 10 feet. Figure 4.39 shows the cross section of the bridge rail system. Further details of the
Two Tube Railing-36d can be found in WYDOT drawing “TL3_brl.dgn.” Appendix B.13
contains the full analysis for the Two Tube Railing-36d bridge rail system. Below is a
summary of the evaluation results and recommendations.
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Stability Evaluation

The Two Tube Railing-36d bridge rail system has a height of 32-5/8 inches. The
minimum height requirement for a MASH TL-4 bridge rail system is 36 inches (Table 4.1).
The Two Tube Railing-36d does not satisfy the minimum rail height for MASH TL-4.
Therefore, the Two Tube Railing-36d was evaluated for MASH TL-3. The minimum height
requirement for MASH TL-3 is 29 inches (Table 4.1). Therefore, the Two Tube Railing-36d
bridge rail system meets the MASH TL-3 stability criterion (Satisfactory).

Rail Geometrics Evaluation

Post setback distance, ratio of contact width to height, and vertical clear opening were
determined for the Two Tube Railing-36d bridge rail system. The appropriate data points
were plotted against the current AASHTO LRFD Section 13 geometric relationships. As seen
in Figure 4.40, the rail geometrics do not plot in all acceptable regions. Therefore, the
snagging potential is not low and the assessment of occupant risk is considered marginal
(Marginal).

Strength Evaluation

The Two Tube Railing-36d bridge rail system has a calculated resistance of 72 Kkips at
an effective height (He) of 19 inches above the roadway surface. The MASH TL-3 design
impact load (F+) is 71 kips located at an effective height (He) of 19 inches above the roadway
surface (Table 4.2). Since the calculated resistance is equal to or greater than the design
impact load, the Two Tube Railing-36d bridge rail system meets MASH TL-3 structural
adequacy criterion (Satisfactory).
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As summarized in Table 4.21, the Two Tube Railing-36d bridge rail system from
Wyoming does not satisfy all evaluation criteria, and determination of MASH TL-3
compliance will require testing.

Table 4.21 Summary of Assessment of Two Tube Railing — 36d.

Required Actual Assessment

Stability 29 1in. 32-5/8 in. Satisfactory
Rail Geometrics See Figure 4.40 Marginal

Strength 71 kips 72 kips Satisfactory

4.6.14 Type A42 Metal Bridge Railing (New Mexico)

The Type A42 Metal Bridge Railing from New Mexico is a metal post and beam deck
mounted bridge rail system. The bridge rail system has a total height of 42 inches. The three
metal rails are HSS6x4x3/8 steel members. The posts are made of W8x24 steel members
spaced at 6-1/4 feet. Figure 4.41 shows the profile view of the bridge rail system. Further
details of the Type A42 Metal Bridge Railing can be found in NMDOT drawing Metal
Railing NM Type A42. Appendix B.14 contains the full analysis for the Type A42 Metal
Bridge Railing. Below is a summary of the evaluation results and recommendations.
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Figure 4.41 Detailed View of Type A42 Metal Bridge Railing.
Stability Evaluation

The Type A42 Metal Bridge Railing has a height of 42 inches. The minimum height
requirement for a MASH TL-4 bridge rail system is 36 inches (Table 4.1). Therefore, the
Type A42 Metal Bridge Railing meets the MASH TL-4 stability criterion (Satisfactory).

Rail Geometrics Evaluation

Post setback distance, ratio of contact width to height, and vertical clear opening were
determined for the Type A42 Metal Bridge Railing. The appropriate data points were plotted
against the current AASHTO LRFD Section 13 geometric relationships. As seen in Figure
4.42, the rail geometrics plot in the acceptable regions. Therefore, the snagging potential is
low and the assessment of occupant risk is considered satisfactory (Satisfactory).

Strength Evaluation

The Type A42 Metal Bridge Railing has a calculated resistance of 86 kips at an
effective height (He) of 30 inches above the roadway surface. The MASH TL-4 design impact
load (Ft) is 80 Kips located at an effective height (He) of 30 inches above the roadway surface
(Table 4.2). Since the calculated resistance is equal to or greater than the design impact load,
the Type A42 Metal Bridge Railing meets MASH TL-4 structural adequacy criterion
(Satisfactory).
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Figure 4.42 Geometric Criteria Assessment of Type A42 Metal Bridge Railing.
Recommendation
As summarized in Table 4.22, the Type A42 Metal Bridge Railing from New Mexico

satisfies all MASH TL-4 criteria.

Table 4.22 Summary of Assessment of Type A42 Metal Bridge Railing.

Required Actual Assessment

Stability 36 in. 42 in. Satisfactory
Rail Geometrics See Figure 4.42 Satisfactory
Strength 80 kips 86 kips Satisfactory

4.6.15 32-inch F-Shape (West Virginia)

The 32-inch F-Shape from West Virginia is a solid concrete parapet bridge rail
system. The 32-inch F-Shape is 7.5 inches wide at the top of the parapet and 13-1/4 inches
wide at the base of the parapet. The bridge rail system has a total height of 32 inches. Number
4 Grade 60 rebar is used for longitudinal reinforcement and Number 5 Grade 60 rebar is used
for transverse reinforcement. Figure 4.43 shows the cross section of the bridge rail system.
Further details of the 32-inch F-Shape can be found in WVDOT drawing “32-in F-shape
bridge railing.” Appendix B.15 contains the full analysis for the 32-inch F-Shape bridge rail
system. Below is a summary of the evaluation results and recommendations.
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Figure 4.43 Detailed View of 32-inch F-Shape.

Stability Evaluation

The 32-inch F-Shape bridge rail system has a height of 32 inches. The minimum
height requirement for a MASH TL-4 bridge rail system is 36 inches (Table 4.1). The 32-inch
F-Shape does not satisfy the minimum rail height for MASH TL-4. Therefore, the 32-inch F-
Shape was evaluated for MASH TL-3. The minimum height requirement for MASH TL-3 is
29 inches (Table 4.1). Therefore, the 32-inch F-Shape bridge rail system meets the MASH
TL-3 stability criterion (Satisfactory).

Rail Geometrics Evaluation

Post setback distance, ratio of contact width to height, and vertical clear opening were
not determined for the 32-inch F-Shape bridge rail system. As previously discussed in Section
3.1.4, the potential for snagging and high occupant risk has been evaluated through previous
crash tests on various solid concrete parapets. Therefore, the snagging potential is negligible
and the assessment of occupant risk is considered satisfactory (Satisfactory).

Strength Evaluation

The 32-inch F-Shape bridge rail system has a calculated resistance of 80 kips at an
effective height (He) of 19 inches above the roadway surface. The MASH TL-3 design impact
load (Ft) is 71 Kips located at an effective height (He) of 19 inches above the roadway surface
(Table 4.2). Since the calculated resistance is equal to or greater than the design impact load,
the 32-inch F-Shape bridge rail system meets MASH TL-3 structural adequacy criterion
(Satisfactory).
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Recommendation

As summarized in Table 4.23, the 32-inch F-Shape bridge rail system from West
Virginia satisfies MASH TL-3 criteria.

Table 4.23 Summary of Assessment of 32-inch F-Shape.

Required Actual Assessment

Stability 29 in. 32in. Satisfactory
Rail Geometrics - Satisfactory
Strength 71 kips 80 kips Satisfactory

4.6.16 36-inch Single Slope (Tennessee)

The 36-inch Single Slope from Tennessee is a solid concrete parapet bridge rail
system. The 36-inch Single Slope bridge rail system is 7-1/2 inches wide at the top of the
parapet and 13 inches wide at the base of the parapet. The bridge rail system has a total height
of 36 inches. Number 4 Grade 60 rebar is used for longitudinal reinforcement and Number 5
Grade 60 rebar is used for transverse reinforcement. Figure 4.44 shows the cross section of
the bridge rail system. Further details of the 36-inch Single Slope can be found in TDOT
drawing “Bridge Railing Single Slope Concrete Parapet.” Appendix B.16 contains the full
analysis for the 36-inch Single Slope bridge rail system. Below is a summary of the
evaluation results and recommendations.
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Figure 4.44 Detailed View of 36-inch Single Slope.
Stability Evaluation

The 36-inch Single Slope bridge rail system has a height of 36 inches. The minimum
height requirement for a MASH TL-4 bridge rail system is 36 inches (Table 4.1). Therefore,
the 36-inch Single Slope bridge rail system meets the MASH TL-4 stability criterion
(Satisfactory).

Rail Geometrics Evaluation

Post setback distance, ratio of contact width to height, and vertical clear opening were
not determined for the 36-inch Single Slope bridge rail system. As previously discussed in
Section 3.1.4, the potential for snagging and high occupant risk has been evaluated through
previous crash tests on various solid concrete parapets. Therefore, the snagging potential is
low and the assessment of occupant risk is considered satisfactory (Satisfactory).

Strength Evaluation

The 36-inch Single Slope bridge rail system has a calculated resistance of 120 Kips at
an effective height (He) of 25 inches above the roadway surface. The MASH TL-4 design
impact load (F+) is 68 kips located at an effective height (He) of 25 inches above the roadway
surface (Table 4.2). Since the calculated resistance is equal to or greater than the design
impact load, the 36-inch Single Slope bridge rail system meets MASH TL-4 structural
adequacy criterion (Satisfactory).

Recommendation
As summarized in Table 4.24, the 36-inch Single Slope bridge rail system from

Tennessee satisfies MASH TL-4 criteria.

Table 4.24 Summary of Assessment of 36-inch Single Slope.

Required Actual Assessment

Stability 36 in. 36 in. Satisfactory
Rail Geometrics - Satisfactory
Strength 68 kips 120 kips Satisfactory
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4.6.17 TL-4 42-inch F-Shape (Florida)

The 42-inch F-Shape (TL-4) from Florida is a solid concrete parapet bridge rail
system. The 42-inch F-Shape (TL-4) bridge rail system is 12-1/4 inches wide at the top of the
parapet and 19-1/4 inches wide at the base of the parapet. The bridge rail system has a total
height of 42 inches. Number 8 Grade 60 rebar is used for longitudinal reinforcement and
Number 5 Grade 60 rebar is used for transverse reinforcement. Figure 4.45 shows the cross
section of the bridge rail system. Further details of the 42-inch F-Shape (TL-4) can be found
in FDOT drawing “Traffic Railing — (42” F Shape).” Appendix B.17 contains the full
analysis for the 42-inch F-Shape (TL-4) bridge rail system. Below is a summary of the
evaluation results and recommendations.
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Figure 4.45 Detailed View of TL-4 42-inch F-Shape.

Stability Evaluation

The 42-inch F-Shape (TL-4) bridge rail system has a height of 42 inches. The
minimum height requirement for a MASH TL-4 bridge rail system is 36 inches (Table 4.1).
Therefore, the 42-inch F-Shape (TL-4) bridge rail system meets the MASH TL-4 stability
criterion (Satisfactory).
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Rail Geometrics Evaluation

Post setback distance, ratio of contact width to height, and vertical clear opening were
not determined for the 42-inch F-Shape (TL-4) bridge rail system. As previously discussed in
Section 3.1.4, the potential for snagging and high occupant risk has been evaluated through
previous crash tests on various solid concrete parapets. Therefore, the snagging potential is
low and the assessment of occupant risk is considered satisfactory (Satisfactory).

Strength Evaluation

The 42-inch F-Shape (TL-4) bridge rail system has a calculated resistance of 142 kips
at an effective height (He) of 30 inches above the roadway surface. The MASH TL-4 design
impact load (F) is 80 kips located at an effective height (He) of 30 inches above the roadway
surface (Table 4.2). Since the calculated resistance is equal to or greater than the design
impact load, the 42-inch F-Shape (TL-4) bridge rail system meets MASH TL-4 structural
adequacy criterion (Satisfactory).

Recommendation

As summarized in Table 4.25, the 42-inch F-Shape (TL-4) bridge rail system from
Florida satisfies MASH TL-4 criteria.

Table 4.25 Summary of Assessment of TL-4 42-inch F-Shape.

Required Actual Assessment

Stability 36 in. 42in. Satisfactory
Rail Geometrics - Satisfactory
Strength 80 kips 142 kips Satisfactory

4.6.18 TL-5 42-inch F-Shape (Pennsylvania)

The 42-inch F-Shape (TL-5) from Pennsylvania is a solid concrete parapet bridge rail
system. The 42-inch F-Shape (TL-5) bridge rail system is 12 inches wide at the top of the
parapet and 20-1/4 inches wide at the base of the parapet. The bridge rail system has a total
height of 42 inches. Number 6 and Number 5 Grade 60 rebar is used for longitudinal
reinforcement and Number 4 Grade 60 rebar is used for transverse reinforcement. Figure 4.46
shows the cross section of the bridge rail system. Further details of the 42-inch F-Shape (TL-
5) can be found in PennDOT drawing “Standard Concrete Deck Slab Design & Details for
Beam Bridges.” Appendix B.18 contains the full analysis for the 42-inch F-Shape (TL-5)
bridge rail system. Below is a summary of the evaluation results and recommendations.
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Figure 4.46 Detailed View of TL-5 42-inch F-Shape.
Stability Evaluation

The 42-inch F-Shape (TL-5) bridge rail system has a height of 42 inches. The
minimum height requirement for a MASH TL-5 bridge rail system is 42 inches (Table 4.1).
Therefore, the 42-inch F-Shape (TL-5) bridge rail system meets the MASH TL-5 stability
criterion (Satisfactory).

Rail Geometrics Evaluation

Post setback distance, ratio of contact width to height, and vertical clear opening were
not determined for the 42-inch F-Shape (TL-5) bridge rail system. As previously discussed in
Section 3.1.4, the potential for snagging and high occupant risk has been evaluated through
previous crash tests on various solid concrete parapets. Therefore, the snagging potential is
low and the assessment of occupant risk is considered satisfactory (Satisfactory).

Strength Evaluation
The 42-inch F-Shape (TL-5) bridge rail system has a calculated resistance of 164 kips

at an effective height (He) of 35 inches above the roadway surface. The MASH TL-5 design
impact load (F¢) is 160 Kkips located at an effective height (He) of 35 inches above the
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roadway surface (Table 4.2). Since the calculated resistance is equal to or greater than the
design impact load, the 42-inch F-Shape (TL-5) bridge rail system meets MASH TL-5
structural adequacy criterion (Satisfactory).

Recommendation

As summarized in Table 4.26, the 42-inch F-Shape (TL-5) bridge rail system from
Pennsylvania satisfies MASH TL-5 criteria.

Table 4.26 Summary of Assessment of TL-5 42-inch F-Shape.

Required Actual Assessment

Stability 42 in. 42in. Satisfactory
Rail Geometrics - Satisfactory
Strength 160 kips 164 Kips Satisfactory

4.6.19 42-inch Single Slope (New Mexico)

The 42-inch Single Slope from New Mexico is a solid concrete parapet bridge rail
system. The 42-inch Single Slope bridge rail system is 9-1/4 inches wide at the top of the
parapet and 16-1/2 inches wide at the base of the parapet. The bridge rail system has a total
height of 42 inches. Number 5 Grade 60 rebar is used for longitudinal reinforcement and
Number 4 Grade 60 rebar is used for transverse reinforcement. Figure 4.47 shows the cross
section of the bridge rail system. Further details of the 42-inch Single Slope can be found in
NMDOT drawing “42” Concrete Bridge Barrier Railing General Details.” Appendix B.19
contains the full analysis for the 42-inch Single Slope bridge rail system. Below is a summary
of the evaluation results and recommendations.

Stability Evaluation
The 42-inch Single Slope bridge rail system has a height of 42 inches. The minimum
height requirement for a MASH TL-4 bridge rail system is 36 inches (Table 4.1). Therefore,

the 42-inch Single Slope bridge rail system meets the MASH TL-4 stability criterion
(Satisfactory).
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Figure 4.47 Detailed View of 42-inch Single Slope.

Rail Geometrics Evaluation

Post setback distance, ratio of contact width to height, and vertical clear opening were
not determined for the 42-inch Single Slope bridge rail system. As previously discussed in
Section 3.1.4, the potential for snagging and high occupant risk has been evaluated through
previous crash tests on various solid concrete parapets. Therefore, the snagging potential is
low and the assessment of occupant risk is considered satisfactory (Satisfactory).

Strength Evaluation

The 42-inch Single Slope bridge rail system has a calculated resistance of 97 kips at an
effective height (He) of 30 inches above the roadway surface. The MASH TL-4 design impact
load (Ft) is 80 Kips located at an effective height (He) of 30 inches above the roadway surface
(Table 4.2). Since the calculated resistance is equal to or greater than the design impact load,
the 42-inch Single Slope bridge rail system meets MASH TL-4 structural adequacy criterion
(Satisfactory).

Recommendation

As summarized in Table 4.27, the 42-inch Single Slope bridge rail system from New
Mexico satisfies MASH TL-4 criteria.
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Table 4.27 Summary of Assessment of 42-inch Single Slope.

Required Actual Assessment

Stability 36 in. 42in. Satisfactory
Rail Geometrics - Satisfactory
Strength 80 kips 97 kips Satisfactory

4.6.20 45-inch F-Shape (Indiana)

The 45-inch F-Shape from Indiana is a solid concrete parapet bridge rail system. The
45-inch F-Shape is 8 inches wide at the top of the parapet and 16 inches wide at the base of
the parapet. The bridge rail system has a total height of 45 inches. Number 7 and Number 8
Grade 60 rebar is used for longitudinal reinforcement and Number 5 Grade 60 rebar is used
for transverse reinforcement. Figure 4.48 shows the cross section of the bridge rail system.
Further details of the 45-inch F-Shape can be found in INDOT drawing “Bridge Railing Type
FC.” Appendix B.20 contains the full analysis for the 45-inch F-Shape bridge rail system.
Below is a summary of the evaluation results and recommendations.

Stability Evaluation

The 45-inch F-Shape bridge rail system has a height of 45 inches. The minimum
height requirement for a MASH TL-5 bridge rail system is 42 inches (Table 4.1). Therefore,
the 45-inch F-Shape bridge rail system meets the MASH TL-5 stability criterion
(Satisfactory).

Rail Geometrics Evaluation

Post setback distance, ratio of contact width to height, and vertical clear opening were
not determined for the 45-inch F-Shape bridge rail system. As previously discussed in Section
3.1.4, the potential for snagging and high occupant risk has been evaluated through previous
crash tests on various solid concrete parapets. Therefore, the snagging potential is low and the
assessment of occupant risk is considered satisfactory (Satisfactory).

Strength Evaluation

The 45-inch F-Shape bridge rail system has a calculated resistance of 267 kips at an
effective height (He) of 43 inches above the roadway surface. The MASH TL-5 design impact
load (Ft) is 262 Kips located at an effective height (He) of 43 inches above the roadway
surface (Table 4.2). Since the calculated resistance is equal to or greater than the design
impact load, the 45-inch F-Shape bridge rail system meets MASH TL-5 structural adequacy
criterion (Satisfactory).
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Figure 4.48 Detailed View of 45-inch F-Shape.

Recommendation

As summarized in Table 4.28, the 45-inch F-Shape bridge rail system from Indiana
satisfies MASH TL-5 criteria.

Table 4.28 Summary of Assessment of 45-inch F-Shape.

Required Actual Assessment

Stability 42in. 45 in. Satisfactory
Rail Geometrics - Satisfactory
Strength 262 kips 267 kips Satisfactory
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4.6.21 C221 Bridge Rail (Texas)

The C221 bridge rail system from Texas is a bicycle railing mounted on a vertical wall
parapet. The C221 bridge rail system is 12 inches wide at the top of the parapet and 10-1/2
inches wide at the base of the parapet. The bridge rail system has a total height of 32 inches.
Number 4 Grade 60 rebar is used for longitudinal reinforcement and Number 4 Grade 60
rebar is used for transverse reinforcement. Figure 4.49 shows the cross section of the bridge
rail system. Further details of the C221 bridge rail system can be found in TXDOT drawing
“Combination Rail Type C221.” Appendix B.21 contains the full analysis for the C221 bridge
rail system. Below is a summary of the evaluation results and recommendations.
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Figure 4.49 Detailed View of C221 Bridge Rail.

Stability Evaluation

The C221 bridge rail system has a height of 32 inches. The minimum height
requirement for a MASH TL-3 bridge rail system is 29 inches (Table 4.1). Therefore, the
C221 bridge rail system meets the MASH TL-2 stability criterion (Satisfactory).

Rail Geometrics Evaluation

As previously discussed in Section 3.1.4, the potential for high occupant risk has been
evaluated through analysis of previous crash tests on various solid concrete parapets. Specific
consideration was given to the potential for interaction of the pickup truck vehicle with the
pedestrian hand rail on top of the vertical concrete barrier. A review of MASH 3-11 crash
tests of a vertical concrete wall of similar height and width was performed to determine the
extent of intrusion of vehicle components beyond the traffic face of the parapet. As seen in
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Figure 4.50, parts of the vehicle protrude over the top of the vertical concrete barrier to an
extent that would allow interaction and potential snagging between the pickup truck and
components of the pedestrian hand rail on top of the barrier. Since the outcome of this
interaction is uncertain, the assessment of rail geometrics and potential for snagging is
considered marginal (Marginal).

(2) MASH Test 3-11 on MSE Retaining
Wall@)

(b) MASH Test 3-11 on T222 Barrier®?)
Figure 4.50 MASH Pickup Truck Vehicle Parts Contacting Above Vertical Barriers.

Strength Evaluation

The C221 bridge rail system has a calculated resistance of 103 Kkips at an effective
height (He) of 19 inches above the roadway surface. The MASH TL-3 design impact load (Ft)
is 71 kips located at an effective height (He) of 19 inches above the roadway surface (Table
4.2). Since the calculated resistance is equal to or greater than the design impact load, the
C221 bridge rail system meets MASH TL-3 structural adequacy criterion (Satisfactory).

Recommendation

As summarized in Table 4.29, the C221 bridge rail system from Texas does not satisfy
all evaluation criteria, and determination of MASH TL-3 compliance will require testing.

Table 4.29 Summary of Assessment of C221 Bridge Rail.

Required Actual Assessment

Stability 29in. 32in. Satisfactory
Rail Geometrics — Marginal

Strength 71 kips 103 kips Satisfactory
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4.6.22 Concrete Baluster Thrie-Beam Retrofit (Washington)

The Concrete Baluster Thrie-Beam Retrofit bridge rail system from Washington is a
retrofitted solid concrete parapet. The Concrete Baluster Thrie-Beam Retrofit bridge rail
system is retrofitted with a standard thrie-beam. The bridge rail system has a total height of 32
inches. Number 5 Grade 40 rebar is used for longitudinal reinforcement and transverse
reinforcement. Figure 4.51 shows the cross section of the bridge rail system. Further details of
the Concrete Baluster Thrie-Beam Retrofit bridge rail system can be found in WSDOT
drawing “Thrie Beam Retrofit Concrete Baluster.” Appendix B.22 contains the full analysis
for the Concrete Baluster Thrie-Beam Retrofit bridge rail system. Below is a summary of the
evaluation results and recommendations.

Stability Evaluation

The Concrete Baluster Thrie-Beam Retrofit bridge rail system has a height of 32
inches. The minimum height requirement for MASH TL-3 is 29 inches (Table 4.1). Therefore,
the Concrete Baluster Thrie-Beam Retrofit bridge rail system meets the MASH TL-3 stability
criterion (Satisfactory).

Rail Geometrics Evaluation

Post setback distance, ratio of contact width to height, and vertical clear opening were
not determined for the Concrete Baluster Thrie-Beam Retrofit bridge rail system. As
previously discussed in Section 3.1.4, the potential for snagging and high occupant risk has
been evaluated through previous crash tests on various solid concrete parapets. Therefore, the
snagging potential is low and the assessment of occupant risk is considered satisfactory
(Satisfactory).

Strength Evaluation

The Concrete Baluster Thrie-Beam Retrofit has a calculated resistance of 50 kips at an
effective height (He) of 19 inches above the roadway surface. The MASH TL-3 design impact
load (Ft) is 71 kips located at an effective height (He) of 19 inches above the roadway surface
(Table 4.2). Since the calculated resistance is less than the design impact load, the Concrete
Baluster Thrie-Beam Retrofit does not meet the MASH TL-3 structural adequacy criterion
(Not Satisfactory).
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Recommendation

As summarized in Table 4.30, the Concrete Baluster Thrie-Beam Retrofit bridge rail
system from Washington does not satisfy all evaluation criteria, and determination of MASH
TL-3 compliance will require testing.

Table 4.30 Summary of Assessment of Concrete Baluster Thrie-Beam Retrofit.

Required Actual Assessment

Stability 29 in. 32in. Satisfactory

Rail Geometrics - Satisfactory
Strength 71 kips 50 kips Not Satisfactory

4.7  Rail Specific Evaluation Results

The resulting assessment for each analyzed bridge rail system is summarized in Table
4.31. Each analyzed bridge rail was assigned an overall assessment of Not Satisfactory or
Satisfactory. As described previously in this chapter, any rail with a designation of Not
Satisfactory and/or Marginal for any of the three evaluation criteria received an overall
assessment of Not Satisfactory. If all three criteria received a designation of Satisfactory,
then the analyzed bridge rail received an overall assessment of Satisfactory. If a system is
assigned an overall assessment of Not Satisfactory, it cannot be concluded that the bridge rail
system is MASH compliant. However, it does not necessarily mean that the bridge rail
system will not meet MASH requirements. Rather, it means that full-scale crash testing
according to MASH criteria is recommended to assess MASH compliance.
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Table 4.31 Rail Specific Evaluation Results.

NCHRP
Report Sub- Evaluated Overall
350 Category System Name MASH Stability | Geometrics | Strength
Category Assessment
Test Test Level
Level
32" F-Sh
(WV oA VA Uit NS - - NS
c " LA, OR, MA,
TL-4 oncrete-= F-Shape | ME, FL, WS, TL-3 S S S S
42" F-Shape
(ME, FL, WS) TL-4 S S S S
42" Single Slope
Lo s TL-4 s s s s
TL-4 Concrete- | o o Sope VALA,
Only g PE | OK,MD,MA)
??XST'R?)'G Slope | 71 4 S S S S
Alaska Multi- TL-4 NS - - NS
State Bridge Rail
-32.5" (Alaska) TL-3 S S S S
. Curb,
TL4 | Combined |5\t T4 NS ' ' NS
(Traffic)
Members | Two Tube
Railing 36d
TL-3 S M S NS

(Wyoming)
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NCHRP
Report

Evaluated

Sub- - . Overall
350 Category Category System Name MASH Stability | Geometrics | Strength Assessment
Test Test Level
Level
T4 Steel Bridge
Rail (New TL-4 S M NS NS
Hampshire)
L S-352series
Combination Traf /Ped, . .
T4 " Trafiped | Wi Sidewalk | Bridge Railing,
Galvanized Steel TL-4 S S S S
Tubing /Concrete
Combination
(Vermont)
42" F-Shape
WV, PA, VA TL-5 S S S S
Concrete- LNy [Py Vi
TL-5 Only F-Shape OK, MD, MA)
45" F-Shape (IN) TL-5 S S S S
Kansas Corral 32
inches without TL-4 S M NS NS
TL-4 Concrete- Post&Beam curb (Virginia)
Only Open concrete TL-4 NS - - NS
rail, 2°10” height
(Nebraska) TL-3 S M S NS
S3-TL4
(Massachusetts) T4 S M S NS
. Traf /Ped,
Combination 4-Bar steel
T4 Trafiped Wiout 1 - tic/Bicycl
Sidewalk | rartic/Bicycle TL-4 S M S NS
railing (on

curb)(Maine)
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NCHRP
Report

Evaluated

Sub- - . Overall
350 Category Category System Name MASH Stability | Geometrics | Strength Assessment
Test Test Level
Level
George
. Washington
Traf/Ped idewalk Parkway
Sidewa (Federal Lands)
C221 (Texas) TL-3 S M S NS
Combined Curb, 2 WY Two Tube
TL-3 (Traffic) Metal (TL-3) SBB36¢ TL-3 S NS S NS
Members | (Wyoming)
Side Mounted TL-4 NS - - NS
Side- Metal Bridge
TL-4 1 Metal-Only Mounted | Railing (New TL-3 S M S NS
Mexico)
Deck- Type A42 Metal
TL-4 Metal-Only Bridge Railing TL-4 S S S S
Mounted .
(New Mexico)
Bridge railing,
. Parapet, 2 :
TL-4 Combmed Metal Aesthetic Parapet TL-4 S S S S
(Traffic) Tube (B-25-J)
Members R
(Michigan)
Concrete Parapet
Combination Traf /Ped, | with Structural
T3 1 “Trafped | Wi Sidewalk | Tubing STD-11- | -3 . . . .

1 (Tennessee)
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NCHRP

Report Sub- Evaluated Overall
350 Category System Name MASH Stability | Geometrics | Strength
Category Assessment
Test Test Level
Level
Concrete
TL-4 Retrofit Retrofit | Daluster Thrie TL-4 s s NS NS
Beam Retrofit

(Washington)




During the categorization, prioritization, and selection of bridge rails for analysis, it
was noted that some DOTSs used an identical or very similar bridge rail to the one selected for
analysis. As a result, if the analyzed rail was considered MASH compliant, the similar or less
critical systems can also be considered satisfactory. For example, the S-352 Series Bridge
Railing submitted by Vermont DOT was prioritized in Chapter 2 and selected for analysis.
The performed analysis concluded this system meets MASH criteria. As a result of the bridge
rail categorization, it was found that there were several systems that had similar or less critical
characteristics compared to the S-352 Series Bridge Rail. One of these systems is the BR-2-
15 Bridge Railing submitted by Ohio DOT. As seen in Figure 4.52, the two systems are very
similar and the only difference to note is that the tube located at 31 inches above grade is a
HSS 4-inch x 3-inch x ¥4 inch instead of a HSS 2 inch x 2 inch x 1/8 inch. The larger HSS
tube can be considered less critical because it will provide more strength to the overall system
and will provide less snagging potential for the vehicle.

He'x3% "x3% " PLATE  HSS4x3xYe STEEL TUBING
HSS4x4xs R / __ HSS2x2xYs STEEL TUBING
¥4 @ SLOTTED ROUND HEAD BOLTS  \ \ // ¥a"xBYy"x10" BASE PLATE
WITH HEX NUTS, | FLAT WASHER, \ \\ / // 1 i R
AND | LOCK WASHER. (TYP) "\ /), fo " ELASTOMERIC PAD
= ! f |
= F !
w| o ;) '
A/ | s
o 'J-.-" "
= 7 A ..f,, :D EI
7 =1 S -~
%" @ SLOTTED ROUND HEAD 5 : noE
BOLTS WITH HEX NUTS, | - ' o . IS
FLAT WASHER, AND | LOCK ' e o
WASHER. (TYP) 4% | - I B
oo
— | 2l
AESTHETIC DETAIL 'R
AT
SCORE MARK 7 | / Y

ROUGHEN AS / ™
INDICATED IN
PROJECT PLAN SET

(a) S-352 Series Bridge Rail
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(b) BR-2-15 Bridge Rail
Figure 4.52 Comparison of S-352 Series and BR-2-15 Bridge Rails.

This comparative analysis methodology was applied to all the analyzed bridge rails to
determine those that were similar or less critical. Table 4.32 presents a list of all the
submitted bridge rails that are considered similar or less critical than the ones that were
analyzed and found to be MASH compliant. These similar or less critical bridge rail systems
can be considered satisfactory according to MASH criteria and will not require further testing
or evaluation.
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Table 4.32 List of Similar or Less Critical Rails.

System Name

MASH
Equivalency
Assessment

Similar or Less Critical Rails

Alaska Multi-State Bridge Rail -32.5" (AK)

Satisfactory TL-3

Alaska Multi State Bridge Rail (ND)
Two-Tube Bridge Rail (Federal Lands)
2-Tube Curb Mount Rail (OR)

PA Type 10M Bridge Barrier (PA)
Type 10M (CO)

S-352series, Bridge Railing, Galvanized Steel
Tubing /Concrete Combination (VT)

Satisfactory TL-4

PS-1 (IN)
Bridge Railing, Aesthetic Parapet Tube (MI)
Bridge Sidewalk Railing with Concrete Barrier (OH)

TST-1-99 Twin Steel Tube Bridge Railing (OH)

Side Mounted Metal Bridge Railing (NM) Satisfactory TL-3 Type SM (IL)
BR 226 (OR)
Type A42 Metal Bridge Railing (NM) Satisfactory TL-4 N/A

Bridge railing, Aesthetic Parapet Tube (B-25-J)

Satisfactory TL-4

S-352 Galvanized Steel Tubing Concrete Combination Rail (VT)

(M)
Concrete Parapet Wlthls(t_:_t;\(l:)tural Tubing STD-11- Satisfactory TL-3 C402 (TX)
42" F-Shape (WV) Satisfactory TL-5 42" F-Shape (PA, VA, OK, MD, MA)
45" F-Shape (IN) Satisfactory TL-5 N/A

32" F-Shape (WV)

Satisfactory TL-3

32" F-Shape (PA, VA, LA, OR, MA, ME, FL, WS, TX)

42" F-Shape (ME)

Satisfactory TL-4

42" F-Shape (FL, WS)

42" Single Slope (WV)

Satisfactory TL-4

42" Single Slope (PA, VA, LA, OK, MD, MA)

36" Single Slope (TX)

Satisfactory TL-4

36" Single Slope (TN)




5 MASH IMPLEMENTATION COORDINATION EFFORTS

Researchers coordinated with other research and testing agencies to share information
regarding MASH implementation efforts and avoid duplication of work. TTI researchers
communicated with research facilities, pooled fund programs, testing laboratories and user
agencies to collect and share information regarding ongoing or planned MASH
implementation efforts.

TTI researchers are leading a MASH Implementation Coordination project through the
Roadside Safety Pooled Fund. This project has the objective to coordinate MASH
implementation testing activities at a national level. Collected data has been incorporated into
a database that is available on the Roadside Safety Pooled Fund site under the MASH
implementation page (https://www.roadsidepooledfund.org/mash-implementation/search/).
The database contains information on MASH tested bridge rail systems as well as other
categories of roadside safety hardware. The database is updated regularly to reflect input
collected from State DOTs, FHWA, testing laboratories, and manufacturers. To date, the
MASH database hosts a total of 33 entries under the “Bridge Rail” category. Table 5.1
summarizes the 33 bridge rails listed in the MASH database. Eight of these 33 entries are
related to bridge rail systems which have FHWA eligibility letters. Three of the systems failed
MASH evaluation criteria.

Additional information collected through this project includes MASH implementation
needs and testing plans. Table 5.2 presents information regarding bridge rail tests planned by
various DOTs as known at the writing of this report.
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Table 5.1 Bridge Rail Systems Listed on MASH Database.

Proprietary/ FHWA
Title Picture Description Non- Eligibility
Proprietary Letter
Type 732SW bridge rail
is a vertical, reinforced
Caltrans Type co_ncrete waI_I ona .
732SW Bridge Rail 5|de_walk with a Non-Proprietary B259
pedestrian steel tubular
handrail or chain link
fence on top (TL-2)
31-inch Midwest
MGS Bridge Rail Guardrail System Non-Proprietary B228
(MGS) Bridge Rail
o TL-1 timber bridge
West Virginia -
Timber Curb-Type railing for transverse, Non-Proprietary B198

Bridge Barrier

nail-laminated, timber
decks.

Lake Pontchartrain

Rockingham Precast T-

Causeway Rail LOC barrier Proprietary
39" tall
46" system comprised
of 25" concrete wall,
Lake Pontchartrain posts and two steel
Causeway Rail railings standing 9” and Proprietary

(46" tall)

21" above the wall
respectively, atop a
10"curb
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https://www.roadsidepooledfund.org/longitudinal-barrier/caltrans-type-732sw-bridge-rail/
https://www.roadsidepooledfund.org/longitudinal-barrier/caltrans-type-732sw-bridge-rail/
https://www.roadsidepooledfund.org/longitudinal-barrier/midwest-guardrail-system-bridge-rail/
https://www.roadsidepooledfund.org/longitudinal-barrier/west-virginia-timber-curb-type-bridge-barrier/
https://www.roadsidepooledfund.org/longitudinal-barrier/west-virginia-timber-curb-type-bridge-barrier/
https://www.roadsidepooledfund.org/longitudinal-barrier/west-virginia-timber-curb-type-bridge-barrier/
https://www.roadsidepooledfund.org/longitudinal-barrier/lake-pontchartrain-bridge-rail/
https://www.roadsidepooledfund.org/longitudinal-barrier/lake-pontchartrain-bridge-rail/
https://www.roadsidepooledfund.org/longitudinal-barrier/lake-pontchartrain-bridge-rail/
https://www.roadsidepooledfund.org/longitudinal-barrier/lake-pontchartrain-bridge-rail-option-b1/
https://www.roadsidepooledfund.org/longitudinal-barrier/lake-pontchartrain-bridge-rail-option-b1/
https://www.roadsidepooledfund.org/longitudinal-barrier/lake-pontchartrain-bridge-rail-option-b1/

Table 5.1 Bridge Rail Systems Listed on MASH Database (Continued).

Title

Picture

Description

Proprietary/
Non-
Proprietary

FHWA
Eligibility
Letter

Conti Half Shape
Concrete Bridge Rail

Half-shape NJ pre-cast
steel reinforced
concrete barrier

Proprietary

B226

TBTA Bridge Rail

Quadruple rail steel
bridge rail 3 ft-6 inches
in height, mounted on
posts attached either to
a 49 ft-6inch bridge
span (posts 3-9), or to a
concrete foundation up
to the bridge span and
beyond the bridge span.

Non-Proprietary

B274

Side-Mounted Weak
Post Guardrail
Attached to Culvert

Designed as treatment
to continue W-beam
guardrail across large
box culverts,
compatible with the
MGS with or without
blockouts such that an
approach transition
would not be required
between the two
barriers.

Non-Proprietary

B264

32" New Jersey
Safety Shape Barrier
(TL-3) (pickup truck

test

32-in New Jersey shape
bridge rail

Non-Proprietary

32" New Jersey
Safety Shape Barrier
(TL-3) (passenger

car test)

32-in New Jersey shape
permanent rail

Non-Proprietary
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https://www.roadsidepooledfund.org/longitudinal-barrier/conti-half-shape-concrete-bridge-rail/
https://www.roadsidepooledfund.org/longitudinal-barrier/conti-half-shape-concrete-bridge-rail/
https://www.roadsidepooledfund.org/longitudinal-barrier/tbta-bridge-rail-2/
https://www.roadsidepooledfund.org/longitudinal-barrier/side-mounted-weak-post-guardrail-attached-to-culvert-3/
https://www.roadsidepooledfund.org/longitudinal-barrier/side-mounted-weak-post-guardrail-attached-to-culvert-3/
https://www.roadsidepooledfund.org/longitudinal-barrier/side-mounted-weak-post-guardrail-attached-to-culvert-3/
https://www.roadsidepooledfund.org/longitudinal-barrier/safety-shape-bridge-rail-2/
https://www.roadsidepooledfund.org/longitudinal-barrier/safety-shape-bridge-rail-2/
https://www.roadsidepooledfund.org/longitudinal-barrier/safety-shape-bridge-rail-2/
https://www.roadsidepooledfund.org/longitudinal-barrier/safety-shape-bridge-rail-2/
https://www.roadsidepooledfund.org/longitudinal-barrier/new-jersey-safety-shape-barrier-tl-3-passenger-