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FOREWORD

By Roberto Barcena
Staff Officer
Transportation Research Board

NCHRP Research Report 1138: Evaluating the Performance of Longitudinal Barriers on
Curved, Superelevated Off-Ramps presents insights and guidelines related to the performance
of longitudinal barriers placed on varying curved, superelevated ramp sections. The insights
and guidelines were developed using vehicle dynamics analyses, finite element crash simu-
lations, and full-scale crash testing.

This report will be of immediate interest to highway designers and safety staff at transpor-
tation agencies who seek safer practices in designing, selecting, and deploying longitudinal
barriers on curved, superelevated off-ramps.

Longitudinal barriers are roadside safety devices commonly used to prevent errant vehicles
from impacting hazards located alongside the traveled way. These barriers have been placed
along the roadway, ranging from rigid concrete parapets to semi-rigid beam guardrails to
relatively flexible wire rope barriers. Historically, the development and testing of longitu-
dinal barriers have been conducted under the assumption that the barriers are installed in
relatively straight sections parallel to the roadway. While the barriers designed under this
assumption have performed well, their behavior when installed on curved roadways is largely
unknown.

In NCHRP Project 22-29, “Performance of Longitudinal Barriers on Curved, Super-
elevated Roadway Sections” and NCHRP Project 22-29A, “Evaluating the Performance
of Longitudinal Barriers on Curved, Superelevated Roadway Sections,” vehicle dynamics
analyses and crash simulations were applied to determine the effects of typical vehicles
leaving the roadway and impacting roadside barriers to evaluate vehicle-to-barrier interfaces
and crash impact outcomes for a broad range of conditions (e.g., speed, impact angle, surface
profile, vehicle type, barrier designs, and road features).

Under NCHRP Project 22-29B, “Evaluating the Performance of Longitudinal Barriers
on Curved, Superelevated Off-Ramps,” George Mason University was asked to propose
guidelines for selecting and designing traffic barriers for curved, superelevated off-ramps.

In addition to the report published as NCHRP Research Report 1138, the following
deliverables can be found on the National Academies Press webpage for NCHRP Research
Report 1138: Evaluating the Performance of Longitudinal Barriers on Curved, Superelevated
Off-Ramps (https://doi.org/10.17226/28589) under “Resources at a Glance™

e Appendices A-C

e Appendix D

e Appendices E-]J

e A presentation with a summary of the project findings, including embedded simulation
animations and crash-testing videos

Copyright National Academy of Sciences. All rights reserved.
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CHAPTER 1

Introduction

1.1 Background

The safety performance (i.e., crashworthiness) of longitudinal barriers has traditionally been
evaluated under idealized impact conditions (i.e., a straight linear section of the barrier is installed
on level terrain and the impacting vehicle is freewheeling with minimum roll and pitch effects).
This protocol has evolved to provide a “practical worst-case” impact condition that is reproduc-
ible and comparable. In reality, barriers get installed on tangent and curved sections of mainline
highways and can be impacted under various conditions. Commonly, similar barriers are installed
for safety continuity from mainline highway sections into tighter, curved, superelevated roadway
sections for on- and off-ramps. These barriers may have varying radii and superelevation to safely
accommodate transitioning traffic. In some situations (e.g., urban areas), tighter radii are more
often needed for on- and oft-ramps where land space is limited. Vehicles traversing these curved
situations are often traveling at speeds higher than posted, raising concerns about leaving the road-
way. Thus, similar barriers are continued through these sections. Because the possibility of leaving
the travel lane can be increased by higher speeds for the curve, whereby the vehicle traverses the
lateral superelevation and shoulder slope before impacting the barrier, the nature of the impact can
influence the adequacy of the barrier.

To analyze the safety effectiveness of barriers used on curved, superelevated roadways, NCHRP
has undertaken multiple research efforts:

o NCHRP Project 22-29, “Performance of Longitudinal Barriers on Curved, Superelevated
Roadway Sections”

o NCHRP Project 22-29A, “Evaluating the Performance of Longitudinal Barriers on Curved,
Superelevated Roadway Sections”

¢ NCHRP Project 22-29B, “Evaluating the Performance of Longitudinal Barriers on Curved,
Superelevated Oft-Ramps”

These efforts developed a better understanding of the safety performance (i.e., crashworthi-
ness) of barriers used on curved, superelevated roadway sections and recommended options and
guidelines for improving barrier selection, design, and deployment in pursuit of enhanced highway
safety. The need for these research efforts was predicated by the limits of safety performance evalu-
ation of longitudinal barriers, which, under current and past crashworthiness evaluation criteria,
was focused on idealized impact conditions. It was recognized that the barrier can be impacted in
a variety of ways, but little effort had been made to understand the nature of impacts under such
conditions and to adapt barrier deployments for addressing the variations in impacts on curved,
superelevated roadway sections.

Recent research has found that departments of transportation (DOTs) have individually devel-
oped practices for the installation of barriers for curved, superelevated roadway sections to offset

Copyright National Academy of Sciences. All rights reserved.
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limited guidelines in both the AASHTO Policy on Geometric Design (the Green Book) (1) and
Roadside Design Guide (2). NCHRP Project 22-29 research was undertaken to advance the
understanding of barrier performance using state-of-the-art analysis approaches and translate
the findings into enhanced guidelines for the design, selection, and installation of concrete and
steel W-beam longitudinal barriers installed on curved sections of roadways. Curved roadway
sections are generally constructed with superelevation to compensate for the centrifugal forces
exerted on vehicles and to make it easier for the driver to control the vehicle through the curved
section. The analyses provided a means to analyze the combined effects of curvature, superel-
evation, and shoulder slope on vehicle dynamics for varying vehicle trajectories, orientations,
and speeds.

NCHRP Project 22-29B research found that dynamic effects can significantly affect the inter-
face between the vehicle and the barrier during a crash as the vehicle leaves the road. On curved
sections, the vehicle is more likely to leave the road at a higher angle and consequently impact
the barrier with higher impact severity. The higher impact severity can lead to increased forces
on the occupants (and hence occupant risk metrics), more intrusion into the occupant com-
partment, and ruptured barriers or unusual interactions between contacting components. In
addition, a higher impact angle can increase vehicle instability and may lead to vehicle rollover,
override, or penetration behind the barrier. The higher impact angle increases the tendency for
vehicles to climb rigid barriers and for tire and post snagging to occur for semi-rigid strong-post
barriers. Furthermore, the road superelevation will cause the vehicle to approach the barrier at
a different orientation (roll and pitch) or height relative to the barrier than would be the case
on a flat surface. This is particularly critical when a shoulder has a negative slope relative to the
roadway superelevation.

NCHRP Project 22-29 and NCHRP Project 22-29A research could not fully address barrier per-
formance for all curved, superelevated section conditions, so it addressed a range of the most com-
mon conditions. The resulting insights provided the basis for proposed new approaches and criteria
for barrier design and placement on curved, superelevated off-ramps. This additional research
effort, NCHRP Project 22-29B, was initiated to continue the analyses for “tighter” curves typical
on highway ramps, where opportunities to achieve the desired design and placement options are
typically more limited. This research was initiated with such roadways being called curved, super-
elevated, off-ramps (CSORs). Examples of longitudinal barrier installations on long- and short-
radius CSORs with concrete and steel longitudinal barriers are shown in Figure 1.

(b)
Figure 1. Examples of (a) concrete and (b) steel beam longitudinal barriers on ramps.
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1.2 Objective

The objective of this research was to gain additional insights and establish guidelines relative
to the crash performance of longitudinal barriers placed on varying curved, superelevated ramp
sections. The goal was to apply the analysis approach and models from the completed research in
a focus on ramp situations to develop appropriate recommendations for the selection, design, and
installation of barriers for such ramp situations. These efforts employed the successful approach
used in the previous research to consider the broad set of variables (e.g., road curvature; super-
elevation; barrier design and type; vehicle size; impact angle and speed; shoulder slope and width;
barrier location, height, and orientation) relative to the effectiveness of longitudinal barriers on
curved, superelevated highway ramps. The research began with reviews of current practices and
designs for barriers on highway ramps. The efficacy of the typical designs for barriers on ramps was
critically evaluated using vehicle dynamics analyses, finite element crash simulations, and full-scale
crash testing. These efforts are believed to have resulted in new insights on the relative effectiveness
of various barrier design, selection, and deployment practices for applications of longitudinal bar-
riers on curved, superelevated off-ramps.

1.3 Research Approach

This research effort followed the successful approach used in NCHRP Research Projects 22-29
and 22-29A. In these efforts, vehicle dynamics analyses and crash simulations were applied to
determine the effects of typical vehicles leaving the roadway and impacting a roadside barrier.
These analytical tools have been demonstrated to be effective for evaluating vehicle-to-barrier
interfaces and crash impact outcomes for a broad range of conditions (e.g., speed, impact angle,
surface profile, vehicle type, barrier designs, and road features). This depth of analysis had been
shown to provide micro-level indications of barrier effectiveness that would allow agencies to
generate recommendations for design guidelines.

Vehicle dynamics analyses and crash simulations were applied to analyze a set of short-radii
curved, superelevated ramp sections and a range of vehicle types and impact features. This approach
provided a wealth of data for prospective impacts at varying angles over a broad array of typical
CSOR design conditions. The research used vehicle dynamics analyses to provide broad insights
into variations in barrier effectiveness, supported by deeper analyses using finite element simula-
tion to provide an understanding of impact physics. This was followed by crash testing to validate
the findings.

1.4 Organization of Final Report

This final report is intended to provide a synopsis of relevant information and knowledge acquired
or developed in the research efforts and to translate the findings into new insights and guidelines for
effectively addressing specific needs for barriers used on all varieties of curved, superelevated high-
way ramps. The report incorporates the methodologies and findings derived from previous efforts
under NCHRP Projects 22-29 and 22-29A. The report includes the following:

o Chapter 1: Introduction

¢ Chapter 2: Background Studies

o Chapter 3: Vehicle Dynamics Analyses

o Chapter 4: Crash Simulation Analyses

o Chapter 5: Full-Scale Crash Testing

 Chapter 6: Research Conclusions and Guidelines for Longitudinal Barriers on CSORs
o Chapter 7: References
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This document is intended to (1) provide a concise overview of the relevant findings from related
research efforts; (2) document the background studies and analyses completed focusing on issues
and considerations for “tight” CSORs; (3) present the conclusions drawn from the various aspects of
this research effort; and (4) offer recommendations for improving the design, selection, and deploy-
ment of longitudinal barriers on curved, superelevated ramps. The findings provide useful insights
into the design, selection, and deployment of common barriers used on curved, superelevated ramps.
The findings are also presented in a manner that readily allows agencies to assess their current design
guides or inspect specific barrier installations in the field and determine potential effectiveness. The
report documents the methods and depth of the research undertaken.
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CHAPTER 2

Background Studies

NCHRP Project 22-29A led to the publication of NCHRP Research Report 894: Performance
of Longitudinal Barriers on Curved, Superelevated Roadway Sections (3). In this project, efforts
were undertaken to expand the review of the literature to curved, superelevated ramp sections,
which generally involve the design of tighter curves to accommodate high-speed movement to,
from, and between major highways. As with the previous efforts, the need existed to focus on
the design features for CSORs as well as the current practices for deploying barriers on them.
Insights were obtained from a literature review as well as contacts with agencies. National sources
of data were used to see locations identified by some of the states. These served as real examples
of situations for which updated guidelines could be applied. Efforts for NCHRP Project 22-29A
provided a background of specific conditions in which agencies sought enhanced guidelines. The
findings of both the literature review and the agency contacts are provided in the next sections.

2.1 Literature Review

Earlier efforts (such as NCHRP Project 22-29A) provided the basis for a more detailed litera-
ture review, which identified documents related to the analyses of longitudinal barrier crash-
worthiness. These efforts date back to the previous crashworthiness standards based on NCHRP
Report 230: Recommended Procedures for the Safety Performance Evaluation of Highway Appurte-
nances (4) and extend to evaluations under the Manual for Assessing Safety Hardware (MASH)
(5). It was noted that:

o The bulk of the literature on longitudinal barrier crashworthiness is focused on analyses and
testing for straight sections on level terrain. This results from the formulation of crashworthi-
ness criteria based on reproducible “practical, worst-case” scenarios. These documents (not
specifically summarized in this report) provide an understanding of the impact performance
of these types of barriers.

e Some testing in the early 1990s under the NCHRP Report 230 criteria showed that various
Thrie beam designs would function better than W-beam guardrails on curved sections (4).
More recent analyses, using simulations, evaluated the performance of concrete barriers
behind sloped surfaces (6, 7). These were noted to function adequately. A recent comprehen-
sive evaluation of crashworthiness for barriers on CSORs has not been conducted.

o The Green Book (1) and Roadside Design Guide (2) do not provide special guidelines for longi-
tudinal barriers on CSORs or curved ramps.

o The literature includes numerous examples of the use of simulation tools to analyze barrier
performance for various types of impacts, with some recent efforts investigating the effects of
sloped conditions.

o Review of the Roadside Design Guide (2) revealed no specific recommendations for longitu-
dinal barrier installations on curved or superelevated road sections (i.e., barrier installations
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on curves follow the same guidelines as for straight roads). These recommendations sug-

gested that:

- Barriers should not be installed on slopes steeper than 6:1 unless the barrier has been tested
and found to meet the NCHRP Report 350: Recommended Procedures for the Safety Perfor-
mance Evaluation of Highway Features (8) or MASH (5) evaluation criteria.

— Only flexible and semi-rigid barriers should be installed on slopes steeper than 10:1.

- Barriers should be placed as far as possible from the traveled way as is practical without
hindering its proper operation and performance. Barrier offset distances (i.e., the shy line)
range from 4 ft for a 30-mph design speed to 12 ft for an 80-mph design speed.

These findings were not considered significant enough to alter the identified focus on barriers
on CSORs.

The key findings of the literature review undertaken for NCHRP Project 22-29 included the
following:

o The AASHTO Green Book (1) and Roadside Design Guide (2) provide the fundamentals for
barrier design and deployment on U.S. highways. These documents provide the prevailing
rationale, conditions, and parameters for barrier needs; the recommended types; and deploy-
ment (placement) details for longitudinal barriers on high-speed, curved, superelevated road
sections (CSRSs).

e The AASHTO Green Book (1) provides guidelines for curve design that address design speed,
maximum superelevation rate, side-friction factor, superelevation distribution methods,
selection of curvatures and superelevation, and shoulders. The guidelines establish a safe and
comfortable driving environment on curved road sections. These guidelines are used by most
states for curve and superelevation design and include the following recommendations:

- Vehicles traveling on curved roads are subjected to centrifugal force that pushes the vehicle
outward from the center as a function of increasing vehicle speed or decreasing radius of
curvature. Superelevation is the sloping (banking) of the road to oppose centrifugal force.
For high-speed roadways, the Green Book-recommended range for maximum supereleva-
tion rate is 6% to 12%. This range is reduced to 6% to 8% in regions where snow or ice is of
concern, considering that vehicles traveling at low speeds in snowy or icy conditions tend
to slide on roads with high superelevation.

- The Green Book cites the need for side friction to resist the lateral centrifugal force for a
vehicle traveling on a curved road through a combination of superelevation and the fric-
tion between tires and the road surface. For a given vehicle speed and curvature radius,
an increase in superelevation leads to a lower lateral-friction force (i.e., a larger portion of
the centrifugal force is resisted by the superelevation). The side-friction factor is the ratio
between this lateral-friction force and the weight of the vehicle (with a small conservative
simplification).

- The Green Book defines design speed as “a selected speed used to determine the various
geometric features of the roadway” based on the topography, anticipated operating speed,
adjacent land use, and functional classification of the highway. The design speed affects
superelevation and curvatures as well as several other design parameters. The Green Book
recommendation for minimum design speed on high-speed roadways (highways) is 80 km/h
(50 mph). The use of design speeds of 100 km/h (60 mph) or higher is encouraged for urban
highways, as the speed can be achieved with minimal additional costs. A 110 km/h (70 mph)
design speed is recommended for rural highways and interchange locations consistent with
higher design speeds. For mountainous terrain, a design speed of 80 to 100 km/h (50 to
60 mph) is recommended.

— The Green Book gives an approximation of running speed as a function of design speed. The
Green Book recommends that shoulders in heavily traveled high-speed highways be at
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least 3 m (10 ft), with a width of 3.66 m (12 ft) preferable. On 4-lane highways, the recom-
mended shoulder width on the left side of the road is 1.22 to 2.44 m (4 to 8 ft) and on the
right side is at least 3 m (10 ft). Asphalt and concrete shoulders should be sloped from 2%
to 6%. Gravel or crushed rock shoulder slopes should be from 4% to 6% and turf shoulders,
6% to 8% percent.

- The minimum curvature radius defines the sharpest curvature for a given design speed,
maximum superelevation, and maximum side-friction factor.

- For a given design speed and road curvature, several combinations of superelevation and
side friction can be used to resist the lateral centrifugal force. The Green Book lists five
methods for the distribution of the superelevation and lateral-friction forces. For high-speed
roadways, the Green Book recommends the last method (Method 5). In this method, the
superelevation and side friction have a curvilinear relationship with respect to the inverse
of the curvature radius.

o Few state-specific road design guidelines were obtained from a state agency survey (see
Section 2.2), and a review showed that these guidelines are similar to the Green Book. No
specific information was found related to longitudinal barrier installations. A few differences
were noted between state DOT and Green Book guidelines, such as maximum superelevation
rates, side-friction factors, and superelevation design tables.

The Roadside Design Guide revealed no specific recommendations for longitudinal barrier instal-
lations on curved and superelevated road sections (2). Barrier installations on curves follow the same
guidelines as on straight roads. A few recommendations related to the research topic are as follows:

o A barrier should not be installed on a slope steeper than 6H:1V unless it has been tested and
found to meet NCHRP Report 350 (8) or MASH (5) evaluation criteria.

o Only flexible and semi-rigid barriers should be installed on slopes steeper than 10H:1V.

 Abarrier should be placed as far from the traveled way as possible without hindering its proper
operation and performance. Barrier offset distances (i.e., the shy line) range from 1.22 m (4 ft)
for a 50 km/h (30 mph) design speed to 3.66 m (12 ft) for a 130 km/h (80 mph) design speed.

Previous efforts focused on “roadway sections” and aimed to develop a better understand-
ing of the safety performance (i.e., crashworthiness) of barriers used on CSRSs. The findings
led to recommendations for improving barrier selection, design, and deployment in pursuit of
enhanced highway safety for CSRSs.

2.1.1 Expanded Literature Review

Highway or highway ramps are typically curved, superelevated roadway sections as well.
Chapter 10 of the Green Book addresses grade separation and interchanges. It defines ramps as
“all types, arrangements, and sizes of turning roadways that connect two or more legs at an inter-
change. The components of a ramp are a terminal at each leg and a connecting road” (1). It notes
that the geometry of the connecting road usually involves some curvature and a grade. Generally,
the horizontal and vertical alignment of ramps is based on lower design speeds than the intersect-
ing highways, but in some cases the alignment may be equal.

The Green Book notes that such ramp designs are needed to accommodate high volumes of
traffic safely and efficiently through interchanges or special features that include varying degrees of
grade separation with varying layouts of ramps to offer effective connections between the inter-
secting roadways (1). These are shown in Figure 2 and Figure 3. Although the literature review
findings previously described remain the same and continue to be applicable for the “ramps” asso-
ciated with interchanges, one thing is readily obvious in the Green Book—these “ramp” roadways
take many configurations. These figures include both “off” and “on” ramps (or “exit” and “entrance”
ramps) that in some cases reflect similar geometrics.
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Figure 3. Complex interchange with ramps for varying traffic levels and
alignments.

The literature search was expanded to studies about the relative effectiveness of ramps. This was
undertaken with the knowledge that past efforts to analyze ramp crashes were limited by multiple
issues that prevented effective analysis. Typically, such analyses were limited by issues in getting
the pertinent data, such as getting design features for ramps, accurately locating crashes to specific
ramps and along them, isolating details about barriers, and finding information on driver behavior,
the vehicle, the nature of the impact, and crash outcome. In the previous research, no extensive
studies were isolated for crashes on curves, nor were any cited by respondents to the survey under-
taken for this project. It was also noted that the Green Book does not cite anything about the relative
performance of various types of ramps; however, it does seem to provide general guidelines about
the qualitative factors to consider in designing a ramp and its features to address varying aspects of
traffic, speeds, and control (1).

A Transportation Research International Documentation (TRID) search was undertaken for
the key words “ramp safety,” and several relevant studies from the last 10-15 years were revealed.
These efforts indicated a variety of characteristics that differentiate ramps.

The initial research focused on the viability of curved, superelevated roadway sections of various
designs over a range of curvature. Curves with radii of 600-700 ft are typical of many highway
ramps, but no specific distinction was made in the safety analyses relative to ramp sections.
Previous analyses of curve safety conducted using typical aggregated data found that curvature,
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barrier types, and barrier safety influence safety individually. Only limited insights were found
relative to crash causation and severity or to related factors for ramp sections.

Safety insights for highway ramps have long been limited. Traditionally, crash data analyses
provided important insights on street and highway design. Analyses of the frequency and severity
of crashes provided a useful metric based on the ability to locate the crash and isolate the factors
at the site and the behavior of traffic and drivers. The viability of such analyses has been limited
by the accessibility of crash data, its geometric curvature detail, and, critically, the specific crash
location. It was also common that the locations of highway features were not properly recorded
(i.e., positions of barriers relative to the traveled way). Initial designs failed to provide the needed
dimensions after maintenance or modifications led to changes in positions.

The basic data may exist in some agencies, but the details of locating crashes on specific ramps
and points on the curve often make such efforts difficult. In this effort, DOTs were specially
asked if they had undertaken safety analyses for ramps, but none were cited. It would be useful to
undertake a comparative analysis of crash data for ramps to understand the critical elements and
the relative performance of barriers deployed on ramps, but this was not considered readily
possible nor within the scope of the project.

As an alternative, the survey asked that agencies provide the names of specific ramps in their
states that experience more crashes than the norm. Only a few sites were cited, and the pertinent
crash data was not provided. These sites were reviewed through digital aerial imagery and are
reported under Section 2.3, the review of typical sites.

Efforts to address the general need for a more analytical approach to understanding high-
way safety, and more importantly, continually maximizing it, helped promote the concept
of safety performance functions (SPFs) and crash modification factors (CMFs) (9). These
evolved from the long-standing interest in having a basis for quantitatively selecting between
alternatives. Efforts to create functions and factors to provide an analytic metric started
slowly by trying to determine the likely benefit for improvement. Efforts to develop the High-
way Safety Manual (HSM) (10) to share the knowledge gained and enhance the overall safety
improvement process led to more efforts in this area. The efforts also tried various methods
to account for the contributions of multiple safety improvements. These factors would, in the
simplest sense, indicate the degree of safety improvement that might be possible for a given
type of change. These efforts also expanded into a broader array of safety improvement needs,
including some related to highway ramps. Torbic et al. published NCHRP Web Document 227:
Design of Interchange Loop Ramps and Pavement/Shoulder Cross-Slope Breaks in 2016 (11).
They noted that the limited research on the design, safety, and operational characteristics of
loop ramps was a major impetus for the effort. The authors differentiated between exit and
entrance ramps.

In the efforts to develop improved guidelines for the design of interchange loop ramps and
pavement shoulder cross slopes, Torbic et al. examined both entrance and exit ramps because
of their differences in vehicle speed and positioning (11). These efforts were based on data from
28 ramps that were about equally split between entrance and exit ramps. Vehicle speed data was
gathered from driver observations for various points on the ramps and analyzed. Data revealed
that speed varied along the lengths of the ramps and was higher in some cases for entrance
ramps. Torbic et al. noted differences in the performance between loop and diamond ramps and
analyzed multiple lanes and other factors. The document recommended guidelines for ramps
with curvatures from 100-300 ft with design speeds from 20-35 mph. These are lower than the
design speeds used in the analyses for CSRSs. The Torbic et al. efforts led to guidelines for cur-
vatures and cross slopes, but they did not reflect the needs for barriers and where they should
be placed. These efforts developed SPFs intended to support the HSM (10), and hence focused
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more on ramps as an interchange element that can be given an SPF metric. The document noted
that these metrics had limits that required further efforts to improve.

Torbic later teamed up with Harwood and Bauer to take a similar approach, examining the
differences between loop and diamond ramps (12). This effort involved data from 235 loops and
243 diamond ramps in California and Washington, with 5 years of crash data. Torbic, Harwood
and Bauer presented data from the study, noting that free-flow loop, partial loop, and diamond
ramps, with minimum radii of 78, 137, and 193 ft, respectively, did not show a consistent pattern
for whether the entrance or exit ramps had the minimum radii. These efforts led to improved
SPFs to support the HSM (10). The comparison of the actual data with the predicted numbers
found that more specific calibrations were needed.

Torbic and Brewer (13) later looked deeper into loop ramps and recommended that they be
designed to (1) have radii, design speeds, and lane and shoulder widths that induce speeds lower
than the design speeds and (2) have added lane width for outer lanes on multi-lane ramps to better
accommodate the speed differences between cars and trucks. These recommendations also included
updates to the SPFs developed.

Others have focused more on other speed distribution aspects of ramps, namely, understand-
ing speed profiles of vehicles on ramps and how a vehicle’s relationship to the adjacent decel-
eration lanes influences the driver’s propensity to exceed the critical speed when negotiating
a ramp. Choi et al. (9) developed SPFs for direct, semi-direct, and loop interchanges. These SPFs
were based on the radius of curvature, grade, and lengths of acceleration and deceleration lanes for
201 ramps in Korea in 2007. These analyses of 3 years of data for six interchanges provided the basis
for a binomial-based predictive function used to predict the expected number of crashes that would
occur for each type of ramp. The initial error rates were high in some cases, but theoretically, as
more data is acquired, the reliability of the function will improve. This study is believed to suggest
that intrinsic differences exist between ramps. It is unclear from the results whether other factors
would be useful for understanding the relative safety of the ramps. These efforts did not consider
the width of the road, the shoulders, or the nature of barriers on the ramps. It is possible to isolate
other factors, but such efforts were not included in this study.

Van Beinum (14) studied turbulence at motorway ramps in the Netherlands. His thesis was
that a raised level of turbulence exists around interchanges from the vehicles entering and exiting
the highway, and from the behavior of drivers as they anticipate and adjust speeds and position
for these maneuvers. Van Beinum’s efforts noted that there are two major problems with cur-
rent roadway design guidelines with respect to turbulence: limited understanding of the effects
of turbulence and the lack of quantitative metrics about the relative implications for varying
turbulence from design guides. He used the Vissim simulation tool to analyze turbulence effects
and found correlations between the intensity and the location of lane changes. The analyses were
conducted for on- and off-ramps, and it was noted that on-ramps had lower turbulence. The
efforts did not isolate the effects of other aspects of ramp design. The guidelines were examined
to determine whether a distinction exists or can be made that might be applied to the designs for
ramps, but little empirical data was reported.

Abatan and Savolainen (15) used 2010-14 data for more than 400 interchanges in Iowa. This
study examined six types of interchanges and noted variations in their safety. SPFs were developed
for the various types of interchanges, considering volumes, speed, length, and on- or off-ramp sig-
nalization. The SPF models were used to analyze the mainline effects on ramp safety. The models
were compared with those developed for Florida interchanges and results from SafetyAnalyst soft-
ware. This effort indicated that there are differences in interchange safety that can be predicted.

Naturalistic driving studies (NDSs) were initiated some 15 years ago in an attempt to cap-
ture more detailed data that would permit deeper analyses into the influences of highway design,
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traffic conditions, and area features on driver behavior and performance. The efforts began using
driver- and road-directed cameras to record actions related to traffic situations. Various tech-
nologies were integrated to expand data gathering to include more than 100 variables related to
location, vehicle control inputs, road conditions, and driver actions and attention.

Under the Strategic Highway Research Program (SHRP), the owners of several thousand vehicles
in 10 states reflecting the various U.S. regions agreed to have their vehicles instrumented for the
NDS effort. Each vehicle served as a probe, gathering detailed information on highway travel
and the prevailing traffic conditions for wide parts of the national network. The driver’s control
actions, behavior, and attention for the traffic condition were continually monitored. Traffic con-
ditions were captured from views of the road. Therefore, it was possible to create an extremely
detailed driving record for each trip, which could be used to analyze behaviors in varying situ-
ations, such as on highway ramps. The massive database that has been created has only been
partially tapped by researchers to address specific questions, although several efforts have been
made to address questions related to ramp performance.

The SHRP 2 Naturalistic Driving Study (SHRP2 NDS) database provides thousands of obser-
vations over a large sample of drivers (albeit those who knew that they were being monitored
during the study). Repeated observations for the same driver were included to offer a means to
track their consistency. Many of the initial efforts to exploit this database have been undertaken
by the human factors experts who originally developed the NDS concept. As a result, most of
the studies have tended to focus on driver performance aspects and not highway design or safety
issues. Those aspects are, however, possible, as the data set does include actual crash events.

Other efforts have been made to understand and control ramp speeds, an important factor in
run-off-road crashes. Dadashova, Dixon, and Avelar (16) explored the effect of important pre-
dictors of ramp speed choice. Their analyses were based on SHRP NDS data on 32 participants
for more than 850 trips that provided a rich source of information about driver inputs and reac-
tions when negotiating ramps. The effort examined four interchanges that included diamond,
trumpet, and partial cloverleaf designs. The analysis focused on driver characteristics, including
age, gender, depth perception, sleeping habits, and Barkley’s ADHD screening metrics. Using
various statistical techniques, Dadashova, Dixon, and Avelar examined behaviors related to
street-to-highway merging and highway-to-street diverging for the various interchanges. It was
clear that different speed profile patterns were present at different points along the ramp. These
patterns reflected vehicle speeds from about 20 to 70 mph. This data suggests that speed and
speed profile clusters from particular ramps could be analyzed to provide insights into speed
behavior.

Xu, Zhou, and Xue (17) used data from the SHRP2 NDS to analyze the effects of deceleration
lane design on deceleration patterns for 10 off-ramp interchanges in Florida. Eight of the sites
selected were diamond-style interchanges, and the other two were partial cloverleafs. The loca-
tions studied had relatively long single and tandem deceleration lanes before the oft-ramps. This
research aimed to determine the effectiveness of deceleration lane length, which was considered
to provide an opportunity to slow traffic before it reaches the curved ramp. The paper shows
data for each location that reflects actual driver behavior related to a specific design feature.
The authors note that the speed profiles created for each site show that drivers are not using the
deceleration lanes to slow down, but they are driving faster than intended on the ramp curves.
Deceleration was taking place 75% to 90% of the time on the ramp sections. This suggests that
unfamiliar drivers might encounter hard-braking situations on the ramps and related safety
issues. In the case studies, the ramps did not have sharp curvature that might have led to crashes.
This study does give credence to the general thinking that speeds are likely to be higher on off-
ramps than on-ramps. The authors did develop SPF models that could be used in the design
process for determining appropriate deceleration lane lengths.
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Similar smaller-scale efforts have been made by others, and projects underway are aimed at
establishing a better understanding of the factors that influence ramp safety and performance
(18-20). These may reinforce the previously described findings.

2.1.2 Conclusions from Literature Review
Based on the literature reviewed, the following conclusions may be appropriate:

o Efforts have been made to determine the relative safety of highway ramps through the devel-
opment of SPFs or CMFs and NDSs. SPFs are based on establishing a quantitative relationship
between design and usage features and the expected number of crashes that will occur.

o Choietal. (9) developed SPFs for direct, semi-direct, and loop interchanges based on curvature
radius, grade, and lengths of acceleration and deceleration lanes. However, these efforts did not
consider other factors such as the width of the road, shoulders, and the nature of barriers on
the ramps.

o NDS data has the potential to provide deeper insights into the relationships between factors
that influence ramp performance, but it offers only a snapshot, and its data collection phase
has ended. It is unclear whether it will provide sound metrics to differentiate ramps by type.

o It appears that sufficient information to establish the relative safety of all types of highway
ramps has yet to be provided. Research is continuing in this area.

o There is no clear evidence that on- versus off-ramps have a specific speed differential that
would be a differentiating factor. Studies of deceleration lanes for off-ramps have indicated
considerable variation in the speeds selected by drivers. Drivers tend to decelerate harder as
they reach the curved section of the ramp, suggesting that impact speed may be higher when,
for whatever reason, a vehicle leaves the traveled way on a ramp. This has implications for
barrier performance.

References were made to other efforts underway to understand ramp behavior and establish better
design and control strategies (19-22). It is likely that these efforts will provide additional insights
and support for the concepts and metrics measuring variations in ramp performance, but the cur-
rent status of the literature does not provide a well-established basis for differentiating ramp types.

Based on the literature reviewed, the following conclusions may be appropriate:

o Ramps can be differentiated. Some efforts show that multiple factors do not follow “design”
thinking, such as differences in speed for on- and off-ramps.

o Much information reflects the relative safety and performance of highway ramps based on
curvature, cross section, traffic, speeds, and shoulder conditions. There are various designs but
no “safety” metric that would influence the selection of specific design features.

 Given the focus of this effort on barrier deployment, it is probably prudent to focus on loop
ramps in general without providing an operational label (e.g., on- or oft-ramps).

Further insights on CSOR issues were of continued importance and sought by agency contacts.

2.2 Agency Survey

State DOTs were contacted at the outset of the project to solicit current information on agency
practices and policies relative to the deployment of barriers on highway ramps, as well as the
associated design requirements and features of these ramps that may affect the effectiveness of
the barriers. To achieve these objectives a survey was initially designed to:

» Reach the persons in the states responsible for ramp design and barrier deployment.
o Determine the extent to which agencies follow the design recommendations in the AASHTO
Green Book (1) and Roadside Design Guide (2).
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o Assess the latitude agencies have used to establish more specific requirements or define excep-
tions to the recommendations.

« Solicit suggestions for improved deployment and design practices to identify options to revise
the current practices.

o Limit the time state agency personnel are expected to provide identifying and critiquing current
practices, considering they have a full set of active responsibilities.

o Request information that taps the unique experience or expertise of DOT staff to ultimately
aid in improving practices.

o Request optional data that could be useful in enhancing the credibility of the research effort
(e.g., provide crash data for a small subset of ramp locations). The analysis of the aggregate
would enhance the depth of understanding derived.

o Focus on short-radius, superelevated curves and their configurations, which are typical of
ramps, and the typical practices for selecting and installing barriers.

o Provide an increased direct focus on the grade factors of the curved ramps, as grade factor is
a larger consideration for ramps onto grade-separated roadway interchanges.

The initial survey form was designed to capture the following data as effectively as possible:

o Staff perspectives on ramp crash safety issues.

 Information on agency guidelines or practices for the design of ramps, including radius,
superelevation, and grade. The nature of the shoulders, including the width, slope relative to
the roadway, and offset to the barrier, was shown to influence barrier effectiveness.

» Types of barriers typically used on ramps and their height, offset from the shoulder, and verti-
cal orientation.

o Examples of typical ramp situations in two categories—normal (typical or most common)
designed ramps, and tight or difficult ramps (designed to accommodate site limits or under
past practices). It was hoped that agencies would provide a few examples in each category by
name so the research team could use digital aerial imagery to view them.

o Crash safety perspectives of the persons responsible for the design and deployment roles, to
provide the basis for formulating improved guidelines.

The survey was directed to different agency personnel to include, but not be limited to, agency
staft from various offices and departments (e.g., Chief Engineer, Safety Director, Construction/
Maintenance Staff, Standards Engineer/Director). This was intended to ensure that for any given
state, the respondent could be identified to reflect varying perspectives and depth of specific
knowledge (e.g., road design, barrier requirements).

A survey instrument developed through iterations of panel review, is shown in Appendix A:
State DOT Survey Questionnaire. The instrument is similar to the one used in earlier research
but was revised to be shorter, which meant that some of the noted aspects did not get the intended
emphasis. The survey also made it easier for respondents to provide links to state documents.
However, it was found to require more time from the research team to wade through varying
guidelines from online documents to isolate key factors.

The survey was sent to all state DOT representatives in 2019 and again in 2020. After a few follow-
ups, a total of 33 states replied. Those states are as follows: Alabama, Alaska, Arizona, Arkansas,
Delaware, Hawaii, Idaho, Illinois, Indiana, Iowa, Kansas, Kentucky, Louisiana, Maine, Michigan,
Mississippi, Montana, Nebraska, New Hampshire, New Jersey, New York, North Dakota, Ohio,
Oklahoma, Oregon, Pennsylvania, South Carolina, South Dakota, Tennessee, Utah, Washing-
ton, Wisconsin, and Wyoming. The research team followed up with the remaining states and
collected, reviewed, and summarized the received information for inclusion in the project’s
final report. Pertinent responses for the survey-specific questions are summarized in this section. A
summary of the responses relative to ramp design requirements by state is provided in Table 1.
A summary of cited CSOR requirements is presented in Table 2.
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Table 1. Specific ramp design values cited by survey respondents.
Responding | Specific Minimum radii | Arterial Maximum Downgrade Maximum grades for
states design loop ramp | superelevation vertical alignment
criteria?
Alabama Yes 38 ft 38 ft 8%
5%; 6% is .
Arizona Yes 230 ft 6% acceptable for 4%; .6% 1S al.so. acceptable
. .. for site restrictions
site restrictions
Arkansas Yes AASHTO GB
Delaware No AASHTO GB
Hawaii No
Idaho No
Illinois Yes 134 ft 8% —6% 4%
Indiana Yes 2001 (180 ftif | 5 8% 6% max. 5% max.
restricted)
Kansas No
Kentucky No
. 76 ft 8% rural,
Louisiana Yes AASHTO GB 4% urban 5% 5%
AASHTO
Maine Yes AASHTO GB AASHTO 6% highways AASHTO AASHTO
4% urban
_— 232 ft
Michigan Yes 260 ft 227 fi 7% 6%
Mississippi Yes
Montana Yes 255 ft 8% 7%
100 ft for
New 30 mph
Hampshire Yes 188 1t and 81370 6% 8%
max
ggitohta Yes 4-degree curve 6%
Ohio Yes 150 ft 5% 8% 7%
Oklahoma No AASHTO GB AASHTO GB AASHTO GB
Max. degree of 8% vertical
Oregon Yes curve should be 12% alignment: 7% .
30°, 190.99 ft descending ascending
159.15 for 36°
South Yes 134 ft 8% 5% to 7%
Carolina
6% and 8%
ls)outh Yes 300 ft typical Lower 6% for loop 9% for 55 mph +
akota acceptable
acceptable
15-25 mph 6%—
8%
Tennessee Yes 100 ft 4% 7% 40 mph 4%— 40 mph 4%—6%
mph 4%—6%
6% >45 mph 3%-5%
45 mph + 3%-— -
5%
Washington | No 50 ft 10% 9% 7%
8% in rural,
Wyoming No 500 ft 6% in mountain Follows AASHTO GB
4% in urban
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Table 2. Minimum reported widths for ramp shoulders and traveled way.

Responding Right shoulder width Left shoulder width Traveled way
states Typically Restricted Typically Restricted Min. Max.
areas areas
Alabama 10 ft 8 ft 4 ft 2 ft 9 ft
Alaska AASHTO GB
Arizona 10 ft, Add 2 ft 10 ft, Add 2 ft 6 ft, Add 2 ft 6ft,Add 2 ftw/ | 12 ft
w/ barrier w/ barrier w/ barrier barrier
Arkansas AASHTO GB AASHTO GB AASHTO GB | AASHTO GB AASHTO GB
Hawaii AASHTO GB AASHTO GB AASHTO GB | AASHTO GB AASHTO GB
Illinois 8 ft, 6 ft if paved | 8 ft, 6 ft if paved | 6 ft, 4 ft paved | 6 ft,4 ftif paved | 12 ft 14 ft, 15 ft ok
Indiana 8 ft 6 ft 4 ft 16 ft
Towa 6 ft 4 ft 10 ft (non- 12 ft
interstate) (interstate)
Kansas 8 ft 8 ft 2 ft 2 ft AASHTO GB
AASHTO GB AASHTO GB AASHTO GB | AASHTO GB
Louisiana 10 ft 6 ft 4 ft AASHTO GB
Maine 8 ft 8 ft 4 ft 4 ft 14 ft
AASHTO GB AASHTO GB AASHTO GB | AASHTO GB AASHTO GB
Michigan 8 ft, 7 ft paved 6 ft, 4 ft paved 16 ft
Mississippi 10 ft 10 ft 8 ft 8 ft
Montana 6 ft 4 ft 16 ft
Nebraska 8 ft 0 ft 16 ft
New Jersey 12 ft 7 ft 7 ft 1 ft (urban) 22 ft paved
0 ft (existing)
North Dakota 8 ft, 6 ft paved
Ohio 8 ft 8 ft 6 ft 6 ft 18 ft (for radius less than 200 ft)
Oregon 6 ft 6 ft 4 ft 4 ft 14 ft ok on 16 ft
arterials
Pennsylvania 8 ft 4 ft AASHTO
South Carolina | 10 ft; 6 ft paved 10 ft; 6 ft paved 10ft; 4 ft paved | 10 ft; 4 ft paved
(+3.75 ft w/ (+3.75 ft w/ (+3.75 ftw/ (+3.75 ftw/
guardrail) guardrail) guardrail) guardrail)
South Dakota 8 ft 8 ft 2 ft 2 ft 15 ft 19 ft
Tennessee 8 ft; 6 ft paved 8 ft; 6 ft paved 6 ft; 4 ft paved | 6 ft; 4 ft paved 16 ft
Utah 8ft+2ft 4ft+2ft 12 ft
Washington 8 ft 4 ft 2 ft 2 ft 11 ft 13 ft
Wisconsin 14 ft 6 ft 14 ft 6 ft
Wyoming 8 ft 4 ft 4 ft 4 ft 12 ft

Question 1. Do you have specific design criteria (e.g., minimum radii, maximum superelevation,
downgrade) for the geometrics of curved, superelevated ramp sections? If yes, please include infor-
mation or provide a link to where this information can be accessed.

Twenty-one states mentioned that they have specific design criteria, whereas 11 states do not have
them. The states without design criteria are Alaska, Delaware, Hawaii, Idaho, Kansas, Kentucky, Oklahoma,
Pennsylvania, Washington, Wisconsin, and Wyoming. Of these states, Delaware, Oklahoma, and
Pennsylvania follow the general guidelines of the AASHTO Green Book (I). From the states that have
criteria, three states list a radius of 100 ft or less, four states list a radius between 101 ft and 200 ft, and six
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states list a radius at or above 201 ft. Louisiana has the minimum radius at 76 ft for a 20-mph design speed
and an 8% superelevation in rural areas. Eight states did not list their criteria in the survey. Supereleva-
tion ranges from 4% to 12% were reported. Oregon is the only state with the maximum value of 12%, and
Washington has a 10% superelevation value. Seven states list 8% as the maximum superelevation, mainly
in rural areas on highways. Four states have 4% as the maximum superelevation in urban areas. Six states
follow AASHTO Green Book guidelines (1). Seven states list 6% as the maximum superelevation, mainly
for highway roads. Only two states have a maximum superelevation of 7% and 5% each. The maximum
grades for vertical alignment for New Jersey are 11% for mountainous roads. South Dakota has a maximum
vertical grade of 9%. Vertical grades of 6% and 8% were mentioned by three states each. Seven states have
the maximum vertical grade at 7%. Two states have the maximum vertical grade at 5%. Eight states follow
AASHTO Green Book guidelines for minimum and maximum vertical grades (1). The maximum down-
grade for vertical alignment is for Utah and Washington at 9%. For downgrades of 8% and 6%, four and
three states, respectively, mentioned them. Louisiana has set the maximum vertical grade at 5%. Seven states
follow AASHTO Green Book guidelines for downgrades (I). The specific values are summarized in Table 1.

Question 2. Does your State/ Agency specify the design speed for curved, superelevated ramp sections?
If yes, please include information, provide a link to where this information can be accessed.

Twenty-two states mentioned that they have and 10 states mentioned that they do not have a design cri-
terion. Kansas, Maine, and Utah follow the general AASHTO Green Book guidelines (1). Six states have a
minimum speed of 25 mph, and three other states have a minimum speed of 30 mph. Some states mentioned
that they do not specify design speeds for ramps. Instead, they recommend a desirable ramp design speed.

Question 3. Do you have special criteria to decide if a longitudinal barrier is warranted on a ramp?
If yes, please include criteria, provide a link to where this information can be accessed.

Nine states mentioned that they have a warranted longitudinal barrier on a ramp and 23 states mentioned
that they do not. The states with warranted longitudinal barrier criteria are Alabama, Illinois, Indiana,
Louisiana, Mississippi, Nebraska, New Jersey, Ohio, and South Dakota. Illinois warrants longitudinal barriers
on ramps similarly to other roadways while taking into consideration the clear zone, barrier warrants, and
length of need. The clear zones are established using the Roadside Design Guide (2). The hazard elimination
and traversable design treatments are warranted and designed using a stepwise procedure. Louisiana uses
a barrier if the clear zone for a design speed cannot be met. The state generally follows guidelines from the
Roadside Design Guide (2). Alabama considers clear zone issues and the need to provide positive separation
of ramps. Mississippi typically provides a longitudinal barrier if slopes are steeper than 3:1, if the ramp is
located within the clear zone, or if any obstructions are located within the clear zone. New Jersey considers
a guide rail warranted if an obstruction’s physical characteristics and location are within the clear zone.
Barriers are evaluated on an individual basis. Additionally, a final analysis must usually be solved by
engineering judgment and cost-effective analysis (i.e., the Roadside Safety Analysis Program).

Question 4. Please include below how ramp posted speed is determined and/or upload relevant
information files.

New Hampshire and Indiana have advisory speed limits of 18 mph and 20 mph, respectively. Nine states
mentioned that they post an advisory speed of 25 mph. These states are Alabama, Illinois (urban roads),
Iowa, Montana, Ohio, Oregon, South Carolina, Tennessee, and Washington. Five states, Arkansas, Kentucky,
Louisiana, New Jersey, and Wyoming, use ball-bank indicators on the ramps to determine the advisory speed
that should be posted. Arkansas, Illinois (rural roads), Michigan, and South Dakota (lower is allowed) have
a speed limit of 30 mph.

Question 5. Please describe how shoulder widths are determined for ramp sections where barriers
are installed and/or upload relevant information files.

Every state has different requirements, and the results are tabulated as shown in Table 2. The states of
Alaska, Delaware, Idaho, Kentucky, New Hampshire, and Oklahoma did not reply, so they are not included
in the table.

Question 6. The research team is also very interested in obtaining information about geometry
of old sharply curved ramps that are no longer on your State’s standard plans and roadside barriers
used on these ramps. Please include or upload any relevant information below.

No state provided any documentation. Many states did not understand the questions, and only four states
gave examples. These responding states provided actual highway ramps (highway and exit numbers) that
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would be examined on available online maps to see actual examples. The states usually reconstruct old
ramps, and others use warning devices (chevrons, blinking advance curve signs, blinking delineators, and,
most recently, sequential lights on the outside of the curve that are visible in daylight) to prepare drivers
before taking the ramp. More details will be analyzed after Question 7.

Question 7. Please include any additional comments, concerns, or questions that you would
like to convey to the research team below. Cite examples of sites where barriers have been used
on CSORs.

Very few states answered this question, while others posted their websites or state manuals as guidelines.
Tennessee suggests the need for “a conclusion providing the minimum barrier height and type for curve radius
and speed adjusted with max. superelevation (i.e., use concrete rail at 36” for all outside the ramps with a mini-
mum 6 offset)” Iowa reflected that “much of our knowledge regarding longitudinal barriers on curved ramps
is a combination of our Design Manual and institutional knowledge, i.e., the knowledge designers have devel-
oped over the course of their careers” Hawaii summarizes that “generally, evaluation for barrier installation

»

would be based on the Road Design Guide (e.g., clear zone) and accident history (e.g., existing ramps).” Oregon
mentioned that its DOT “uses spirals for horizontal alignment criteria, including interchange ramps.” Illinois
says agency personnel “do not explicitly consider adjacent superelevation rates in the design of our roadside
barriers. The max rollover on the high side is 8 percent, and with the typical Emax of 6 percent we experience
abreak of 4% to 8% at a point often 6 to 8 ft in front of the face of the barrier. We would be interested to know
what issues are pertinent to this type of condition, and what is identified in testing/research.” Utah refers to
“TRB Report 894” that the research team developed (3). The respondents would recommend analyzing what
types of ramps are effective at what speeds, curve radii, and superelevation conditions.

The survey also asked the agencies to cite specific interchange sites where curved, superelevated
ramps had been treated with barriers. Sites offered are described in the following section, an exam-
ple is provided, and additional details are included in Appendix B: Links to State DOT Documents.

2.3 Review of Typical Sites

The research team received information about the geometry of sharply curved ramps from
four states in the survey. The specific ramp sites of “concern” or as “examples” were cited. The
research team obtained aerial and driver-level views for most of these sites. This effort was pos-
sible using aerial and driver-view images from Google Maps. These interchange sites and the
details of these locations served to depict the variety of situations faced by agency staff in their
roles to design and maintain their highway system.

Indiana Sites:

o “Eastbound I-70 to Northbound Keystone Ave. (Exit #85).”
This ramp is shown as an example in Figure 4. Measurements (based on the general tech-
nique depicted in Figure 5) indicate a radius of curvature of 141 ft.
¢ “Northbound I-465 to Westbound I-465 (Exit #106).”
The specific location could not be located.
e “Westbound I-74 to US 52 (Exit #169).”
Measurements indicate a radius of curvature of 174 ft. The ramp inside curvature is short
and is measured at approximately 460 ft in length (for ~120 degrees), connecting the interstate
to the local roadway (US 52).

Oklahoma Sites:

The responder commented, “We have lots of antique ramps with guardrail to share, although
‘off your state standard’ doesn't really apply to us, since we don't really have state standards, unless
I’'m not reading that right”

o “NW Expwy Off-Ramp from I-44: One of our more notorious ones, we've done chevrons,
blinking advance curve signs, chevrons on the guardrail, blinking delineators on the top of
the F wall, and most recently some kind of sequential lights on the outside of the curve that
are visible in daylight”

Copyright National Academy of Sciences. All rights reserved.


https://nap.nationalacademies.org/catalog/28589?s=z1120

Evaluating the Performance of Longitudinal Barriers on Curved, Superelevated Off-Ramps

Background Studies 19

Ambition o

nq’l
=
Noxi

Bentw

Enterprigg o, o E£23rd St £23rd St
£
i

sepot O © Hoe Industries

N'Parker Ave
Whaeler 5t

Horning Roofing
Vision Direct o & Sheet Metal o

&
Cw Recycling ) o
Enterprise Park:P|

-y
L)
Uk py

Tri-51ate Bearing Co Inco

o Little Apple's
L Larning Curve

~d hi
g ﬁ\p o White Cap
2 e o'
3 o o
JVS Logistics o [ & *@i
[ o=
= 3 L
< s g
ily Forever 8 5.«*" g
Cremation = © R&sPlating N o :
Bloyd Ave & 8, =
z Y4y, €
E 2 W East21st5t
Greater Love Temple @ - @ o P
2 @ Iy ® o 2T 4
=< & = Measure distance & e = F]
= Z = Chick on the map 1o add o your path & 2 e n .
E £ o Lenny'’s muffler repair wﬁ‘ & = )
= | Total distance; 140.79 ft (42.97 m) a 2 £ . == =
*‘f’ B s & EEE =»
o B
=Y Map dats ©2025 Gocgle  United Ststes  Terrns  Privacy  Send Product Feedback  200fa

t
L

E23rd 'St
rd'Stl
il i

NIRarkerAve

Measure distance
Click on the map 1o add to your path

/e'/ Total distance: 140.79 ft (42.91 m)
... WP LA

@
=
-~
xz
=

w

o A

Figure 4. Example of imagery obtained for EB I-70 to NB Keystone Ave. (Exit #85 Indiana).

Copyright National Academy of Sciences. All rights reserved.



https://nap.nationalacademies.org/catalog/28589?s=z1120

Evaluating the Performance of Longitudinal Barriers on Curved, Superelevated Off-Ramps

20 Evaluating the Performance of Longitudinal Barriers on Curved, Superelevated Off-Ramps

38.86759,-77.30928 Q‘*“
i } ~R&R Carpel
Share this location cidhning Semrg:s o

Directions from here
Directions to here

© Deck oasis fd‘m

What's here? on Park/Q)
=
Search nearby & 5
§ o4
Print ’
o £ Fitpro Services @) -3 3
Add a missing place § Brigads ©
Add your business & = £ +
Report a data problem N e"# -
Measure distance §'\\ j ZEE *
r ] ~ . ——CUETETe Th
4= (] . Mepdsag202Scooge  United States Teems  Privacy oL .

g
RE&R Carpel g |
Cleaning Services ¥/

© Deck Oasis f""‘“

Dakton Pa{k'.o
Qk

& &
& =
$ § s
& Fitero services @) g E
4 ;éa Brigade ® |
!
Measure distance 'QP o b
Click on the map to add to your path | -
Total distance: 225.80 ft (6682 m)
- | _b mmm
§2! 1] \\ Mapdsta 82025 Google  United States  Terms  Privacy 200 fin o

Figure 5. Google Maps feature for determining curve radii from map images.

Copyright National Academy of Sciences. All rights reserved.


https://nap.nationalacademies.org/catalog/28589?s=z1120

Evaluating the Performance of Longitudinal Barriers on Curved, Superelevated Off-Ramps

Background Studies 21

o “NW Expwy On-Ramp to I-44 EB.”
o “I-244 WB to US-169 SB.”

Measurements indicate a radius of 176 ft.
o “US-169 SB to 1-244 EB.

Measurements indicate a radius of 193 ft.
e “US-75SB to I-44 EB”

Measurements indicate a radius of 170 ft.
e “I-44 EB to US-75 NB.”

Measurements indicate a radius of 168 ft.

Utah Sites:

The safety engineer responding to the survey shared with the research team an Excel sheet that
summarizes ramps on the state-maintained roadways. Thousands of ramps are listed in the file.
Most of the tight radius exits in the Excel sheet were left turn of a diamond-type ramp, not useful
to this study. In continued review, a tight loop ramp was identified as follows:

e “I-15 SB to W-200 N Exit 59”
Measurements indicate a radius of 132 ft.

Nebraska Sites:

o “I-180 SB (US-34) to US-6 EB Cornhusker Hwy”
Measurements indicate a radius of 121 ft.

o “S 84th St. NB to I-80 W”
Measurements indicate a radius of 122 ft.

e “S13th St. NB to I-80 W”
Measurements indicate a radius of 132 ft.

The states have provided many of their state DOT documents and links to download. Addi-
tional documents had to be retrieved from state DOT websites to answer the questions of the
survey. The links that were shared and the file names that were compiled are documented.

These ramps cited by the states were located on Google Maps and analyzed, and an approximate
radius was measured using the tools available. The process to measure radii from Google Maps is
straightforward. Once a specific location is opened, the user can right click on a precise feature on
the maps and choose “measure distance” from the menu window. Then, the user can select the other
side to measure, and Google Maps gives the total distance. The distance is not 100% accurate but it
is a useful tool to get approximate values. These steps are shown in Figure 5. For each ramp, several
measurements were taken along the ramp diameter, then the curvature radius was estimated and
the radius of curvature was measured.

2.4 Overview of Background Study Findings

The background studies indicate, as expected, that limited effort has been made to create a com-
prehensive understanding of safety on curved, superelevated oft-ramps. By extension, highway
agencies have not developed uniform practices for the deployment of barriers or criteria (or guide-
lines) for when they are most often used. The many differences in ramp situations that complicate
design efforts, the frequent difficulties in locating crashes on ramps, driver issues, and other factors
probably explain the great variations in ramp designs and barrier selections and placement.

Generally, efforts have been made to understand the relationships between ramp design,
operation, and maintenance and safety related to the applications of longitudinal barriers. The
development of guidelines is complicated by the many factors that must be considered. Agency
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personnel reflect appropriate concerns in their survey responses, as well as their need for more
guidelines. These facets are reflected in the variations of CSOR designs and standard guidelines
for barrier selection and placement. The background studies failed to identify sufficiently deep
crash analyses across the range of ramps to provide clear indications of critical points and the
effectiveness of barrier options and associated placement requirements.

Research into the most common ramp situations is needed, with a focus on the criticality of
the tire-to-pavement interface and on the short-radius designs where driver control and the
interfaces between the vehicle and the pavement can be issues when speeds are too high (par-
ticularly for vehicles that have been traveling at higher speeds). Efforts are needed to identify
critical conditions, enhance the knowledge of the vehicle-to-barrier interface for various types
of vehicles, and assess the effectiveness of various types of barriers for the most critical locations
where short-radius or “tight” curves must exist. A broad analysis is necessary to identify condi-
tions outside the limits and to develop guidelines for individual agencies or the nation.

The efforts of this first part of the research, which included a review of the literature, a survey of
the states, and an overview of typical curved, superelevated ramp sites, provided more depth to the
research team’s understanding of the problem but revealed few surprises. It is possible that con-
tinued digging through the data and information compiled in these efforts, with the help of software
improvements, could lead to other locations and possible new insights.
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CHAPTER 3

Vehicle Dynamics Analyses

Vehicle dynamics analysis (VDA) was used in previous efforts to analyze barrier effectiveness
for CSRSs to assess the trajectories of vehicles leaving the traveled way. This approach proved to
be highly effective in understanding the interfaces of errant vehicles with various types of barriers
in previous research on CSRSs. Therefore, the same VDA tools were used to develop an improved
understanding of the effectiveness of longitudinal barriers used on CSORs. A vehicle depart-
ing the driving lanes on a CSOR is influenced by the same factors, including ramp curvatures,
superelevation, vertical grade, shoulder and roadside designs, and barrier features. Given that
such departures can occur on CSOR ramps of varying configurations, a similar VDA approach
was considered appropriate. This VDA needed to reflect the features that would influence the
dynamic response of vehicles leaving on-ramps. The roadway, shoulder, and barrier applications
for these situations were defined.

Vehicle dynamics simulations were used in the initial phase of the study to yield quick analysis
and understanding of the trajectories of errant vehicles on curved, superelevated ramp sections.
The insights from these analyses were used to determine the most critical finite element crash
simulations needed to investigate in much greater detail. VDA can simulate the trajectory of
vehicles in three dimensions, considering the design features of the vehicle (e.g., wheelbase,
weight or mass, suspension characteristics), the operating conditions (e.g., speed, driver inputs),
and the influence of the surface terrain over which the vehicle is traveling (e.g., slope, grade,
friction, softness). VDA uses concepts of free-body physics for the movement of a sprung mass
for specific velocity, accelerations and decelerations, and surface conditions to determine vehicle
trajectories, including roll, pitch, and yaw factors, for small increments of time.

Two vehicle dynamics software programs were used in this study to predict the vehicle trajecto-
ries on curved, superelevated ramps: HVE (Human, Vehicle, and Environment, by the Engineering
Dynamics Company) (23) and CarSim (by Mechanical Simulation Corporation) (24). The pro-
grams were developed for use by engineers and safety researchers to study interactions among
humans, vehicles, and their environment. HVE and CarSim are high-level simulation tools aimed
at creating three-dimensional models of vehicles and environments, allowing the study of their
dynamic interaction under selected conditions. The tools provide a detailed description of a motor
vehicle’s trajectory, considering the influence of weight, suspension system, and other vehicle
factors. Available databases include a wide range of high-fidelity vehicle models that can be used in
dynamic reconstructions and simulations.

HVE and CarSim provide physical and visual environment models to simulate selected condi-
tions. Weather attributes, road geometry, and pavement-friction properties can be computed and
their effects on vehicle dynamics analyzed. Drivers’ actions (e.g., throttle, brakes, steering, gear
selection) can also be simulated. The models have been thoroughly validated and are capable of
accurately predicting a vehicle’s trajectory for different terrain profiles. The research team used
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these programs in previous research studies to assess vehicle-to-barrier interaction when the
barrier is placed on non-level terrain (25-29).

3.1 Vehicle Dynamics Analyses

Undertaking VDA required physical information about the vehicles and the barriers to be
studied, as well as data on ramp configurations (e.g., grade superelevation, side slope), barrier
design features, effective interface areas, and the terrain or surface conditions associated with
CSORs. The factors considered in the VDA were:

o Vehicle types
- 1100C small car (Toyota Yaris)
- 2270P pickup truck (Chevrolet Silverado)
o Barrier types
- W-beam guardrail (27.75-in. and 31-in. top-of-rail height)
- Thrie beam guardrail (34-in. top-of-rail height)
- Concrete barriers (32-in. and 42-in. top height)
o Superelevation and curvature
- 4%, 6%, and 8% ramp cross slope
- 150-ft, 300-ft, and 450-ft curvature radius
 Impact conditions
- Impact angle: 5, 10, 15, 20, and 25 degrees
- Impact speed: 50, 70, and 100 km/h (31, 43.5, and 62 mph)
e Shoulder width and slope
- 4-ft, 8-ft, and 12-ft widths
- 0%, 3%, 6%, and 8% (angle relative to road)
e Other variations
- Ramp grade: 0%, —4%, and —8% (downward)

The following sections describe the VDA setups, the factors considered, the use of software,
and the cases selected for analyses.

3.1.1 Vehicle-to-Barrier Interface Considerations

The study focused primarily on two types of vehicles commonly used for roadside hardware
testing: a 1100C small car (1,100 kg) and a 2270P pickup truck (2,270 kg). The specific weight,
size, frontal geometry, and suspension systems of these vehicles were incorporated into the VDA
model such that they would match typical MASH test vehicles (namely a Toyota Yaris sedan and
a Chevrolet Silverado pickup truck).

In these analyses, one point was defined for each type of vehicle and considered to represent its
primary interface (engagement) region. These points are labeled 1 and 2 in Figure 6. The primary
interfaces are located at positions on the front of the vehicles that are believed to represent the
engagement point that differentiates between tendencies to override or underride a barrier. Point 1
for the small vehicle is located at a height of 21 in., while Point 2 for the pickup has a height of
25 in. These point positions were defined by examining the frontal profile of each vehicle and
reviewing full-scale crash tests conducted using similar vehicles. The traces of these points are
critical in determining the interface with barriers for any vehicle trajectory.

Various barriers were selected for analysis, and an interface region was defined such that if the
critical points (Point 1 or Point 2) are inside this region at the start of the impact, the barrier is
considered likely to redirect the vehicle. If Point 1 (from the small car) falls below the interface
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Figure 6. (a) 1100C and (b) 2270P vehicle models used in VDA, with interface points
indicated.

region, an underride or significant snagging is likely to occur. Similarly, if Point 2 (from the
pickup truck) is above the interface region, vehicle override is likely to occur. The interface regions
for some of the barriers analyzed are shown in Figure 7. For each of the barriers, the interface
region is represented by a green-shaded box with the corresponding maximum and minimum
heights. These regions are based on the geometry of the barrier and a review of full-scale crash tests
conducted on these barriers. For concrete barriers, only the override condition is considered;
therefore, there is no minimum height.

Interface analyses accounted for the effects of vehicle orientation (changes in roll, pitch, and
yaw angles) in computations to determine the positions of Points 1 and 2 relative to the vehicle’s
center of gravity. Further, variations in the designs of the barriers, such as the inclusion of rub
rails, increased heights, or different shapes for the concrete barrier, were not considered. The
evaluations based on these interface regions were used in the VDA only as preliminary criteria to
identify cases to be simulated in the finite element analysis. The actual impact is simulated in the
finite element evaluations and the barrier performance is assessed on the basis of these results.

3.1.2 Ramp Curvature and Grading Conditions

Using information collected from the state agency survey, this study considered various
degrees of ramp curvature to reflect the range of applications commonly found on highways.

‘ i 28.75in ‘
25.5in T 28.75in

730mm 27.5in
o 730mm | o
- 2lin i
17.138 e 17.75in
A mm ¥
453mm l 453mm
! §
Vs L L
(a) (b) (© (d)

Figure 7. Sample interface regions for selected (a) 273" W-beam, (b) 31" W-beam,
(c) 34" Thrie beam, and (d) 32" concrete barrier.
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Figure 8. Roadway curvatures used in VDA.

A total of nine roadway curve conditions with different superelevations (4%, 6%, and 8%) and
curvatures (150, 300, and 450 ft) were analyzed in the VDA to investigate crash simulations.
Figure 8 describes the types of ramp curvature considered in the VDA and crash simulations.

3.1.3 Analysis of CSOR Vehicle Trajectories

Figure 9 illustrates the typical path or trajectory (via sequential vehicle images) of a vehicle
negotiating a curve before departing the ramp, as marked by the red line. The cross section of a
superelevated curve perpendicular to the centerline (indicated by the black line) is depicted. The
banking of the roadway surface is exaggerated in this case. The shoulders can be designed to have
the same slope relative to the roadway cross section or to have negative slopes for drainage. The
red line shows the typical path or horizontal trajectory of an errant vehicle leaving the road on
a CSOR. The figure shows a rising surface, reflecting a diagonal crossing of the superelevation
followed by a diagonal traversing of the negative shoulder and side slope.

Cross Section at CSOR

Path or Horizontal
Trajectory of the Vehicle

Figure 9. Sample VDA perspective of vehicle leaving the road.
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Figure 10. Sample surface cross sections analyzed for superelevated ramps.

Table 3. Shoulder slopes used in VDA.

Shoulder 4% 6% 8 %
Angles Superelevation Superelevation Superelevation
Analyzed Corresponding Shoulder Slope
0% 4% 6% 8%
3% 1% 3% 59
6% -2% 0% 29
8% -4% -2% 0%

In the VDA, the vehicle was run a distance of about 330 ft (100 m) on this surface to be in a “curve
operation” equilibrium state before it was directed off the road. Several defined departure paths
were input into the software to represent various departure angles. Repeated simulations of vehicles
traversing such paths were conducted, varied to reflect exit angles of 5, 10, 15, 20, and 25 degrees for
vehicles traveling at 31, 43.5, and 62 mph (50, 70, and 100 km/h). The roadway-to-shoulder angles
analyzed are depicted in Figure 10 with a 12H:1V roadside slope. Table 3 lists the shoulder
angles (defined as the angle relative to the road and different from the common shoulder slope
definition) relative to the road that were used and the corresponding shoulder slopes.

3.2 Vehicle Dynamics Analyses Results

The VDA software was used to generate trajectories for each vehicle at the selected exit angles
and speeds for each road departure condition. Figure 11 shows the vertical trajectories or trace
paths of Point 1 for the 1100C vehicle (brown) and Point 2 for the 2270P vehicle (blue) negotiat-
ing a curve and departing onto the roadside at different speeds and angles. Multiple curves reflect
variations in departure speed and angle for each vehicle, speed, and angle. The differences in
basic vehicle heights are reflected by the relative positions of the two sets of curves. Consistency
is present in the heights with the road profile shown by the black line at the base of the graph.
Dynamic effects of the sprung mass cause the curves to vary for the changes in cross-section
conditions. A similar graph was generated for each set of conditions in the analysis matrix.

Figure 12 provides an example of the normalized representation of the vertical trajectory for
the same conditions. In the normalized view, the variations in trajectory are indicated relative to
a horizontal plane as opposed to the actual cross-section surface. The curve on the bottom shows
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Figure 11. Sample plot of non-normalized vehicle point trajectories.
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Figure 12. Sample plot of normalized vehicle trajectories on CSORs.
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the road profile or cross section as a reference for the vehicle dynamics traces. The normalized view
provides a convenient means to analyze and compare vehicle dynamics effects for different condi-
tions simultaneously. The normalized version is also useful for translating the vertical trajectories
to a common plane to allow the aggregation of groups of results to define limits.

Figure 13 illustrates a primary use of the normalized graphs of the trajectory data. All trajec-
tory traces for a given set of CSOR conditions were plotted to derive maximum and minimum
limit curves. The bold red line represents the maximum trajectory height limit across the entire
path, while the bold green line indicates the minimum trajectory height. These limits indicate the
requirements for any barrier system in that roadside configuration for all lateral positions beyond
the shoulder. This approach can be used to determine the potential effectiveness of varying barrier
systems across all possible lateral positions for a given roadside configuration.

Figure 14 shows more specific examples of how the plot of maximums and minimums can
be applied. For a given superelevated curve and roadside configuration (e.g., 150-ft radius cur-
vature, 6% superelevation, 8-ft shoulder width, 6% shoulder angle, and —6% vertical grade), the
limits can be plotted along with the interface area provided by a specific barrier. These interface
areas are represented by the blue and green lines that reflect the maximum and minimum verti-
cal positions of the vehicle’s critical points as it leaves the roadway and moves onto the roadside.
For the barrier to be effective, it must have a good interface for both large and small vehicles at
any given lateral position. The graph shows the limits for the 31-in. W-beam MGS (or Midwest
Guardrail System) barrier as yellow lines across the graph for various positions where the barrier
can be placed. If the maximum and minimum limits fall within the yellow lines, then the barrier
will have a good interface for both types of vehicles. Where the blue line goes above the top yel-
low line, the possibility of an override exists. Where the green line falls below the lowest yellow
line, the possibility of an underride exists.

The lower portion of Figure 14 shows the profile or cross section of the road related to the upper
graph. Effective placement areas are shown in this pane. The red-shaded area defines the lateral

a5

40

L
w»

Vertical (in)
&

é 14 24 32 40 48
Lateral (ft)

Figure 13. Sample plot of normalized view to show limiting (maximum and minimum)
conditions.
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Figure 14. Typical barrier interface and effectiveness for a given profile.

positions where the specific barrier has an interface area above the maximum lower height limit
(green curve), below the minimum height limit (blue curve), or both. Effective lateral placement
occurs where both criteria are met, and this is shown shaded green. Plots of this type for all selected
curve and roadside configurations were generated and are presented in Appendix C. Because of the
large number of configurations considered in the study, plots from only one of the barriers analyzed
(the 31-in. top-of-rail height W-beam barrier) are included in Appendix D and Appendix E. Simi-
lar plots were generated for the other barriers and can be supplied upon request.

3.3 Aggregated VDA Metrics for CSORs

The VDA simulations were used to determine the maximum and minimum heights of the
critical points on the bumper (Points 1 and 2) as the vehicle first comes in contact with the bar-
rier. Barrier lateral placement in these evaluations was 1 ft off the shoulder for each of the three
barrier systems selected. All combinations of curvature, superelevation, and shoulder width and
slope for the different speeds and impact angles were used in the evaluations. The maximum and
minimum heights are shown in Table 4 to Table 9. These tables show the critical heights for the
four analyzed barriers with all speeds (31, 43.5, and 62 mph) and angles (5, 10, 15, 20, 25 degrees)
considered. Table 8 and Table 9 show the results for the 27.55-in. and 31-in. top-of-rail height
W-beam barriers with only the lower speed (31 mph) considered. Each cell represents the barrier
height for the specific conditions. If the value is shaded red, it implies that the height is outside
the limits (i.e., too high or too low) and hence indicates that there is not a “good” interface. These
tables, as well as the other interface plots, are used to provide the basis for determining those
cases or types of cases that need to be analyzed with crash finite element simulation.
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Table 4. Vehicle interfaces for 27.75-in. W-beam [G4(1S)] system for all speeds and angles.

Road Curvature Radius 150 ft (45 m) 300 ft (90 m) 450 ft (135 m)

Road Superelevation 4% 6% 8% 4% 6% 8% a% 6% 8%
Vertical | Shoulder | Shoulder| Min | Max | Min | Max | Min | Max | Min [ Max | Min | Max | Min | Max | Min [ Max [ Min [ Max | Min | Max
Grade | Width | Angle | (i) | () | () | (in) | () | Gin) | (in) | (in) | (n) | (in) | (o) | (i) | (in) | (in) | (in) | (in) | (in) | (in)

0% | 1946|2369 |19.39|23.88 | 19.57| 23.96( 20.24 | 24.19| 20.85 | 24.23 | 21.44 | 24.27 | 22.94 | 24.64| 23.01| 24.69| 23.09| 24.74

aii 3% | 20112441 1995|2466 | 19.84| 24.81 20.22| 2507 20.66 | 25.10 | 21.25| 25.13 | 23.34 | 25.49| 23.39| 25.52| 23.45 | 25.59
6% | 2091|2519 2062|2549 | 20.45| 25.68 | 20.24 | 2557 | 20.49 | 26.00 | 21.17 | 26.01 | 23.75 | 26.38| 23.79| 26.40| 23.84 | 26.45

g% | 21532580 2117|2608 2097 | 26.28| 20.27 | 26,60 | 20.44 | 26.62 | 21.09 | 26.62 | 24.06 | 2699 | 24.08| 27.01| 24.12 | 27.06

0% |1970(2402|1974|2423|1967| 2426 2104| 2433 | 2115 2437 | 2251 | 2443 | 2283 | 24.85| 2290| 2492| 2299 24.99

3% |20.13|2469|19.98 | 2509 19.84| 25.18| 21.29| 25.25| 21.38 | 25.29 | 22.70 | 25.32  22.83 | 25.80| 22.87| 25.85( 22.93| 2551

0% st 6% | 2073|2544 2048|2590 20.33| 26.01 | 21.69| 26.10| 21.66 | 26.10 | 22.77 | 26.14 | 22.92 | 26,63 | 22.93| 26.65| 22.96 | 26.70
g% |21.21)| 2556 20.91 | 2642 | 20.73 | 26.55| 21.99| 26.65| 21.88| 26.63 | 22.47 | 26.64 | 23.02  27.15) 23.00( 27.15| 23.01| 27.17

0% |19.932422|19.83| 2435 19.99| 2415 21.15| 24.35| 22.43 | 24.41 | 2246 | 24.82 [ 22.70 | 25.01| 22.78| 25.08| 22.86 | 25.18

_ 3% |2030(2458|20.11|24.81 (2004|2458 21.21| 2479| 21.47 | 2481 | 22.34 | 24.90 [ 2258 | 2549 22.63| 2552 22.70| 25.58
6% | 209125032063 25.2720.50| 24.67 21.26| 25.22| 21.50( 25.20 | 22.18 | 25.26  22.42 | 25.97| 22.46| 25.94| 22.53 | 25.94

gy |2142(2535|21.17| 2559 | 20.98| 25.26( 21.25| 2543 | 21.43( 25.46 | 22.11 | 2544 | 22.31| 26.21 22.34| 26.19| 22.38 | 26.14

0% |19.32|2321(19.30|23.28|19.26| 23.30| 1956 | 23.59| 21.19| 23.65 | 22.21| 23.72 | 2265 24.08| 22.73( 2410 22.81| 24.13

35 |20.00(2354|19.91|24.1119.84| 24.16( 20.02 | 2446 | 21.21 | 2451 | 22.54 | 24.56 [ 23.05 | 24.92| 23.11| 2493 | 23.18 | 24.95

4 6% | 20.83|24.74|20.66 | 24.96 | 20.49| 25.05 20.12| 2535 | 21.23 | 25.39 | 22.93 | 25.42 | 23.47 | 25.80 23.51| 25.81| 23.57 | 25.83
gy | 2146|2529 2126|2554 | 21.05| 2565 20.21| 2596 21.25( 2599 | 23.22 | 2604 | 2378 | 2643 | 2381| 26.43| 23.86 | 26.44

0% |1955(2325|19.48|2335 (1949|2323 21.17| 2360| 2167 | 2368 | 22.29| 23.78  22.49 | 24.25| 2258| 24.28| 2266 | 24.33

s | #a 39 |2008|2404|1995|2423|1986| 2411 2145| 2450| 2181 | 2456 | 2239 | 24.63 [ 2247 | 2516 2252| 2518| 2258 2521
6% |20.74|24.80|20.53 | 25.01 | 20.38| 24.93 | 21.37| 25.32| 21.99 25.36 | 22.42 | 25.40 | 22.55 | 25.98| 22.57| 25.97| 22.60 | 25.99

g% |21.272529|21.00| 2551 20.83| 25.47( 21.31| 2581 | 22.13( 2586 | 22.54 | 2590 [ 22.63 | 26,51 | 22.68| 26.49| 22.69 | 26.49

0% | 1992|2314 19.80|23.1119.84| 22.97| 21.07 | 23.54| 21.97 | 23.62 | 22.16 | 24.04 | 22.35 | 24.39 | 22.43| 24.43| 22.52| 24.48

3% |2031(2350]20.15)|23.49 20.11| 2331 21.16| 2390 | 21.96 | 23.94 | 22.00 | 24.20 | 22.20 | 24.93 | 22.26| 24.94| 22.34 | 25.00

e 6% |2091|2386|20.69|23.8420.55| 23.62( 21.25| 24.24| 21.80 | 24.24 | 2183 | 24.43 [ 22.02 | 25.36| 22.07| 25.39| 22.13 | 25.39
g% |21.112413|21.03|24.10(20.96| 23.86| 21.39 | 2447 21.72| 2445 21.75| 24.59 | 21.89 [ 25.61| 21.93| 2558/ 21.98 | 25.54

0% |19.25)2267|19.14| 2268 | 19.09| 2264 19.65| 23.08| 20.96 | 23.12 | 21.92 | 23.17  22.20 | 23.60| 22.35| 23.62| 22.42 | 23.64

i 3% |19.9523.44|19.80 | 23.51 | 19.70| 23.49 | 19.84 | 23.89 | 21.03 | 23.93 | 22.22 | 23.98 | 22.70 | 24.43 | 22.76| 24.44| 22.83 | 24.46
6% | 20.81|2425| 2061|2436 | 20.44| 2437 2005| 24.77| 21.13 | 24.81 | 22.58 | 24.85 [ 23.12 | 25.34 23.16| 25.32| 23.21 25.33

8% |21.46(24.80|21.24|24.94 | 21.04| 2498 20.21| 2539 21.20( 25.41 | 22.84 | 25.44 | 23.43 | 25.97 | 23.46| 25.94| 23.50 | 25.94

0% |19522251|19.42|2250(19.38| 2239 2048| 2296| 21.39( 23.01 | 2157 | 23.06 | 22.10| 2365 22.18| 2367| 22.26 | 23.69

s | s 3% |20.07|2333|19.92|23.36|19.84| 23.25( 20.31| 2383 | 2146 | 23.87 | 22.00| 23.93 | 22.07 | 2457 22.12| 2457| 2218 2458
6% | 2077|2406|2057|24.14 | 2043 | 24.04| 2026 | 2462 | 21.58| 24.67 | 22.03| 24.71 | 22.14  25.39| 2216 2537 22.19| 25.37

g% |21.31(2453|21.08|24.65(2091| 2457 2031 | 254 | 21.69| 25.18 | 22.09| 25.20 | 22.22  25.89| 22.27| 25.89| 22.28 | 25.87

0% |19.89(2223|19.82|22.20(19.76| 22.15| 20.93 | 22.78| 21.72 | 22.84 | 21.79 | 23.02  21.94 | 23.66 | 22.02| 23.68| 22.11 | 23.71

i 3% | 20252254 20.13 | 22.54 | 20.05| 22.43 | 20.95| 23.14 | 21.58 | 23.17 | 21.62 | 23.25  21.78 | 24.23 | 21.85| 24.22| 21.92 | 24.23
6% | 2069|2283 |20.62 | 22.84 | 20.52| 22.69 | 20.88 | 2348 | 21.42 | 23.47 | 21.44 | 23.55 | 21.56 | 24.67| 21.59| 24.63| 21.62 | 24.60

g% |2075|2305|2070|23.08 | 20.62| 2250 2088 | 23.71| 21.29( 2368 | 21.30 | 23.68 | 21.42 | 24.86 | 21.42| 24.86| 21.43 | 24.81
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Table 5. Vehicle interfaces for 31-in. W-beam (MGS) system for all speeds and angles.

Road Curvature Radius 150 ft (45 m) 300 ft {90 m) 450 ft (135 m)

Road Superelevation 4% 6% 8% 4% 6% 8% 4% 6% 8%
Vertical | shoulder | Shoulder| Min | Max | Min | Max | Min | Max | Min | Max | Min | Max | Min | Max | Min [ Max [ Min | Max | Min | Max
Grade | width | Angle | ) | Gn) | () | (in} | (in) | (o} | (in) | (in) | (n) | (in) | (in} | (in) | (in) | (m) | (in} | (in) | (in] | (in)

0% 1946 2369|1939 | 2388 | 1957 2396 20.24 | 24.19| 2085 | 24.23 | 2144 24.27 | 2294 | 2464 2301 | 2469 2309 | 24.74

% 39% 2011|2441 | 1965 2466 | 1984 | 2481 | 20.22 | 25.07 | 20.66 | 25.10 | 21.25| 25.13 | 23.34 | 2549 | 23.39| 2552 | 2345| 2559
6% 2051|2519 | 2062 | 2549 | 2045| 25.68 | 20.24 | 25.97 | 2049 | 26.00 | 21.17| 26.01 | 23.75 | 26.38 | 23.79| 26.40| 23.84| 26.45

8% 2153|2580 21.17 | 26.08 | 2097 | 26.28 | 20.27 | 26.60 | 20.44 | 26.62 | 21.09 | 26.62 | 24.06 | 26.99 | 24.08| 27.01| 24.12 | 27.06

0% 1970 2402 | 19.74 | 24.23 | 1967 | 24.26| 21.04 | 2433 | 21.15( 2437 | 2251 ( 2443 | 2283 | 24.85| 2290 24952 | 2299 2499

5% - 39 20.13 | 2469 | 1998 | 25.09 | 19.84| 25.18( 21.29| 25.25| 21.38| 25.29 | 22.70| 25.32 | 22.83 | 25.80| 22.87| 25.85| 2253 | 2591
6% 2073|2544 | 2048 | 2590 | 2033 | 26.01| 21.69| 26.10| 21.66| 26.10 | 22.77| 26.14 | 2252 | 26.63| 2293 | 26.65| 22.96| 26.70

8% 2121125962091 | 2642|2073 | 26.55| 2199 | 2665( 2188 | 2663 | 2247 | 26,64 | 23.02 | 27.15| 23.00| 27.15| 23.01| 27.17

0% |1993(24.22| 1983 2435)19.99| 24.15| 21.15| 24.35| 2243 | 24.41 | 2246 | 24.82 | 22.70 | 25.01 | 22.78 | 25.08 | 22.86 | 25.18

R 39 |20.30|24.58 | 20.11 | 24.81 | 20.04 | 2458 21.21| 24.79| 2147 ( 2481 | 22.34| 2450 | 22.58 | 25.49| 2263 | 25.52| 22.70| 25.58
6% 2091 | 25.03 | 20.63 | 25.27 | 20.50| 24.97 | 21.26| 25.22 | 21.50| 25.20 | 22.18| 25.26 | 22.42 | 25.97 | 22.46| 25.94 | 22.55| 25.94

8% 2142)2535(21.17 | 2559 | 2098 | 25.26| 21.25| 2543 2143 | 2546 22.11| 2544 | 22.31 | 26.21| 22.34| 26.19| 22.38 | 26.14

0% 1932 | 23.21 | 1930 | 23.28 | 19.26( 23.30| 1996 | 23.59| 21.19( 23.65| 22.21( 23.72 | 2265 | 24.08| 22.73| 24.10| 2281 | 24.13

ik 3% 2000|2394 | 1951 2411 | 1984 | 24.16| 2002 | 2446| 21.21 | 2451 | 22.54| 2456 | 23.05| 24.92| 23.11| 2493 | 23.18| 2495
6% 2083 | 24.74 | 2066 | 2496 | 2049 | 25.05| 20.12 | 25.35| 21.23| 25.39 | 2293 | 25.42 | 23.47 | 25.80| 23.51| 25.81| 23.57 | 25.83

8% 2146)2529|21.26| 2554 | 21.05| 25.65| 20.21 | 2596 21.25| 2599 | 23.22 | 26.04 | 23.78 | 26.43| 23.81| 26.43 | 23.86| 26.44

0% |1955]23.25|1948 2335|1949 23.23| 21.17 | 23.60| 21.67| 25.68 | 22.29| 23.78 | 22.49 | 24.25( 22.58 | 24.28 | 22.66 | 24.33

- 8t 3% 2008 | 2404 | 1995 | 24.23 | 1986| 24.11| 2145| 2450 2181 | 2456 | 22.39| 2463 | 2247 | 25.16| 2252 | 25.18| 22.58 | 25.21
6% |<20.74|24.80( 2053 | 25.01 | 20.38 | 24.93| 21.37| 25.32| 2199 25.36 | 22.42| 25.40 | 22.55 | 25,98 | 22.57 | 25.97 | 22.60| 25.99

8% 2127)2529| 2100|2551 | 2085 | 25.47| 21.31| 25.81( 22.13| 25.86 | 22.54 | 25.90 | 22.63 | 26.51| 22.68| 26.49| 22.69| 26.49

0% 1992 | 23.14 | 1980 | 23.11 | 1984 2297 | 2107 | 23.54| 2197 2362 | 22.16( 2404 | 2235| 2439 2243 | 2443 | 2252 | 2448

- 3% 2031|2350 20.15| 2349 20.11| 23.31| 21.16| 2390 2195|2394 | 22.00| 24.20 | 22.20 | 2493 | 22.26| 2494 22.34 25.00
5% 2051 | 23.86 | 20.69 | 23.84 | 20.55| 23.62 | 21.25| 24.24 | 21.80| 24.24 | 21.83| 2443 | 22.02 | 25.36| 22.07| 25.39| 22.13| 25.39

8% 211124132103 |24.10| 2096| 23.86| 21.39| 2447 21.72| 2445 21.75| 2459 | 21.89 | 25.61| 2193 | 25.58 | 2158 | 25.54

0% 1925122671914 | 2268 | 19.09( 2264 | 1965 | 23.08| 2096 | 23.12 | 21.92( 23.17 | 22.29 | 23.60| 22.35| 23.62| 2242 | 23.64

ik 3% 19952344 | 1980 | 2351 | 19.70( 23.49| 1984 | 23.89| 2103 | 2393 | 22.22( 2398 | 22.70 | 2443 | 2276 | 2444 | 2283 | 2446
6% 2081 |2425)| 2061 | 2436|2044 2437|2005 | 24.77| 21.13| 2481 | 2258 ( 2485|2312 | 2534 | 23.16| 25.32| 23.21| 25.33

8% 2146|2480 21.24 | 2454 |1 2104 | 2498 | 20.21 | 2539 21.20| 2541 | 22.84| 2544 | 23.43 | 25.97| 23.46| 25.94| 23.50| 25.94

0% |1952 (225119422250 19.38 22.39| 20.48 | 22.96| 21.33 | 23.01 | 21.97 | 23.06 | 22.10 | 23.65| 22.18 | 23.67 | 22.26 | 23.69

o ok 39 |20.07 2533|1992 (23.36 | 19.84| 25.25( 20.31 | 23.83 | 21.46( 23.87 | 22.00| 23.95 | 22.07 | 24.57| 22.12 | 2457 | 22.18| 2458
6% |20.77|2406 (2057|2414 | 2045 | 24.04 | 20.26 | 24.62 | 21.58 | 24.67 | 22.03 | 24.71 | 22.14 | 25.39| 22.16 | 25.37| 22.19| 25.37

8% 2131)2453 2108|2465 2091| 2457 | 20.31 | 25.14( 2169 | 25.18 | 22.09| 25.20 | 22.22 | 2589 22.27 | 25.89| 22.28 | 25.87

0% 19892223 | 1982 | 22.20 | 1976 22.15| 2093 | 22.78| 21.72| 2284 | 21.79( 23.02 | 2194 | 2366 2202 | 2368| 2211 | 23.71

— 3% 202512254 | 20.13 | 22.54 | 2005| 2243 | 2095 | 23.14| 21.58| 23.17 | 21.62| 23.25| 21.78 | 24.23 | 21.85| 24.22 | 2192 | 24.23
6% 20.69 | 22.83 | 20.62 | 22.84 | 20.52 | 22.69 | 20.88 | 23.48 | 21.42| 2547 | 21.44| 25.55 | 21.56 | 24.67 | 21.59| 24.63 | 21.62 | 24.60

8% |2075(23.05(2070| 2308|2062 2290|2088 | 23.71| 21.29| 23.68 | 21.30| 23.68 | 21.42 | 24.86 | 21.42| 24.86| 2143 | 2481
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Vehicle Dynamics Analyses 33

Road Curvature Radius 150 ft (45 m) 300 ft (90 m) 450 ft (135 m)
Road Superelevation 4% 6% 8% 4% 6% 8% 1% 6% 8%
Vertical | Shoulder | Shoulder| Min | Max [ Min [ Max | Min | Max | Min | Max | Min | Max | Min [ Max | Min | Max | Min | Max | Min | Max
srade | width | Angie | 0 | G0l | Go) | Go) | fin) | Gio) | Gi) | Go) | o) | G} | i) | Gn) | Gn) | i) | Gin) | Gi) | Gin) | i
0% 2223|2346 22.27 | 2349 | 2233 23.53| 22.78| 2413 | 2283 | 24.20 | 2289 2427 | 2294 | 2451 | 23.01| 2459 | 23.09| 2467
aft 3% 22,66 | 24.31 | 22.68 | 24.33 | 22.73 | 24.37 | 23.19| 2498 | 23.22 | 25.03 | 23.27| 25.10 | 23.34 | 25.36| 23.39| 25.42 | 23.45| 2549
6% 2312| 2519|2313 (2520 | 23.16| 25.22| 2361 | 2584 | 23.63| 25.88 | 23.67| 2594 | 23.75| 26.22| 23.79| 26.26 | 23.84| 26.32
8% 2346|2580 | 2346 | 25.80 | 23.48 | 25.81 | 23.92| 2643 | 23.94| 2647 | 23.96| 26,51 | 24.06 | 26.80 | 24.08 | 26.84 | 24.12 | 26.89
0% 2208 | 23.50 | 22.15 | 23.55| 22.23 | 23.60 | 22.64 | 24.1B| 22.70| 24.25 | 22.77| 2433 | 22.83 | 24.64 | 2250 | 24.72 | 22.99 | 24.83
0% an 3y 2213|2431 | 2216|2432 | 22.20| 24.36| 22.65| 25.02 | 2268 | 25.07 | 22.72| 25.14 | 22.85 | 25.52| 22.87 | 2559 22.95| 25.68
6% 2227|2503 | 2227 | 25.02 | 22.28 | 25.04| 22.75| 25.77| 22.76| 25.80 | 22.77| 25.85 | 22.92 | 26.30| 2293 | 26.35| 2296 | 26.42
BY% 2241 2551|2243 (2549|2242 2551 | 2286| 26.22| 2289 26.27 | 2289| 2630 | 23.02 | 26.79| 23.00| 2683 | 23.01| 26.89
0% 2196 23.52 | 22.03 | 23.56 | 22.10| 23.61| 2252 | 2413 | 2259|2421 | 2269| 2430 | 22.70 | 2468 | 22.78 | 24.78 | 22.89| 24.90
o 39 2185| 2365|2191 (2369|2197 23.71| 2238 | 2438 | 2244|2440 | 2251 | 2447 | 2258 | 2499 2263 | 2506 | 22.70| 25.15
6% 2170 23.78 | 21.75 | 23.75 | 21.80| 23.75| 22.23 | 2458 | 22.27 | 2458 | 22.32| 2462 | 2242 | 25.29| 2246 2532 | 2253 | 25.39
8% 2162|2388 | 2164 | 2383 | 2168 23.80| 2211 | 2473 | 22.14| 2471 | 22.18| 2473 | 22.31 | 2543 | 22.34| 2551 | 22.38| 25.56
0% 2150|2282 | 2194 | 22.86 | 22.00 | 2291 | 2247 23.38| 22.55| 23.44 | 22.61 | 23.51 | 22.65 | 23.65| 22.73 | 23.72 | 22.81 | 23.80
3% 2233 23.65| 2236 | 23.68 | 2241 23.71| 2288 | 2419 2293 | 24.24 | 2299| 2430 | 23.05 | 2446| 23.11| 2452 | 23.18| 2460
4t 6% 2279|2451 | 2281 | 2452 | 2283 | 2454 | 2331 | 2501 | 23.34| 2505 | 23.39| 25.10 | 23.47 | 25.28| 2351 | 2533 | 23.57| 25.39
8% 2313|2509 | 23.14 | 25.09 | 23.15| 25.10| 23.62 | 2558 | 23.65| 25.60 | 23.68| 25.64 | 23.78 | 25.83 | 2381 | 2588 | 23.86| 2593
0% 2170 2279|2176 | 2283 | 2182 2288| 2229| 2331 | 2237|2338 | 2244|2345 2249 | 2358| 2258 | 2367 | 2266 23.75
3% 8t 3% 2173|2356 | 21.77 | 2358 | 21.80| 23.60| 2228 | 2407 | 22.34| 2412 | 2239| 2417 | 2247 | 2436| 2252 | 2443 | 2258 2450
6% 2185|2423 | 21.88 | 24.25 | 21.88| 24.26| 22.35| 24.74 | 22.41| 2477 | 2242 | 2480 | 22.55 | 25.04| 2257 | 25.10| 22.60| 25.15
8% 2203|2470 | 22.04 | 2468 | 22.02 | 2468| 2250 25.18| 2248 25.19 | 2254 | 25.21 | 22.63 | 25.48| 2268 | 2553 | 22.69| 25.57
0% 2153|2275 | 2159 | 22,79 | 2166 | 2284 | 22.15| 23.23 | 22.23| 23.29 | 22.31| 23.36 | 22.35 | 23.47| 2243 | 23.54| 22.52 | 23.63
2 39 2142| 2282|2146 22.83 | 2151 22.86| 22.00| 2334 | 22.06| 2340 | 22.14| 2343 | 22.20| 23.62| 22.26| 2368 | 22.34| 23.74
6% 2127| 2289|2129 | 22.87 | 21.33| 22.87| 21.82| 2346| 2187 | 2345| 2153 | 2346 | 22.02 | 23.74| 2207 | 23.80| 22.15| 23.83
8% 2118|2294 | 2118|2250 | 21.21 | 22.88| 21.70| 2355| 21.74| 2351 | 21.78| 2350 | 21.89 | 23.84| 2193 | 23.89| 2198 23.90
0% 2152|2226 | 2157 | 22.31 | 2163 | 22.36| 22.11| 2278 | 22.17| 2284 | 22.24| 2292 | 22.29 | 2297 | 22.35| 23.04| 2242 23.12
aft 3% 2195|2299 | 2199 | 23.03 | 22.03| 23.07| 22.52| 2348 | 22.57| 23.53 | 22.63| 23.60 | 22.70 | 23.67| 22.76 | 23.73 | 22.83 | 23.81
6% 2241| 2383|2243 | 2386 | 2246 23.89| 2295| 2428 | 2299|2433 | 2303 | 2438 | 23.12 | 2446| 2316 2451 | 23.21| 2457
8% 2275|2441 | 2277|2443 | 2279 2445| 23.26| 2483 | 23.30| 2487 | 23.33| 2491 | 2343 | 25.00| 2346 25.04| 23.50| 25.09
0% 2130 2206|2135 (2212 | 2141 22.18| 2190 | 2258 | 2197 | 22.65| 2205|2273 | 2210 | 22.76| 2218 | 2284 | 22.26| 22.93
% aft 39 2133|2280 | 21.35| 22.84 | 21.38| 22.88 | 2188 | 23.26| 21.92 | 23.31 | 22.00| 23.37 | 22.07 | 23.44| 22.12 | 23.50| 22.18 | 23.58
6% 2147|2348 | 2145|2349 | 2145( 23.52| 2196| 23.89| 2197|2392 | 2203 | 2398 | 22.14 | 2406| 2216 2410 22.19| 2417
8% 2160|2391 | 2161 | 23.81 | 21.59| 2393 | 22.10| 2430 | 22.09| 2432 | 22.09| 2437 | 22.22 | 2447 | 22.27 | 2449 | 22.28 | 24.56
0% 2111 2195|2117 (2200|2124 2207 21.73| 2241 | 2181|2248 | 2189|2256 | 21.94 | 2258| 2202 | 2265| 22.11| 22.74
39% 2099 2200|2103 | 2205|2108 22.08| 2158 | 2247 | 2164|2250 | 21.71| 2258 | 21.78 | 22.67| 2185| 2270 | 2192 22.76
uf 6% 2084 | 2205|2086 | 22.02 | 2090 22.07| 2140 2247 | 2144|2253 | 2146| 2255 | 21.56 | 22659 | 2159 22.70| 2162 | 2273
8% 2075| 22.08 | 20.75 | 22.03 | 20.77 | 22.08| 21.27 | 2258 | 21.29| 2256 | 21.30| 2256 | 21.42 | 22.75| 2142 | 22.74| 2143 | 22.83
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Table 7. Vehicle interfaces for 32-in. concrete barrier for all speeds and angles.

Road Curvature Radius 150 ft {45 m) 300 ft (30 m) 450 ft (135 m)
Road Superelevation 4% 6% 8% 4% 6% 8% 4% 6% 8%
Vertical | shoulder | shoulder| Min | Max | Min | Max | Min | Max | Min | Max | Min | Max | Min | Max | Min | Max | Min | Max | Min | Max
Grade | Width | Angle | U0 | () | (in} | Gn) | (in}) | (i) | @in) | (n} | @in) | @in) | (in) | (in) | (i) | (in} | @in} | {in] | (in) | (in]
0% 1946 2369 | 19.39| 2388 | 1957 | 2396| 20.24| 2419 | 2085|2423 | 2144 | 2427|2294 | 2464 | 2301 | 2469 | 23.09| 2474
aft 39 20.11| 2441 | 1995 | 2466 | 19.84 | 2481 | 20.22| 2507 | 20.66| 2510 | 21.25| 25.13 | 23.34 | 25.49| 23.39| 2552| 23.45| 25.59
6% 2091 25.19 | 2062 | 2549 | 2045 | 2568 | 20.24| 2597 | 2049 | 26.00 | 21.17 | 26.01 | 23.75 | 26.38 | 23.79 | 26.40| 23.84| 26.45
8% 2153|2580 | 21.17 | 25.08 | 2097 | 26.28 | 20.27 | 26.60 | 20.44 | 26.62 | 21.09 | 26.62 | 24.06 | 26.99| 2408 | 27.01| 24.12| 27.06
0% 19.70| 24.02 1 19.74 | 24.23 | 1967 | 24.26| 21.04| 2433 | 21.15| 2437 | 2251 | 2443 | 2283 | 2485| 22590| 2492| 22599 | 24.99
39 20.13| 2469 | 1998 | 25.09 | 19.84 | 25.18 | 21.29| 25.25| 21.38| 25.29 | 22.70 | 2532 | 22.83 | 25.80| 22.87 | 25.85| 22.93| 25.91
0% 8t 6% 2073 | 2544 | 2048 | 2590 | 2033 | 26.01 | 21.69| 26.10| 21.66| 26.10 | 22.77 | 26.14 | 2292 | 2663 | 2293 | 2665| 22.96| 26.70
8% 2121|2596 | 2081 | 2642 | 20.73| 26.55| 21.99| 26.65| 21.88| 26.63 | 2247 | 26.64 | 23.02 | 27.15| 23.00| 27.15| 23.01| 27.17
0% 1993 | 2422 | 1983 | 2435|1999 2415| 21.15| 2435| 2243|2441 | 2246 2482 | 2270 | 2501 | 2278 | 2508 | 22.86| 25.18
2f 39 2030 | 2458 | 20.11 | 24.81 | 2004 | 2458 | 21.21| 2479 | 2147 | 2481 | 2234 | 24950 | 2258 | 2549 | 2263 | 2552 | 22.70| 25.58
6% 2091 2503 | 20.63 | 25.27 | 2050 | 2497 | 21.26| 25.22 | 21.50| 25.20 | 22.18 | 25.26 | 2242 | 25.97| 2246 2594 | 22.55| 25.94
8% 2142 2535|2117 | 2559 | 2098 | 25.26 | 21.25| 2543 | 2143|2546 2211|2544 | 2231 | 26.21| 2234 | 26.19| 22.38| 26.14
0% 1932|2321 (1930 23.28 | 19.26| 2330 1996| 2359 21.19| 2365|2221 2372 | 2265 | 2408| 2273 | 2410| 22.81| 2413
39 2000|2394 | 1951 | 24.11 | 1984 | 24.16| 2002 | 2446| 21.21| 2451 | 2254 | 2456 | 2305 | 2492 | 2311 | 2493 | 23.18| 2495
it 6% 2083 | 2474 | 2066 | 2496 | 2049 | 25.05| 20.12| 2535 | 21.23| 2539 | 2293 | 2542 | 2347 | 25.80| 2351 | 25.81| 23.57 | 25.83
8% 2146|2529 | 21.26 | 2554 | 21.05| 2565| 20.21| 2596| 21.25| 2589 | 23.22| 26.04 | 23.78 | 2643 | 23.81| 2643 | 23.86| 26.44
0% 19.55| 23.25| 1948 | 23.35| 1949 23.23 | 21.17| 2360 | 21.67| 2368 | 22.29 | 23.78 | 2249 | 24.25| 2258 | 24.28| 22.66 | 24.33
3% aft 3% 2008 | 2404 | 1995|2423 | 1986 2411 | 2145)| 2450 2181 | 2456 | 22.39| 2463 | 2247 | 25.16| 2252 2518 22.58 | 25.21
6% 20.74 | 2480 | 2053 | 25.01 | 2038 | 2493 | 21.37| 2532 | 2199 | 25.36 | 2242 | 2540 | 2255 | 2598 | 22.57 | 2597 | 22.60| 2599
8% 21.27| 2529 | 21.00 | 25.51 | 20.83 | 2547 | 21.31| 25.81 | 22.13 | 25.86 | 22.54 | 25.50 | 22.63 | 26.51 | 22.68 | 26.49 | 22.69 | 26.49
0% |19.92|23.14|19.80| 23.11 | 19.84 | 2297| 21.07 | 23.54| 21.97 | 2362 | 22.16| 24.04 | 22.35| 2439 | 2243 | 2443| 22.52| 2448
3% 2031|2350 | 20.15| 2349 | 2011 | 2331 | 21.16| 2390 2196|2354 | 2200( 24.20| 22.20 | 2493 | 22.26| 2494 | 22.34| 25.00
ut 6% 2091 | 23.86 | 20.65 | 23.84 | 2055 23.62 | 21.25| 24.24 | 21.80| 2424 | 2183 | 2443 | 22.02 | 25.36| 2207 | 25.39| 22.13| 25.39
8% 2111|2413 | 21.03 | 24.10 | 2096 | 23.86| 21.39| 2447 | 21.72| 2445 | 21.75| 2459 | 21.89 | 25.61 | 2153 | 25.58| 21.98 | 25.54
0% 19.25| 22.67 | 19.14 | 2268 | 19.09 | 2264 | 19.65| 23.08 | 2096 | 23.12 | 2192 | 23.17 | 22.29 | 23.60| 2235| 23.62| 22.42| 23.64
it 39 1995|2344 | 1980 | 2351 | 19.70| 2349 | 1984 | 2389 | 2103|2383 | 2222 2398 | 2270 | 2443 | 2276 | 2444 | 2283 | 2446
6% 20.81| 24.25 | 20,61 | 24.36 | 20.44 | 24.37| 20.05| 24.77| 21.13 | 24.81 | 22.58 | 24.85 | 23.12 | 25.34 | 23.16| 25.32| 23.21| 25.33
8% 2146|2480 | 21.24 | 2494 | 21.04| 2498| 20.21| 2539 | 21.20| 2541 | 22.84 | 25.44 | 2343 | 2597 | 23.46| 2594 | 23.50| 2594
0% 1952 | 22.51 | 1942 | 2250 | 19.38 | 22.39| 2048 | 2296 21.39| 2301 | 2197 23.06| 2210 | 23.65| 22.18| 2367 | 22.26| 23.69
6% aft 39 2007|2333 | 1992 | 2336 | 1984 | 23.25| 20.31| 2383 | 21.46| 2387 | 2200 | 2393 | 2207 | 2457 | 2212 | 2457 | 22.18| 2458
6% 2077|2406 | 2057 | 2414 | 2043 | 2404 | 20.26| 2462 | 2158 | 2467 | 2203 | 24.71 | 2214 | 25.39| 22.16| 25.37| 22.19| 25.37
8% 2131|2453 | 21.08 | 24.65| 2091 | 2457 | 20.31| 25.14| 2169 25.18 | 22.09 | 25.20 | 22.22 | 25.89 | 22.27 | 25.89| 22.28 | 25.87
0% 19.89| 22.23 | 19.82 | 22.20 | 19.76| 22.15| 20.93 | 22.78 | 21.72 | 22.84 | 21.79 | 23.02 | 21.94 | 23.66| 22.02 | 23.68| 22.11| 23.71
28 3% 2025|2254 | 2013 | 2254 | 2005 2243 | 2095| 23.14 | 2158|2317 | 2162 | 23.25| 21.78 | 24.23 | 2185| 2422 | 2192 | 2423
6% 20,69 | 22.83 | 20.62 | 22.84 | 2052 | 2269 | 20.88 | 23458 | 21.42| 2347 | 2144 | 23.55 | 2156 | 2467 | 21.59| 2463 | 21.62 | 24.60
8% 2075|2305 20.70 | 23.08 | 2062 | 2290 | 2088 23.71| 21.29| 2368 | 21.30| 23.68 | 21.42 | 24.86| 2142 | 2486| 21.43| 2481
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Table 8. Vehicle interfaces for 27.75-in. W-beam [G4(1S)] system for low speeds (31 mph).

Road Curvature Radius 150 ft (45 m) 300 ft (90 m) 450 ft (135 m)
Road Superelevation 4% 6% 8% 4% 6% 8% 4% 6% 8%
Vertical | Shoulder | Shoulder| Min | Max | Min | Max | Min | Max | Min | Max [ Min | Max | Min [ Max | Min | Max ( Min | Max | Min | Max
Grade | width | Angle | @ | (in) | (i) | (i} | {in) | (in) | (i} | (i) | (i} () | (in) | (in) | (i} | {in} | (in) | (m) | (i} | (in)
0% 2223|2346 2227 | 2349|2233 2353 22.78| 24.13| 2283 | 24.20 | 2289 2427 | 2294 | 2451 | 23.01| 2459 23.09| 24.67
- 3% 2266|2431 (2268 | 2433 | 22.73| 2437 23.19| 2498 | 23.22| 25.03 | 23.27| 25.10 | 23.34 | 25.36| 2339 2542 23.45| 2549
6% 23.12| 25.19 | 23.13 | 25.20 | 23.16 | 25.22 | 23.61 | 25.84 | 23.63 | 25.88 | 23.67| 2594 | 23.75 | 26.22 | 23.79| 26.26| 23.84 | 26.32
8% 23.46| 2580 | 2346 | 25.80 | 23.48 | 2581 23.92| 26.43 | 23.94| 2647 | 23.96| 2651 | 2406 | 26.80 | 24.08 | 26.84 | 24.12 | 26.89
0% 2208| 23.50 ( 22.15| 23.55| 22.23| 23.60| 2264 | 24.18| 22.70| 24.25| 22.77| 2433 | 2283 | 2464 2250 24.72| 2299 | 24.83
3% 22.13| 2431 | 22.16 | 24.32 | 22.20 | 24.36| 22.65| 25.02| 22.68 | 25.07 | 22.72| 25.14 | 22.83 | 25.52 | 2287 | 25.58| 2293 | 25.68
I B 6% 2227|2503 2227 | 25.02 | 22.28 | 25.04| 22.75| 25.77| 22.76| 2580 | 22.77| 2585 | 2292 | 2630 2253 | 26.35| 2296 | 26.42
8% 2241|2551 2243 | 2549 | 2242 | 2551 22.86| 26.22 | 22.89| 26.27 | 22.89| 26.30 | 23.02 | 26.79 | 23.00 | 26.83 | 23.01 | 26.89
0% 2196| 23.52( 2203 | 23.56 | 22.10| 23.61| 22.52| 24.13| 2259 24.21 | 22.69| 2430 | 2270 | 2468 | 22.78 | 24.78 | 22.89| 24.90
ek 3% 2185]12365)|2191|2369| 2197 23.71| 2238 2438 2244 2440 2251 | 2447 | 2258|2499 | 2263 | 25.06| 22.70| 25.15
6% 21.70| 23.78 | 21.75 | 23.75 | 21.80 | 23.75| 22.23 | 24.58| 22.27 | 24.58 | 22.32 | 2462 | 2242 | 25.29 | 22.46| 25.32| 2253 | 25.39
8% 2162|2388 | 2164 23.85 | 2168 2380 22.11| 24.73| 22.14| 2471 | 22.18| 2473 | 2231 | 2543 | 2234 2551 | 22.38| 25.56
0% 2190|2282 2194 | 2286 | 22.00( 2291 2247 | 23.38| 2253 2344 | 2261 | 2351 | 2265 | 23.65| 22.73| 23.72| 22.81| 23.80
ak 3% 2233|2365 2236 | 23.68| 2241 23.71| 22.88| 24.19| 2293 | 24.24 | 2299| 2430 | 2305 | 2446 23.11| 2452 23.18| 24.60
6% 2279|2451 | 2281 | 2452 | 2283 | 2454 23.31| 25.01| 23.34| 25.05| 23.39| 25.10 | 2347 | 25.28| 23.51| 25.33| 23.57| 25.39
B% 23.13| 25.09 23.14 | 25.09 | 23.15| 25.10 23.62 | 25.58 | 23.65| 2560 | 23.68 | 2564 | 23.78 | 2583 | 2381 | 25.88| 23.86| 25.93
0% 2070|2279 2176|2283 | 2182 2288 2229| 2331 | 2237 2338 | 2244|2345 2249 | 2358 2258 2367| 2266| 23.75
3% 21.73| 23.56 | 21.77 | 23.58 | 21.80 | 23.60| 22.28 | 24.07| 22.34| 2412 | 22.39| 2417 | 2247 | 24.36| 22.52| 2443 | 2258 | 24.50
o st 6% 2185|2423 2188 | 24.25| 2188 24.26| 22.35| 24.74| 2241 24.77 | 2242 | 2480 | 2255 | 25.04| 2257 25.10| 2260 25.15
8% |2203|2470( 2204|2468 2202|2468 22.50| 25.18( 2248 25.19 | 22.54| 25.21 | 2263 | 2548 | 2268 | 2553 22.69 | 25.57
0% 21,53 22.75| 21.59 | 22.79 | 21.66 | 22.84| 22.15| 23.23| 22.23| 23.29| 22.31| 23.36 | 22.35 | 23.47| 2243 | 23.504| 2252 | 23.63
3% 2142|2282 2146 | 2283 | 2151 2286 22.00| 23.34| 22.06| 2340| 22.14| 2343 | 2220 | 2362 2226 23.68| 22.34| 23.74
w 6% | 2127|2289 21.29|22.87 | 21.33| 22.87| 21.82| 23.46( 21.87| 23.45| 21.95| 23.46 | 22.02 | 23.74 | 22.07| 23.80| 22.13 | 23.83
8% 21.18| 22.94 | 21.18 | 22.90 | 21.21 | 22.88 | 21.70| 23.55| 21.74 | 23.51 | 21.78| 2350 | 21.89 | 23.84| 21.93 | 23.89| 21.98 | 23.90
0% 2152|2226 | 21.57 (2231 | 21.63| 22.36| 22.11| 22.78| 2217 | 2284 | 22.24| 2292 | 2229 | 2297 | 2235| 23.04| 2242| 2312
3% 2195|2299 2199 | 23.03 | 22.03 | 23.07 | 22.52 | 23.48| 22.57| 23.55 | 22.63| 23.60 | 2270 | 23.67 | 22.76 | 23.73 | 22.83| 23.81
= 69% | 22.41|23.85 | 2245 | 23.86 | 22.46| 25.89| 22.95| 24.28 | 22.59 24.35 | 23.05 | 24.38 | 25.12 | 2446 | 23.16 | 2451 25.21| 2457
8 9: 2275|2441 2277|2445 2279| 2445| 23.26| 2483 | 23.30| 2487 | 2333|2491 | 2343 | 2500 2346 25.04| 23.50| 25.09
0% 2130| 2206 21.35| 22.12 | 21.41| 22.18| 21.90| 22.58 | 21.97| 22.65| 22.05| 22.73 | 2210 | 22.76| 22.18 | 22.84| 22.26| 22.93
- - 3% 2133|2280 | 21.35( 2284 | 21.38 | 22.83| 21.88| 23.26| 21.92| 23.31 | 2200 23.37 | 2207 | 2344 | 2212| 2350 22.18| 23.58
6% 2147|2348 2145|2349 | 21.45( 2352 | 21.96| 23.89| 2197 2352 | 2203|2398 | 2214 | 24.06| 22.16| 24.10| 22.19| 24.17
89 2160|2391 2161 | 23.91 | 2159 2393 | 22.10| 24.30| 22.09| 24.32 | 22.09| 2437 | 2222 | 2447 | 2227 | 2449 22.28| 24.56
0% 21.11| 2195 21.17 | 2200 | 21.24 | 22.07 | 21.73 | 22.41| 21.81| 2248 | 21.89| 2256 | 2194 | 22.58 | 22.02| 2265 22.11| 22.74
3% 20.99| 22.00 | 21.03 | 22.05 | 21.08| 22.08| 21.58| 22.47| 21.64| 2250 | 21.71| 22.58 | 21.78 | 22.67 | 21.B5| 22.70| 21.92| 22.76
By 6% | 20.84)|22.05( 20.86)22.02 | 2080 | 22.07 | 21.40| 2247 2144 2253 | 21.46| 2255 | 21.56 | 22.69 | 21.59| 22.70| 21.62| 22.73
8% 20.75| 22,08 20.75 | 22.03 | 20.77 | 22.08| 21.27| 22.58| 21.29| 22.56 | 21.30| 2256 | 2142 | 22.75| 21.42| 22.74| 2143 | 22.83
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Table 9. Vehicle interfaces for 31-in. W-beam (MGS) system for low speeds (31 mph).

Road Curvature Radius 150 ft [45 m) 300 ft (90 m) 450 ft (135 m)
Road Superelevation 4% 6% 8% 4% 6% 8% 4% 6% 8%
Vertical | shoulder | Shoulder| Min | Max | Min | Max [ Min [ Max | Min | Max [ Min | Max | Min | Max | Min | Max | Min | Max | Min | Max
Grade | width | Angle | () | () | (n} | {in) | (i) | (in) | (i} | (in) | (in} | (in) | (in} | (in} | [im) | (im) | (in) | (i) | (in} | (in)
0% 222323462227 | 2349 | 2233 23.53| 22.78| 24.13 | 2283 | 24.20 | 2289 24.27 | 2254 | 2451 | 23.01| 2459 23.09| 24.67
R 3% 2266|2431 2268 | 2433 | 2273 24.37| 25.19| 2498 | 23.22| 25.03 | 23.27| 25.10 | 23.34 | 25.36| 23.39| 2542 23.45| 2549
6% 2312251912313 | 25.20 | 2316 25.22| 23.61| 2584 | 2363 | 25.88 | 23.67| 2594 | 23.75| 26.22 | 23.79| 26.26 | 23.84 | 26.32
8% 23.46| 25.80 | 2346 | 25.80 | 2348 | 2581 | 23.92| 2643 | 2354 | 26.47 | 25.96| 26.51 | 24.06 | 26.80 | 24.08 | 26.84 | 24.12 | 26.89
0% 2208|2350 | 22.15 | 23.55| 2223 | 2360 2264 | 24.18| 22.70| 24.25 | 22.77| 24.33 | 22.85 | 2464 | 2250 24.72| 2299 | 24.83
3% 22,131 24311 2216 | 24.32 | 22.20| 24.36 | 22.65| 25.02 | 22.68| 25.07 | 22.72| 25.14 | 22.83 | 25.52 | 22.87| 25.59 22.93 | 25.68
o i 6% | 22.27(25.03)22.27 | 25.02| 22.28| 25.04 | 22.75| 25.77 | 22.76| 25.80 | 22.77 | 25.85 | 22.52 | 26.30| 22.93 | 26.35| 22.96 | 26.42
8% 2241|2551 12243 | 2549 | 2242 | 2551 | 2286 26.22 | 22.89| 26.27 | 22.89| 26.30 | 23.02 | 26.79 | 23.00| 26.85| 23.01 | 25.89
0% | 21.96)23.52 (2203|2356 | 2210 23.61| 2252 | 24.13| 2259 24.21 | 22.69( 2430 | 22.70 | 2468 | 22.78 | 2478 22.89| 24.90
3% 21.85| 23.65 | 21.81 | 23.69 | 2197 | 23.71| 22.38 | 24.38| 2244 | 2440 | 2251 | 2447 | 22.58 | 2459 | 22.63 | 25.06( 22.70| 25.15
128 6% 2170 23.78 12175 | 23.75 | 2180 23.75| 22.23| 2458 | 22.27| 2458 | 2232 2462 | 2242 | 25.29| 2246 25.32| 2253 | 25.39
8% 2162|2383 2164|2383 | 2168 2380|2211\ 2475|2214 2471 | 2218|2473 | 2231 | 2543 | 22.34| 2551 | 2238 2556
0% 2190228212194 | 2286|2200 2291 | 2247| 2338 | 2253 | 2344 | 2261 | 2351 | 2265 | 2365| 22.73| 23.72| 2281 | 23.80
ik 3% 22.35)| 23,65 | 22.36 | 23.68 | 2241 25.71| 22.88| 24.19( 22.65| 2424 | 2259|2430 | 25.05| 2446| 25.11| 2452 23.18 | 24.60
6% 2279|2451 | 2281 | 2452 | 2283 | 2454| 2331 | 2501 | 23.34| 25.05| 2339| 25.10 | 23.47| 25.28| 23.51| 2533 | 2357 | 25.39
8% 23.15(25.09 | 23.14 | 25.09| 23.15| 25.10| 23.62| 25.58| 23.65| 25.60 | 23.68 | 25.64 | 23.78 | 25.83 | 23.81| 25.88| 23.86| 25.53
0% 2170227912176 | 2283 | 21B2 | 2288| 2229| 2331 | 2237 | 2338 | 2244 | 2345 | 2249 | 2358 | 22.58| 23.67| 2266| 23.75
dig aft 1% 2173|2356 21.77 | 23.58 | 2180 | 23.60| 22.28| 2407 | 22.34| 2412 | 2239| 2417 | 2247 | 2436| 22.52| 2445 2258 | 24.50
6% 2185|2423|12183| 2425 2188 24.26| 2235| 2474 | 2241 | 2477 | 2242 | 2480 | 22.55| 25.04 | 22.57| 2510 2260| 25.15
8% 2203|2470 22,04 | 2468 | 2202 | 2468 | 2250| 25.18 | 2248 | 25.19 | 2254 | 25.21 | 2265 | 25.48 | 22.68| 25.53 | 22.69 | 25.57
0% 2153|2275 2159 | 2279 | 2166 22.84| 2215| 23.25| 22.23| 23.29 | 2231 | 2336 | 22.35| 2347 | 2243 | 23.54| 2252 | 23.63
— 3% 2142 (2282|2146 | 2285|2151 | 2286| 2200| 23.34| 2206 | 2340 | 2214|2343 | 22.20| 2362 | 22.26| 2368 | 22.34| 23.74
6% 2127228912129 | 2287 | 2133 | 2287 | 2182 | 2346| 21.87| 2345 | 2193 | 2346 | 2202 | 23.74| 2207 | 23.80| 22.13 | 23.83
8% 2118225412118 | 2290 | 21.21| 22.88| 21.70| 2355| 21.74| 2351 | 21.78| 2350 | 21.89| 2384 | 2153 | 23.89| 2198 | 23.90
0% 215222262157 | 2231 | 2163 | 2236| 2211 | 2278 | 2217 | 2284 | 22.24| 2292 | 22.29| 2297 | 22.35| 23.04| 2242 | 2312
< 39 | 21.95(2299)219923.03|2203| 23.07| 22.52| 2348 | 2257 | 23.53 | 22.63| 23.60 | 22.70 | 23.67 | 22.76 | 23.73| 22.83 | 23.81
6% 2241|2383 | 2243 | 23.86 | 2246 23.89| 22695| 24.28 | 22599 | 2433 | 2303 | 2438 | 23.12| 2446| 23.16| 2451 | 23.21 | 2457
8% 2275|2441 12277 | 2443 | 2279 2445| 215.26| 2483 | 23.30| 2487 | 2333| 24951 | 2343 | 25.00| 23.46| 25.04 | 23.50| 25.09
0% 213022062135 2212 | 2141 22.18| 2190| 2258 | 2197 | 2265 | 2205|2273 ( 2210| 2276 | 22.18| 2284 22.26| 2293
T 8t 3% 2133228012135 | 2284 | 2138 2288 | 21.88| 23.26| 2192 23.31 | 22.00| 23.37 | 2207 | 2344 | 22.12| 2350| 2218 | 23.58
6% 2147 (2348 (2145|2349 2145 2352 2196 2389 | 2157 | 2392 | 2203|2398 | 22.14| 2406 | 22.16| 2410 2219 2417
8% 2160(2391 (2161 (2391|2159 2353| 2210 2430| 2209| 2432 | 2209 2437 | 2222 | 2447 | 2227 | 2449 2228 2456
0% 211121952117 | 2200 | 21.24| 2207 | 21.73| 2241 | 2181 | 2248 | 21.89| 2256 | 21.94 | 2258 | 22.02| 2265 2211 | 22.74
i 39 | 2093 (22.00)21.03(22.05|21.08| 22.08| 21.58| 2247 | 21.64| 22.50 | 21.71| 22.58 | 21.78 | 22.67 | 21.85| 22.70| 21.92 | 22.75
6% 2084 (2205|2086 | 2202 | 2090| 22.07| 2140| 2247| 2144| 2253 | 2146|2255 | 21.56 | 2269 | 21.59| 2270| 2162 22.73
8% 2075|2208 (2075 | 2203|2077 | 2208| 21.27| 2258| 21.29| 2256 | 21.30| 2256 | 2142 | 2275| 21.42| 22.74| 2143 | 2283
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Looking across all the values in the table, it can be seen that the critical heights range from
just under 21 in. to almost 28 in. When examining the results in each of the tables, some of the
following insights can be noted:

o For the 32-in. height concrete barriers:

— Because the concrete barrier has a 0-in. minimum interface height (i.e., no potential for
underrides), this barrier works for all minimum cases for all the curvature, superelevation,
shoulder, and vertical grade conditions. It can be observed from Table 7 that no red values
are in any of the minimum rows.

- Similarly, this barrier provides a good interface for all offsets by noting no red values.

- Because the VDA showed good vehicle-to-barrier interface for the 32-in. height concrete
barriers, it can be concluded that the 42-in. height barriers would also have adequate inter-
face. (Finite element analyses would be needed to assess the effects of impact severity.)

o For the Thrie beam barrier (SGR09D):

- VDA indicates that the Thrie beam barrier meets the minimum interface requirements for
all cases (Table 6), indicating less susceptibility to underride for the CSOR road profiles
and impact conditions considered.

- Similarly, the greater height of the Thrie beam barrier led to all “good” maximum interface
indications across the range of conditions considered, indicating less susceptibility to over-
ride for the CSOR road profile.

o For the W-beam barrier with 27.75-in. top-of-rail height (G4(1S)):

- The G4(1S) barrier appears to meet the minimum interface requirements for all cases, as
Table 4 shows no red-shaded cells for any of the minimum columns, indicating less sus-
ceptibility to underride for the CSOR road profiles and impact configurations considered.

- Table 4, however, shows cases in which the maximum requirement is not met, as indicated
by the red-shaded cells. Hence, there is an increased chance of override from the CSOR
road profile. Red values are more noticeable with the higher shoulder slope angle (8%),
lower vertical grade (0%), and higher curvature (450 ft).

- In Table 8, only the lower speed (31 mph) is considered, as fewer cases of override were
observed.

o For the W-beam barrier with 31-in. top-of-rail height (MGS):

— The greater height of the MGS barrier provides more adequate maximum interface indica-
tions across a range of conditions, indicating less susceptibility to override with the CSOR
road profile compared with the G4(1S) system (Table 5).

- However, there is no corresponding meeting of the minimum requirements. Several cells
in Table 5 do not meet this criterion, indicating susceptibility to a vehicle going under the
barrier and its potential for snagging posts. Cases are more noticeable for sharper CSORs
(150 ft).

— Much fewer cases of underride were observed when considering only the lower-speed
(31 mph) cases, as seen in Table 9.

These and other insights demonstrate the value of the VDA results. VDA provides an indication
of how well or poorly the barrier would perform based on the vehicle dynamics and geometry of
the barrier. It does not account for the increased or decreased severity of the impact attributable to
changes in vehicle orientation and speed. This aspect of performance is analyzed using finite ele-
ment simulations and crash testing in the next chapter.
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CHAPTER 4

Crash Simulation Analyses

The second type of computer simulation used in this research involves finite element crash
simulation techniques. In these efforts, specific barriers and vehicles are represented by “finite
element” models that represent the basic parts of a barrier and an impacting vehicle. The models
can be considered representations of every part in a vehicle or barrier as small three-dimensional
cubes that reflect the shape, material, and position or connections to adjacent elements of each
part. The geometry, size, shape, and material (and its properties), as well as the connection to the
adjacent elements, are defined in building the model. The size of the elements is dictated by the
level of detail desired and the available computational capabilities.

Finite element simulation involves tracking the effects of imposing forces on the “elements”
Repeating the process for small units of time allows each force and its effects to reflect the “state
of the system” for each unit of time. The properties of the element’s material dictate whether
that element moves, deforms, or fractures as a result of the force or forces. For each time incre-
ment in the simulation, tracking the movement and conditions of each element leads to a rep-
resentation of a series of micro-changes that over multiple iterations reflect the crash outcome
condition.

The accuracy of the representation of the crash outcomes is determined by the size (and number)
of elements and the rigor in defining the object and characterizing its properties and how they
react to the effects imposed. It requires “effective representation” (or “computation”) of these
transitions over many small increments of time to reflect a representative crash outcome. Several
decades of developing this process have achieved high degrees of correlation between an observed
crash outcome and the “computer-generated” outcome.

The technologies used in finite element simulations follow the laws of physics, materials science,
structural engineering, and the like, such that a post-impact assessment can reveal the efficacy
of an item under a given “loading” condition. In the safety realm, this implies the condition of
the barrier, the vehicle, and all occupants. Comparisons of simulated and actual crashes of vehicles
into barriers have become accurate, and hence the tool has become widely used to analyze various
safety performance aspects. It requires that “models” of objects be developed accurately, that
users be knowledgeable about effective use of the software functions, and that a powerful com-
puting capability be available. The effort to create models is significant, but the base models can
be reused for many studies. Variations in features can be implemented by changing element
properties (e.g., different steel or concrete properties). Although computing times for finite element
simulations can take much longer than VDA simulations, transfer of models or alterations of
properties can be readily used to consider design improvements. The computational intensity in
finite element simulations does not, however, make it the best tool for incremental analyses of
effects on vehicle paths, as with VDA.
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4.1 Crash Simulation Analysis Requirements

Finite element crash computer simulation has advanced in the past 25 years and has proven
effective in determining the outcome of vehicle-to-barrier impacts under various deployment
scenarios. The aim of crash simulation analysis is to create performance envelopes for longitu-
dinal barriers installed on CSORs. The first part of the project involved adapting, developing,
and validating models for roadside hardware devices and vehicles, allowing for the evaluation of
different highway safety treatments for specific CSOR conditions. The following section summa-
rizes the efforts made to determine the relative effectiveness of various types of barriers for CSOR
situations, given that the geometry and conditions of these situations can significantly affect the
treatment’s effectiveness. The focus of this effort was to determine whether safety requirements
would be met in these situations.

4.1.1 Roadside Barrier Models

The first step involved adapting the computer models of the roadside hardware devices from
NCHRP Project 22-29A to address this project’s objectives. Several longitudinal barrier models have
been developed over the years and validated through full-scale crash tests (e.g., modified G4(1S)
guardrail, Thrie beam guardrail, MGS guardrail, portable and median concrete barriers with dif-
ferent shapes). Models developed and validated under the previous part of the project and the tools
created to generate the barriers with various curvatures and slopes were updated in this part of the
project for generating the CSOR models and conducting simulations. Figure 15 illustrates variations
of one barrier model, the New Jersey concrete barrier, with different radii. Figure 16 shows W-beam,
Thrie beam, and concrete longitudinal barrier models adapted to reflect the ramp curvature and
evaluate the barriers’ performances under different impact conditions on CSORs.

4.1.2 Vehicle Models

To simulate the longitudinal barriers’ performance when placed on CSORs, digital models of
the impacting objects (i.e., vehicles) are required to simulate impacts with models of the barriers.
Although an array of vehicle models is available, the ones representing MASH test vehicles were
the primary focus in this study. For the MASH Test Level 3 and 4 (TL3/TL4) impact conditions, the
three test vehicles recommended are the 1100C passenger car, the 2270P pickup, and the 10000S
single-unit truck (SUT). These models have been widely used for finite element analyses to evalu-
ate the safety performance of roadside barriers (30-35). The simulations considered three typical
vehicles for crash analyses, as shown in Table 10, representing TL3/TL4 standard vehicles.

Figure 15. Barrier models with different curvatures.
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(a)

(b)

(c)

Figure 16. Models of different curved longitudinal
barriers analyzed in the study (a) W-beam guardrail
(MGS), (b) Thrie beam guardrail (SGR09b), and

(c) concrete barrier (New Jersey, F-, and single-slope
shapes).
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Table 10. Models representing MASH test vehicles.

Description Vehicle Image

2010 Toyota Yaris
e Weight: 1,100 kg CG (1,004 mm rear, 569 mm high)
e Model Parameters

o Parts: 919

o Elements/Nodes: 393,165/378,395

o Shells/Beams/Solids: 358,457/4,685/15,234

2007 Chevrolet Silverado Pickup Truck
e Weight: 2,270 kg, CG (1,545 mm rear, 710mm high)
e Model Parameters

o Parts: 605

o Elements/Nodes: 261,647/250,932

o Shells/Beams/Solids: 235,921/2,463/12,525

10000S SUT Ford F800
e Weight: 8,000 kg and 10,000 kg
e Model Parameters
o Parts: 138
o Elements/Nodes: 57,437/61,675
o Shells/Beams/Solids: 55,303/552/1,886

Nore: CG = center of gravity.

4.1.3 Computer Model Validations

Model validation involves simulating a known crash test and comparing the results. A solid
validation effort provides confidence that reasonable variations of the model to reflect other situ-
ations will yield representative results. For this effort, multiple validations for each barrier were
selected for analysis. These validations made use of the best available crash test data that existed
at the time of the analysis. Table 11 lists the crash tests used for the model validations.

A rigorous verification and validation (V&V) effort was undertaken to provide confidence
that the models for each of the three barriers are viable in replicating crashes into barriers on
CSRSs. The results from the eight comparisons are summarized to provide an opportunity to
review the viability or strengths of the validations based on the V&V results. A summary of the
validation efforts is provided in Table 12, which includes the graphic of vehicle roll, pitch, and
yaw angular rotations and the change in vehicle velocity along the x-, y-, and z-directions.

V&V analytic comparisons for all seven validation cases were also undertaken based on
NCHRP Report 179: Evaluating Options in Statewide Transportation Planning/Programming

Table 11. Full-scale crash tests used for validations.

Barrier Vehicle Test Date Place Evaluation | Ref.
NJ Shaped 2002 Kia Rio 2214NJ-1 | 5/28/04 | MwRSF | MASH (36)
Concrete 2007 Silverado 476460-1-4 | 1/10/09 | TTI MASH 37)
G4(1S) 1989 C2500 405421-1 [ 11/16/95 | TTI 350 38)
2002 Dodge Ram | 2214WB-2 | 4/08/05 | MwRSF | MASH (39)
MGS 2002 Kia Rio 2214MG-3 | 11/08/04 | MwRSF | MASH (40
1994 Geo Metro | NPG-1 6/29/01 | MwRSF | 350 1)
2002 Dodge Ram | 2214MG-2 | 8/20/01 | MwRSF | MASH 42)
(F:"’“da Jersey | 1995 Ford F800 | 421323-1 | 2/18/03 | TTI 350 “3)
oncrete
Texas DOT 36- | 1995 Ford F00 | 469467-1-1 | 8/15/17 | TTI MASH (44)
in. Concrete

Norte: MWRSF = Midwest Roadside Safety Facility; TTI = Texas A&M Transportation Institute.
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Table 12. Summary of validation results for change in vehicle velocities and rotations.

Test

Model Set-Up Angular Rotations

Change in Velocity

NJ Concrete
Barrier w/

Kia Rio
1100C

NJ Concrete
Barrier w/

Silverado
2270P

G4@1S) w/
C2500
2000P

Change in elcity (mph)

G4(1S) w/
Dodge Ram
2270P

Change in elocy (mgh)

Geo Metro

MGS w/
820C

MGS w/
Kia Rio

1100C

Change in Velocty (mphh

Dodge Ram

MGS w/
2270P
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Table 12. (Continued).

Test Model Setup Angular Rotations Change in Velocity
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Issues, Techniques, and Their Relationships (45), and Roadside Safety Verification and Validation
Program (RSVVP) tables and phenomena importance ranking tables (PIRTs) were generated.
Sample V&V results are included in the next sections. Full V&V reports for each of the seven
cases selected are provided in Appendix C of NCHRP Research Report 894 (3).

The validity of the models was assessed by analyzing the distribution of energy associated with
the crash event. The laws of physics dictate that the total energy is balanced. Typically, an energy
balance graph is generated to assess changes in kinetic, internal, sliding, hourglass, and total
energy. All of the comparisons were characterized in the following manner:

o Relatively constant energy balances were noted, suggesting that there are no unusual charac-
terizations in the structure of the model that would be an unrealistic sink (point of dissipation)
of the energy.

o The kinetic energy associated with the motion of the vehicle dropped off as the velocity was
decreased during the crash.

« Internal energy increased as components of the vehicle absorbed energy through deformation.

o Sliding energy, which is associated with the friction between the vehicle and barrier, increased
as expected during the simulations.

All V&V criteria for energy balance were met. These aspects led to the conclusion that the
model met the fundamental requirements for crash simulation.

The RSVVP procedure consists of applying statistical tests to determine how well the simula-
tion curves compare with data collected from the test. Various means of comparing the data are
shown in each comparison, including:

o Time history plot: The red line indicates the simulated data, and the blue line indicates the test
data for the crash event. Each data point is a measure of the acceleration recorded.

« Plot of integrated time histories: Integrating the change of acceleration data allows the changes
in velocity to be plotted. A general decrease in velocity is noted, as expected, although some
deviation exists between the test and the simulation after the impact.

¢ MPC metrics: This statistical metric provides a measure of “goodness of fit” between the two
curves. Three parameters are used for the evaluation: the magnitude (M), phase (P), and com-
prehensive (C, combined magnitude and phase). A value of less than 40 for M, P, and C is
considered passing the criteria.
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o ANOVA metrics: Analysis of variance is also used to compare the test and simulation curves’
“goodness of fit” Two parameters are used for the comparison: the average residual between
the curves and the standard deviation of the residuals. Values of less than 5% for the average
residual and 35% for the standard deviation are considered to pass the criteria. In the NCHRP
Research Report 894 example, the metric meets the criteria, and hence the boxes are labeled
“pass” (3).

o Residual plots (time history, histogram, and cumulative): These plots show the residual (i.e.,
the difference between the two curves in different forms). In the first plot, time history, the
residual is shown versus time. In the second, the residual is shown in a histogram format in
which the percentage of the residual is plotted against the percentage of its occurrence. In the
third plot, the cumulative sum of residuals is plotted.

The program allows various types of single-channel data to be analyzed. The common crash
test and simulation metrics compared are:

o x-acceleration: change in acceleration in the original direction of travel of the vehicle.
e y-acceleration: change in acceleration in the lateral direction of travel of the vehicle.

e z-acceleration: change in acceleration in the vertical direction of travel of the vehicle.
 Yaw rate: rate of change in the original direction of travel of the vehicle.

¢ Roll rate: rate of change in the lateral direction of travel of the vehicle.

o Pitch rate: rate of change in the vertical direction of travel of the vehicle.

Because not all measurements have the same importance in the tests (e.g., in some tests, little
roll, pitch, x-acceleration, etc., are observed), these low-magnitude channels could fail the evalu-
ation metrics even if the simulation were valid. A multi-channel comparison, in which each
channel is given a weighting factor based on magnitude, is incorporated into the validation pro-
cess to address the issue. These weights are used to determine the importance of each channel in
the overall comparison of the two sets of data (test and simulations).

In addition to the RSVVP evaluations, PIRTs based on NCHRP Report 179 V&V procedures
(45) were created to compare other aspects of the impact, such as occupant risk numbers, barrier
maximum deflections, and rotations. Full V&V reports in accordance with NCHRP Report 179
were generated for each validation case. These validation reports are included in Appendix C.
Summaries from two of these validation cases, which were used for calibrating the SUT, are included
in the following sections.

4.1.3.1 Validation for Florida Jersey Bridge Barrier Using
NCHRP Report 350 TL 4-12

The first test used for SUT model validation is from NCHRP Report 350 (8), Test Level 4-12, con-
ducted by the Texas A&M Transportation Institute (TTT). The barrier used is the FL-J-BR system.
In this test (Test 421323-1), a GMC Sierra 7000 SUT (8000S) impacted the barrier at a 14.3-degree
angle and a speed of 50.6 mph (43). The setup details for this test are noted in Figure 17. This test
was simulated using the finite element model of the FL-J-BR barrier and a Ford F800 SUT (repre-
senting the 8000S single-unit truck test vehicle).

The sequential side-by-side views in Figure 18, Figure 19, and Figure 20 show that the SUT
impacted the barrier and maintained contact as its velocity decreased and it was redirected. In
the front view (Figure 18), it can be noted that vehicles behave similarly between the simulation
and the crash test impact. Vehicle pitch and yaw are similar in the test and simulation, but the
vehicle roll angles are slightly off in the simulation because the front axle in the model did not
fail, as happened in the test. In the overhead view (Figure 20), the vehicle yaw is similar in both
the test and the simulation. These are considered to reflect a good correlation between the test
and the simulation of it.
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(a) (b)

Figure 17. (a) Simulation and (b) test crash setups for Test 421323-1.

Figure 21 provides the energy balance diagram for the simulation. It depicts a balance of
internal and sliding interface (contact) energy to offset the kinetic energy. The figure indi-
cates no unusual effects, suggesting that the model functioned as expected in the simulation.
A graphical comparison of the change in velocity of the SUT ballast center of gravity, as derived
from the accelerometers installed on the truck, is provided in Figure 22. On the graph, the
solid lines indicate the changes in velocity for the x-, y-, and z-axes from the crash tests. The
corresponding velocities for the simulation are shown by the dashed lines. Little difference
exists in the velocities for the x-, y- and z-axes, as noted by the similar tracks for each metric.
These are considered to indicate good correlation between the test and simulation results
because the movement of the vehicle at the center of gravity was effectively replicated by the
computer model.

Figure 23 shows the changes in the roll, pitch, and yaw of the SUT between the test and
the simulation. The plot indicates a close correlation of the pitch (red solid and dashed
lines) and yaw (green solid and dashed lines). The roll (black solid and dashed lines) angles
show some differences because the SUT front axle failed in the test. These results are con-
sidered to indicate good correlations between the test and the simulations using the finite
element models.

V&V analytical comparisons of these results were undertaken based on NCHRP Report 179
(45). RSVVP tables and PIRTs were generated. The metrics derived from the RSVVP procedure
are summarized in Figure 24 for multi-channel analyses. V&V comparisons and the full V&V
report are provided in Appendix C. The overall results confirm that the simulation is consid-
ered validated based on the multiple listed comparison steps and the justifications included in
the tables.

4.1.3.2 Validation for Texas DOT 36-in. Vertical Wall Barrier MASH TL 4-12

A MASH TL 4-12 was conducted by TTI to show that the Texas DOT 36-in. vertical wall
barrier meets MASH requirements. In TTI Test 469467-1-1, an International 4200 SUT 10000S
impacted the barrier at a 15-degree angle and a speed of 56 mph (44). The setup details for this
test are noted in Figure 25. This test was simulated using the finite element model of the FL-J-BR
barrier and a Ford F800 SUT (representing the 10000S test vehicle).
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Time = 0.040000

Time = 0.240000

(b)
Figure 18. Front views for (a) simulation and (b) Test 421323-1.
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0.240 s
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0.640 s

(@ (b)
Figure 19. Isometric rear views for (a) simulation and (b) Test 421323-1.
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Time: 415.0

(@) (b)
Figure 20. Overhead views for (a) simulation and (b) Test 421323-1.
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Figure 21. Energy balance diagram from simulation for Test 421323-1.
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Figure 22. x, y, and z change in velocity test-to-simulation comparisons for Test 421323-1.
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Figure 23. Roll, pitch, and yaw test-to-simulation comparisons for Test 421323-1.
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(a) (b)
Figure 25. (a) Simulation and (b) test crash setups for Test 469467-1-1.

The sequential side-by-side views in Figure 26, Figure 27, and Figure 28 show that the SUT
impacted the barrier and maintained contact as its velocity decreased and it was redirected. In
the front view (Figure 26), the vehicles behave similarly between the simulation and the crash
test impact. Similar vehicle pitch and yaw exists in the test and simulation, but the vehicle roll
angles are slightly oft because the vehicle in the model is older and from a different manufacturer
than the one in the test. These views are considered to reflect a good correlation between the test and
a simulation of it.

Figure 29 provides the energy balance diagram for the simulation. It depicts a balance of
internal and sliding interface (contact) energy to offset the kinetic energy. There are no unusual
effects, suggesting that the model functioned as expected in the simulation.

A graphical comparison of the change in velocity of the SUT ballast center of gravity, as
derived from the accelerometers installed on the truck, is provided in Figure 30. On the graph,
the solid lines indicate the changes in velocity for the x-, y-, and z-axes from the crash tests. The
corresponding velocities for the simulation are shown by the dashed lines. Little difference exists
in the velocities for the x-, y- and z-axes, as noted by the similar tracks for each metric. These
tracks are considered to indicate good correlation between the test and the simulation results
because the movement of the vehicle at the center of gravity was effectively replicated by the
computer model.

Figure 31 shows the changes in the roll, pitch, and yaw of the SUT between the test and the
simulation. The plot indicates a close correlation of the pitch (red solid and dashed lines) and
yaw (green solid and dashed lines). The roll (black solid and dashed lines) angles show some
differences because SUTs in the test and the simulation are from different manufacturers. These
results are considered to indicate good correlations between the test and the simulations using
the finite element models.

V&V analytical comparisons of these results were undertaken based on NCHRP Report 179
(45). RSVVP tables and PIRTs were generated. The metrics derived from the RSVVP procedure
are summarized in Figure 32 for multi-channel analyses. V&V comparisons and the full V&V
report are provided in Appendix C. The overall results confirm that the simulation is consid-
ered validated based on the multiple listed comparison steps and the justifications included in
the tables.
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Figure 26. Front views for (a) simulation and (b) Test 469467-1-1.
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Figure 27. Isometric real views for (a) simulation and (b) Test 469467-1-1.
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Figure 28. Back views for (a) simulation and (b) Test 469467-1-1.
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Figure 29. Energy balance diagram from simulation for Test 469467-1-1.
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Figure 30. x, y, and z change of velocity test-to-simulation comparisons for Test 469467-1-1.
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Figure 31. Roll, pitch, and yaw test-to-simulation comparisons for Test 469467-1-1.
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4.2 Crash Simulation Analyses

As part of the research efforts, finite element computer simulations were used to assess the
various aspects of safety performance for barriers installed on ramps under different impact
conditions and various road curvatures and superelevations. A set of impacting vehicle types
was selected for the analyses (e.g., the basic TL3 MASH vehicles with the addition of the
TL4 SUT). Similarly, oft-ramp geometries, barrier types, and other factors were defined for
the matrix of the simulations. The LS-DYNA program (46, 47) was used to carry out the finite
element simulations. The simulations generated various metrics that established performance
envelopes to assess barrier effectiveness under different conditions and develop understand-
ing of the vehicle response to off-the-road impacts. Critical cases were identified for full-scale
crash testing to verify and validate these simulation results. The resulting performance enve-
lopes provided a basis for the development of enhanced guidelines for barrier treatments
on CSORs.

4.2.1 Factors Considered

Based on the findings from the literature review and the state DOT survey, parameters believed
to affect the safety performance of longitudinal barriers when placed on ramps have been iden-
tified. The parameters and their associated ranges were finalized with the review panel. Some
parameters included in the analyses and their variations and ranges were:

o Barrier type
- Concrete barriers
= New Jersey 32-in. and 42-in. height
— Steel guardrails
» MGS design with 31-in. top-of-rail height
» Thrie beam with 34-in. top-of-rail height
* Vehicle type
- 1100C small car (Toyota Yaris)
- 2270P pickup truck (Chevrolet Silverado)
~ 10000S SUT (Ford F800)
o Superelevation/curvature
- 4% and 8% ramp cross slope
- 150-ft and 200-ft curve (ramp) radius
e Shoulder width and slope
- 4-ftand 12-ft widths
- 0% and 8% (angle relative to road)
 Impact conditions
- Impact angle: 5, 10, 15, 20, and 25 degrees
- Impact speed: 80, 100, and 120 km/h
e Other variations
- Ramp grade: 0 and —6% (downward)
- Vertical orientation (parallel to true vertical)

4.2.2 Performance Metrics

The simulated crashworthiness performance of the longitudinal barriers was evaluated in
accordance with the criteria presented in MASH (5). The MASH acceptance criteria focus on
the effectiveness of the barrier to “safely” redirect the vehicle, as well as the rate of ride-down
accelerations that affect the occupants. For evaluations of TL3 impacts on longitudinal barriers
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with the 1100C small car and the 2270P pickup truck, the evaluations are based on the following
three factors and MASH acceptance criteria (5):

Structural adequacy

A. Test article should contain and redirect the vehicle or bring the vehicle to a controlled stop;
the vehicle should not penetrate, underride, or override the installation, although controlled
lateral deflection of the test article is acceptable.

Occupant risk

D. Detached elements, fragments, or other debris from the test article should not penetrate or
show potential for penetrating the occupant compartment, or present an undue hazard to other
traffic, pedestrians, or personnel in a work zone. Deformation of, or intrusions into, the occu-
pant compartment should not exceed limits set forth in Section 5.3 and Appendix E of MASH.

F. The vehicle should remain upright during and after collision. The maximum roll and pitch
angles are not to exceed 75 degrees.

H. Occupant impact velocities should satisfy the following: longitudinal and lateral occupant
impact velocity of 30 ft/s (preferred), 40 ft/s (maximum).

I. Occupant ride-down accelerations should satisfy the following: longitudinal and lateral
occupant ride-down accelerations should be less than 15.0 G (the preferred gravitational
constant) to 20.49 G (maximum).

Vehicle trajectory
The vehicle shall exit the barrier within the exit box.

For the TL4 impact with the 10000S vehicle, the evaluations are based on the following MASH
criteria (5):

Structural adequacy

A. Test article should contain and redirect the vehicle or bring the vehicle to a controlled stop;
the vehicle should not penetrate, underride, or override the installation, although controlled
lateral deflection of the test article is acceptable.

Occupant risk

D. Detached elements, fragments, or other debris from the test article should not penetrate or
show potential for penetrating the occupant compartment, or present an undue hazard to other
traffic, pedestrians, or personnel in a work zone. Deformation of, or intrusions into, the occu-
pant compartment should not exceed limits set forth in Section 5.3 and Appendix E of MASH.

G. Itis preferable, although not essential, that the vehicle remain upright during and after collision.

To assess the barrier performance, the results from each simulation were carefully evalu-
ated using the aforementioned criteria. The evaluations were then summarized in a concise and
easy-to-read tabular format. These tables were used to establish the performance of the selected
barriers under various impact conditions. This information is important for developing guide-
lines and making informed decisions regarding barrier selection and placement.

4.3 Computer Simulation Analysis for CSORs

The approach used in the finite element simulation analyses was similar to one used in NCHRP
Project 22-29A. Simulation runs were made to assess the effectiveness of three common barriers
in different roadway situations. The simulation analyses considered MASH impacts with the
small car (1100C) and the large pickup truck (2270P). Each simulation reflected a specific CSOR
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design. The features of the CSOR included the radius of the curved ramp, its superelevation and
grade, the width of the shoulder, and its angle relative to the highway lanes. These factors defined
the surface a vehicle would traverse before impacting a barrier. The vehicle speed and angle were
also varied in the analyses.

For each simulation, a comprehensive summary of results in tabular form was generated.
A sample of the summary results is shown in Table 13, which depicts the behavior of the vehicle
and all pertinent MASH metrics and evaluations. The upper portion of the table indicates the
basic barrier features and impact conditions, while the image provides a visual representation of
the vehicle’s position at various points in the 2-s crash event. The lower portion of the table sum-
marizes the MASH crashworthiness evaluation metrics for the simulated conditions. The yaw,
pitch, and roll of the vehicle were computed and compared with the acceptable levels specified
in national standards to determine whether the impact met the pass or fail criteria for maximum
effects (5).

The position of the vehicle relative to the barrier is a critical aspect, as it influences the manner
in which the vehicle will be restrained and the rates of deceleration that impose forces on the
driver or occupant. The simulation tools generate metrics to determine the safe levels of these
forces resulting from an impact. Criteria that reflect a consensus on what “safe” is are computed
based on the physics of the simulated crash. The sequential views reflect tendencies to roll or
pitch excessively, or to override or penetrate the barrier. These are determined computationally
but generally with a high degree of realism.

The simulation tool was set to undertake the analysis incrementally across a set range of factors.
Analysis summaries were generated for more than 500 cases to consider the effectiveness of the
various barrier types, including:

e 32-in. and 42-in. New Jersey shaped-concrete barrier (Appendix D—405 cases)
e 31-in. W-beam barrier (MGS) (Appendix E—50 cases)
e 34-in. Thrie beam barrier (Appendix F—50 cases)

These summary tables are included in Appendices D through F as listed. These cases were
further summarized in one table: Table 15 includes summary of results for the concrete barrier,
considering all MASH criteria in the barrier performance evaluation. Table 16 includes the same
cases for the concrete barrier but considers only rollover in the barrier performance evaluations.
Based on the overall simulation results, a tabular summary was compiled of vehicle-to-barrier
interfaces (and redirection) where effectiveness was unlikely.

The guidelines are reflected in Table 15 and Table 16. The shortest radii curves are the most
problematic, so for radii of 150 and 200 ft for varying superelevations (4% and 8%) and impact
angles (5, 10, 15, 20, and 25 degrees), a column was provided in each matrix. A row was provided
in each table for 1100C and 2270P vehicles. Rows were added for vehicle grades of 0% and —6%.
Rows were also added for shoulder angles of 0% and 8%. Finally, rows were added for impact
speeds of 80, 100, and 120 km/h. This formed a matrix of cells that reflect common variations of
conditions. In Table 15, cells indicated by simulation to pass were shaded green and marked with
a “P” for “pass.” The cells where the MASH criteria were not met were shaded red, indicating that
they would not meet the full set of MASH criteria. Similarly, in Table 16, the same stratifications
was created to consider only cases in which the MASH rollover criteria would not likely be met.

Similar analyses were performed to assess the barrier performance at the TL4 impacts with
the MASH SUT model. A sample of the summary results is shown in Table 14. Similar to the
cases for the TL3 impacts, the upper portion of the table indicates the basic barrier features and
impact conditions, while the image provides a visual representation of the vehicle’s position
at various points in the 2-s crash event. The lower portion of the table summarizes the MASH
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Table 13. Sample summary of simulation results with pickup truck.

2270P Vehicle — 32" NJ-Shape Concrete Barrier

Radius Super Grade | Shoulder Width | Shoulder Angle |Barrier Orient.]| Speed Angle

150 ft 4% 0% 4ft 0% LtoRoad | 120 km/hr 25 deg

Evaluation Criteria

A Test article should contain and redirect the vehicle; the vehicle should not penetrate, underride, )
or override the installation although controlled lateral deflection of the test article is acceptable. Fail
Detached elements, fragments, or other debris from the test article should not penetrate or
show potential for penetrating the occupant compartment, or present undue hazard to other Pass
traffic, pedestrians, or personnel in a work zone.

D Windshield £ 76 mm 31
All Deformations of, or intrusions into, the occupant
compartment should not exceed limits set forth in Section Roof £ 102 mm 33 Pass
5.3 and Appendix E of MASH.

Floor £ 229 mm 174
The vehicle should remain upright during and after the Roll £ 75° deg 164

F collision, The maximum pitch & roll angles are not to - Fail
exceed 75 degrees. Pitch < 75° deg 96
Longitudinal & lateral OIV should fall below the preferred Vxs12.2m/s a7

H value of 30 ft/s (9.1 m/s), or at |east below the maximum Pass
allowed value of 40 ft/s (12.2 m/s) Vy<12.2m/s 9.3
Longitudinal & lateral ORA should fall below the preferred Ax<£2049g 5.7

1 value of 15.0 g, or at least below the maximum allowed Fail

value of 20.49 g Ay=20.45¢g 25.1
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Crash Simulation Analyses

100008 Vehicle — 42" NJ-Shape Concrete Barrier

Radius | Super | Grade |Shoulder Width |Shoulder Angle gﬁfz Speed Angle
2008 | 4% 0% 44t 0% LtoRoad | 90km/hr | 25deg

Evaluation Criteria

Test article should contamn and redirect the vehicle; the vehicle should not penetrate, undernde, or
override the installation although controlled lateral deflection of the test article is acceptable.

Fail

Detached elements, fragments, or other debris from the test article should not penstrate or show
D potential for penetrating the occupant compartment, or present undue hazard to other traffic, Pass
pedestrians, or personnel in a work zons

G It is preferable, zlthough not essential, that the vehicle remain upright during and after collision. Fail*

Nore: * = This evaluation criterion is preferable and not required to pass to meet MASH.
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Table 15. Summary of results for concrete barrier considering all MASH criteria.

Road Curvature

150 ft (45 m)

200 ft (61 m)

Road Superelevation

4%

8%

4%

8%

Impact Angle (degrees)

25

10

15

20

25

20

25

10

15

20

25

Vertical

Vehicle Grade

Shoulder
Angle

Impact
Speed

0%

0%

80
km/h

100
km/h

120
km/h

8%

80
km/h

100
km/h

120
km/h

1100C

—6%

0%

80
km/h

100
km/h

120
km/h

8%

80
km/h

100
km/h

120
km/h

0%

2270P

0%

80
km/h

100
km/h

120
km/h

8%

80
km/h

100
km/h

120
km/h

—6%

0%

80
km/h

100
km/h

120
km/h

8%

80
km/h

100
km/h

120
km/h

. Not Meeting MASH

. Meeting MASH
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Table 16. Summary of results for concrete barrier considering only rollover.
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Road Curvature

150 ft (45 m)

200 ft (61 m)

Road Super Elevation

4%

4%

8%

Impact Angle (degrees)

20

25

10

20

25

Vehicle

Vertical
Grade

Shoulder
Angle

Impact
Speed

1100C

0%

0%

80 km/h

100
km/h

120
km/h

8%

80 km/h

100
km/h

120
km/h

—6%

0%

80 km/h

100
km/h

120
km/h

8%

80 km/h

100
km/h

120
km/h

2270P

0%

0%

80 km/h

100
km/h

120
km/h

8%

80 km/h

100
km/h

120
km/h

—6%

0%

80 km/h

100
km/h

120
km/h

8%

80 km/h

100
km/h

120
km/h

. Override/Rollover

. No Override/Rollover
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crashworthiness evaluation metrics for the simulated conditions. MASH criteria A, D, and G are
the only applicable criteria and the ones used for the evaluation to determine whether the barrier
is classified as pass or fail (5).

The analyses of the SUT impact evaluations initially focused on a 32-in. height New Jersey
concrete system, and later a 42-in. height system was analyzed. Table 17 shows the summary of
the results from simulations with these two systems. Summary tables from the individual cases
are included in Appendix D. As expected, the simulations show that the 32-in. height system does
not meet the MASH criteria at the recommended 90 km/h impact speed and 15-degree impact
angle. The simulations also revealed that, at that speed, the system would not meet the evaluation
criteria even at the lowest 5-degree impact angle analyzed. Simulations at lower speeds, 50 and
70 km/h, showed that the 32-in. height system would meet criteria for cases at only 50 km/h and
impact angles of only 5 and 10 degrees.

Because the simulations indicated poor performance of the 32-in. height system, additional
simulations were carried out with a 42-in. height system. The 42-in. height system was found to
have better performance, meeting the MASH criteria for the 50 km/h cases at all simulated angles
(5to 25 degrees). However, the simulations still showed that the 42-in. height system did not meet
MASH criteria at the 70 and 90 km/h speeds. Notably, the simulations highlighted that the impact
speed and angle significantly influenced the system’s performance, whereas other parameters such
as road profile and shoulder configuration had negligible effects, as evident in Table 17.

Several observations can be deduced from the 1100C and 2270P simulation results:

o The simulations show that impacts of the 2270P vehicle (pickup truck) are more critical than
those of the 1100C (small car). The lower halves of Table 15 and Table 16 (which include the
pickup truck cases) have more red cells (not passing) than the upper half.

o It can be observed from the individual summary tables (included in Appendix D) that nearly
all the 1100C cases that did not meet MASH were attributable to excess in occupant impact
velocity (OIV). None of these cases led to vehicle rollover.

o Similarly, the majority of the 2270P cases that did not meet MASH were attributable to high
occupant ride-down accelerations (ORA). Several of these cases, specifically at the 120 km/h
speed, led to rollover.

o Comparing the different impact angle results, Table 15 shows that some cases with the 1100C
vehicle fail the MASH criteria at lower impact angles, while similar cases with higher impact
angles meet the MASH criteria. This indicates that lower angles are more critical for the 1100C
vehicle. When examining the individual cases, the simulations predict higher OIV (the critical
metric for the small car cases) with lower impact angles. The simulations, however, did not
show a significant increase of the vehicle climbing over the barrier at lower impact angles.

 The opposite observation can be made for the 2270C vehicle: higher impact angles are more
critical. The table shows cases failing the MASH criteria at higher impact angles, while similar
cases at lower impact angles meet MASH. The individual simulations show that the ORA (the
critical metric for the pickup truck cases) is higher for higher impact angles.

o At different speeds, the simulations show, the barrier would meet the MASH criteria at
80 km/h, would have marginal performance with several cases not meeting the MASH crite-
ria at 100 km/h, and would in almost all cases not meet MASH at 120 km/h. The 120 km/h is
especially critical for the 2270P vehicle, with most of the cases not meeting MASH.

o Regarding the effects of shoulder angle, the simulations show that cases with an 8% shoulder
angle are less critical than 0% shoulder angle cases (where the shoulder is parallel to the road).

o For cases with different road superelevations, the results show some increase in severity at lower
superelevations. Fewer cases fail with an 8% superelevation than with a 4% superelevation.

o The simulation results indicate that impacts with sharper curvature (with the 150-ft radius)
are more critical for rollover than the 200-ft radius cases. More cases fail with the 150-ft radius
barrier than with the 200-ft radius barrier.
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Table 17. Summary of results for concrete barrier with SUT.
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. Not Meeting MASH
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Road Curvature 150 ft (45 m) 200 ft (61 m)
Road Super Elevation 4% 8% 4% 8%
Impact Angle (degrees) nlo|lvn|lolvuln|o|lvu|lolvulv|o|lvn|olvulvn|oc|lnvn| o] wn
— — N [\l — — N [\l — — [\l (o] — — N [\l
Barrier |Vertical [Shoulder [Impact
Height |Grade [Angle Speed
50 km/h
0% 70 km/h
90 km/h
0%
50 km/h
8% 70 km/h
90 km/h
35in.
50 km/h
0% 70 km/h
90 km/h
—6%
50 km/h
8% 70 km/h
90 km/h
50 km/h
0% 70 km/h
90 km/h
0%
50 km/h
8% 70 km/h
90 km/h
42 in.
50 km/h
0% 70 km/h
90 km/h
—6%
50 km/h
8% 70 km/h
90 km/h
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(a) (b)
Figure 33. Sample results from SUT to (a) W-beam and (b) Thrie beam impacts.

¢ When examining the effects of grade, simulations show almost no difference between the 0%
grade cases and the —6% (down) grade cases. This was noted for all road and shoulder profiles
and for all speeds and angles. Lack of difference could be attributed to the speed when the
vehicle comes into contact with the barrier being similar for the 0% and —6% grade cases. The
downgrade does not increase the speed from the vehicles’ initial position to the initial impact
with the barrier.

The research team conducted simulation analyses on two semi-flexible barriers: the 31-in.
W-beam and the 34-in. Thrie beam guardrails. The simulations were performed for TL3 impacts
using the 1100C and 2207P vehicles. The results demonstrated that both semi-flexible barriers
successfully met the MASH criteria for the majority of the analyzed cases. If summary tables,
akin to Table 15 and Table 16, were generated for these barriers, they would predominantly show
green cells, with only a few red cells. Individual summary tables for the 31-in. W-beam and 34-in.
Thrie beam guardrails are included in Appendix E and Appendix E respectively. These summa-
ries indicate that the majority of cases meet the MASH requirements. However, it is essential to
acknowledge the complexities involved in simulating and predicting rail rupture in these simula-
tions. To validate these results, further investigations and testing should be conducted.

Simulations using the SUT vehicle impacting the 31-in. W-beam and 34-in. Thrie beam semi-
flexible barriers at the TL4 impacts, on the other hand, show that almost all cases failed to meet
the MASH criteria. Even at lower impact speeds (50 and 70 km/h) and lower angles (5 and
10 degrees), the simulation showed potential for the vehicle overriding the barrier. Sample results
are included in Figure 33. If summary tables analogous to Table 15 and Table 16 were generated
for the SUT impacts for the W-beam and Thrie beam barriers, they would have all red cells.

4.4 Applicability of Results to Practice

The results from this project provide useful insights to state DOTs and roadside hardware
safety researchers about the performance of barriers used in conditions other than those for
which they are typically tested. The results lessen the gap of knowledge about the safety perfor-
mance of longitudinal barriers placed on curved, superelevated ramp sections. Specific recom-
mendations for the design, selection, and installation of longitudinal barriers on CSORs are
offered. This will allow individual agencies to update their standards and practices. This can also
be expected to motivate the development of innovative barriers if needs are identified. Further-
more, the results are useful in determining whether new crashworthiness evaluation criteria
need to be formulated to test barriers installed on ramps.

The primary intended audience for the results of this project is DOTs, as the recommenda-
tions will be useful to individuals and agencies responsible for designing, installing, and main-
taining safety hardware. The nature of the recommendations may motivate them to implement
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changes to guidelines and practices related to roadside barriers, particularly, but not limited to,
road design and safety management practices. Other groups will be affected, including state and
consultant personnel responsible for roadway design and the provision or maintenance of safety
features.

The information in Tables 4-9 is useful in understanding the position of the front edge of a
vehicle crossing roadside terrain. For the “best” conditions, it provides an index of the “window”
or “capture zone” for an errant vehicle, considering that many difficult-to-control factors are
present. The firmness of the soil, the surface vegetation (cut or uncut), and the moisture content
of the soil may become important relative to having either a firm (or even slippery) surface or
mud. The tables, however, define the window for catching the vehicle’s front bumper. The data
recognizes the vertical influences that project a vehicle upward when a curb is hit, for example.

Similarly, Table 15 to Table 17 summarize the results from the simulation analyses in a way
that allows information to be readily used by agencies in making highway and barrier design
decisions. These cases were simulated across ranges of situational factors in an attempt to deter-
mine whether the barriers were effective across a range of conditions. The cases generated were
selected to provide a wide cross section of scenarios while focusing on the factors influencing
the pass/fail metrics.
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CHAPTER 5

Full-Scale Crash Testing

To validate that crash simulation efforts are valid representations of crashes, it is a common
practice to conduct full-scale crash tests for selected configurations of a barrier for critical impact
conditions. Four crash tests were undertaken in the project to validate the simulation results.
Effective redirection of the vehicle, acceptable degrees of damage, and similar measured defor-
mations and forces from these tests provided a strong indication of the validity of the crash
simulation analyses. These crash tests involved vehicles impacting the barrier placed on a rep-
resentative section of a curved, superelevated off-ramp. The tests involved impacts at 100 km/h
with the 1100C and 2270P MASH test vehicles and at 80 km/h with mid-size and large sedans.
The four tests conducted under this project for analyzing impacts with a typical CSOR are
as follows:

e Test 22010: Small (1100C) passenger vehicle at 100 km/h with a 10-degree angle

o Test 22011: Pickup (2270P) truck at 100 km/h with a 10-degree angle

o Test 22013: Mid-size (1500A) passenger vehicle at 70 km/h with a 10-degree angle
o Test 22014: Crossover SUV vehicle at 70 km/h with a 10-degree angle

The research team selected the 32-in. concrete barrier installed on a 200-ft radius ramp, 8%
superelevation, 0-ft shoulder width, and 8% shoulder angle, on a 0% grade for testing (Figure 34).
Based on the computer simulations, this was judged one of the most critical barrier profiles. The
same barrier was used for all four tests because of cost limitations. The impact angle was also the
same: 10 degrees, for all four tests. The barrier was impacted at 100 km/h by the two TL3 MASH
vehicles, 1100C and 2270P. The barrier underwent no damage during these impacts and was used
in two additional tests to see the performance at lower speeds (70 km/h). The vehicles used in the
last two tests were a mid-size sedan and a larger crossover SUV (Figure 35). Summaries of these
tests are included in the next sections.

5.1 Test Article and Installation Details

The test installation consisted of a Jersey concrete barrier, approximately 100-ft long with a
200-ft radius curvature. Figure 36 shows the installation setup with the barrier cross section and
the curved, superelevated ramp profile and details. The Jersey safety barrier was 32-in. (813 mm)
tall, with an 8-in. (203 mm) top and a 17-in. (432 mm) base barrier. It was oriented such that its
back face was parallel to true vertical. The barrier had a 3-in. vertical section at its base, a 10-in.
lower sloped surface angled at 55 degrees from the road, and a 19-in. upper sloped surface angled at
84 degrees from the road. The break point of the two sloped surfaces was 13 in. above the pavement.

Figure 36 also depicts the system along the 200-ft radius curvature. The road was superel-
evated at 8%. This system was fabricated using standard roadside safety hardware elements and
fabrication methods. The horizontal longitudinal reinforcement in the barrier was #4 rebars at
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(a) (b)
Figure 34. Pre-impact views of the CSOR installation.

(© )
Figure 35. Vehicles used in (a) Test 22010, (b) Test 22011, (c) Test 22013, and (d) Test 22014.
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Figure 36. CSOR barrier test installation details.
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7% in. on center and the vertical loop shape reinforcement was #4 rebars at 6 in. on center. All
reinforcement steel bars were made of ASTM A615 with a 60 ksi minimum strength. A concrete
mix with a 28-day minimum strength of 4,500 psi was used for the barrier. The materials and
hardware elements delivered met the basic standards in accordance with suppliers or certifica-
tions on file at the FHWA Federal Outdoor Impact Lab (FOIL).

5.2 Test Vehicles

Figure 35 shows photos of the four vehicles used in the four tests. A 2017 Nissan Versa passenger
car weighing 2,555.2 1bs was used for Test 22010, a 2014 Ram 1500 quad-cab pickup truck weighing
4,925.1 Ibs for Test 22011, a 2012 Hyundai Sonata weighing 3,251.8 Ibs for Test 22013, and a 2010
Toyota Venza weighing 3,714.8 Ibs for Test 22014. Standard procedures were completed to prepare
the vehicle for the test: drain fluids then take accurate measurements of the vehicle, weight, tires,
and related features. Vehicles were painted blue to maximize the viewability of the impact outcomes
in the multiple video cameras.

5.3 Test Summaries

Four full-scale crash tests were undertaken at FOIL to show that the actual crashes reflected
in the simulation analyses represent such events. The conditions tested and rationale are sum-
marized in Table 18. The FOIL team generated a detailed test report for each crash test conducted.
These reports document all the pertinent data, descriptions, imagery, and associated evaluations.
These four reports are provided in Appendices G through J. Additional details about test setup
and the detailed digital and visual results of the tests are available from FOIL and George Mason
University’s Center for Collision Safety and Analysis (CCSA). The data derived from the tests and
comparisons with the simulation outputs provided a high level of confidence in the accuracy of the
simulation analyses.

The tests were set up and performed in accordance with the recommended MASH procedures.
High-speed cameras, accelerometers, rate transducers, and speed measuring devices were used to
capture the vehicle and barrier responses during the impact. Eight high-speed cameras are typically
used for full-scale crash tests. One camera is placed over the impact region to capture an overhead
view. Seven additional cameras are placed at locations surrounding the impact region to capture
left, right, front, rear, and isometric views of the crash event. Two tri-axial accelerometers were
mounted at the vehicle center of gravity to measure the x-, y-, and z-accelerations of the vehicle.
This data was used to compute the occupant ride-down acceleration and OIV. Additionally, two
tri-axial rate transducers were used to measure the vehicle roll, pitch, and yaw. Contact switches
were installed on the vehicle and the test article to synchronize time zero during the impact for the
sensor data and high-speed movies.

Further details regarding each test and their respective outcomes are provided in the standard
test summary pages presented in Figure 37 to Figure 40. The profile sheets present all the relevant
setup and measured values from the tests that closely matched the simulation results. In all cases,
the validation crash tests produced the expected outcomes, providing greater credibility to the
various simulation efforts described in this chapter. Therefore, the research team was confident
that these tests provided credibility to the simulations.

Table 18. Summary of full-scale crash tests.

Test Date Test Purpose MASH
22010 | 08/09/22 |Hit CSOR w/small car @ 100 km/h, 10 degrees Pass
22011 | 08/16/22 |Hit CSOR w/pickup truck @ 100 km/h, 10 degrees  |Pass
22013 | 09/01/22 |Hit CSOR w/mid-size car @ 70 km/h, 10 degrees Pass
22014 | 09/13/22 |Hit CSOR w/crossover SUV@ 70 km/h, 10 degrees |Pass
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General Information:

* Test Agency Federal Outdoor Impact Laboratory

e Test Number ............... 22010

eDate ..o 08/09/2022

Test Article:

e TYPE oo Concrete Barrier on Curved Ramp
Name or Mfg ... . Generic

* Installation Length ...... 100 ft (30.5 m) length

* Key Elements .............. Concrete 200 ft (61 m) curvature
Size/dimension . . 32-in. height NJ shaped-concrete barrier
Material .........cc........ Concrete, rebar, asphalt, 21a soil
Other .....ccocevveverennene 8% superelevation

Test Vehicle:

* Type/Designation ........ 1100C

* Make and Model .. . Nissan Versa
VIN s 3N1CN7AP9HL840745
Curb .o 2,418.51b (1,097.0 kg)

* Test Inertial .. . 2,398.6 1b (1,088.0 kg)

* Gross Static ................. 2,555.21b (1,159.0. kg)

Soil Conditions:

* Type of Soil ................ Well-graded gravel with silt and sand

* Soil Strength ............... MASH Standard Soil

Impact Conditions:
e Speed....ooeniniiiiieiens 62.0 mph (100.0 km/h)
10 degrees

¢ Location/Orientation....... Vehicle right front corner aligned with the
front face of the barrier 37.0 ft (11.3 m)

downstream from start of barrier

Exit Conditions:

¢ Speed 51.0 mph (82.0 km/h)

e Angle ..... . 5 degrees

» Exit Box Criterion ...... Vehicle exited within box
Post-Impact Trajectory:

« Stopping Distance ....... NA (emergency brakes applied)

* Vehicle Snagging ........ None

* Vehicle Pocketing ....... None

Occupant Risk:

 Longitudinal OIV ....... 11.5 ft/s (3.5 m/s) < 40 ft/s (12 m/s)
* Lateral OIV ..... . 22.3 ft/s (6.8m/s) <40 ft/s (12 m/s)
* Longitudinal RA . .42G=<2049G

e Lateral RA ....... .72G=<2049G

* THIV ... . 25.3 ft/s (17.2 mph) 7.7 m/s (27.7 km/h)
¢PHD ....cccovviiiii .13G

Test Article Damage:
No significant damage to test article.

Test Article Deflections:

¢ Permanent Set ............. 0.0 ft (0 m)
¢ Dynamic ....... .0.5in. (1.2 cm)
* Working Width ........... 0.5in. (1.2 cm)

Vehicle Damage:
1RFQ3
01FZEW3

¢ Max. Deformation
Exterior ......c.cc....... 22in.(5.5cm)
Windshield ... 0.81in. (2.0 cm)
Occupant Comp. ..... 20in. (5.2 cm)

Vehicle Post-Impact Behavior:

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

* Max. Roll Angle .......... 39.4 deg <75 deg
* Max. Pitch Angle . —10.6 deg <75 deg
* Max. Yaw Angle ......... —26.5 deg

Opverall Performance: Pass

Figure 37. Crash Test 22010 summary page.
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General Information:

* Test Agency ......cceeee. Federal Outdoor Impact Laboratory

e Test Number ............... 22011

e DAt ..o 08/16/2022

Test Article:

e TYPE o Concrete barrier on curved ramp
Name or Mfg .... Generic

* Installation Length ...... 100 ft (30.5m) length

* Key Elements ............. Concrete 200 ft (61 m) curvature
Size/dimension ......... 32 in. height NJ shaped-concrete barrier
Material .........ccuu..... Concrete, rebar, asphalt, 21A soil
Other ..o 8% superelevation

Test Vehicle:

* Type/Designation ....... 2270P

* Make and Model... Ram 1500 quad-cab pickup
VIN .ot 1C6RR6FTXES154591
Curb ..o 5015.51b (2,275.0 kg)

o Test Inertial
* Gross Static

.. 4925.11b (2,234.0 kg)
4,925.11b (2,234.0. kg)

Soil Conditions:
* Type of Soil ................ Well-graded gravel with silt and sand
* Soil Strength ............... MASH Standard Soil

Impact Conditions:
* Speed
* Angle

... 62,0 mph (100.0 km/h)
.... 10 degrees

downstream from start of barrier

Exit Conditions:

e Speed ..oooeeneninieiecenne 54.0 mph (87.0 km/h)

* Angle . 7 degrees

» Exit Box Criterion ....... Vehicle exited within box

Post-Impact Trajectory:

« Stopping Distance ....... NA (Emergency brakes applied)
* Vehicle Snagging ........ None

* Vehicle Pocketing ....... None

Occupant Risk:

* Longitudinal OIV ........ 10.8 ft/s (3.3 m/s) <40 ft/s (12 m/s)

e Lateral OIV ................. 17.3 ft/s (5.3 m/s) <40 ft/s (12 m/s))

¢ Longitudinal RA .58G =2049G

e Lateral RA .......cccec.... 88G <2049G

¢ THIV oo 21.3 ft/s (14.5 mph) 6.5 m/s (23.2 km/h)
¢PHD ..coooviiiieiiras 89.G

Vehicle right front corner aligned with the
front face of the barrier 37.0 ft. (11.3 m)

Test Article Damage:
No significant damage to test article.

Test Article Deflections:

¢ Permanent Set ............. 0.0 ft (0 m)

¢ Dynamic ...... . 1.0in. (2.54 cm)
* Working Width 1.0 in. (2.54 cm)

Vehicle Damage:

* VDS 1RFQ1

*CDC 01FZEW1

¢ Max. Deformation
EXterior ......c.cccee... 09in (2.2 cm)
Windshield .... .. 0.3in (0.8 cm)

Occupant Comp. .... 1.4in (3.6 cm)

Vehicle Post-Impact Behavior:

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

¢ Max. Roll Angle ..... .. 31.1 deg <75 deg
¢ Max. Pitch Angle ........ 46.5 deg <75 deg
* Max. Yaw Angle ........ 20.5 deg

Overall Performance: Pass

Figure 38. Crash Test 22011 summary page.
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General Information:

* Test Agency .. Federal Outdoor Impact Laboratory

 Test Number 22013

e Date ..o 09/01/2022

Test Article:

CTYPE v Concrete barrier on curved ramp
Name or Mfg .. .. Generic

« Installation Length ...... 100 ft (30.5m) length
* Key Elements ........ ... Concrete 200 ft (61 m) curvature
Size/dimension .. 32 in. height NJ shaped-concrete barrier

Material .. Concrete, rebar, asphalt, 21A soil
Other 8% superelevation

Test Vehicle:

 Type/Designation ........ 1500A

* Make and Model.......... Hyundai Sonata

SNPEC4AC2CH376171
.. 3244.11b (1471.5kg)
3,151.81b (1,475.0 kg)
... 3,251.81b (1,475.0. kg)

Curb ..
e Test Inertial .
* Gross Static

Soil Conditions:
* Type of Soil
* Soil Strength

Well-graded gravel with silt and sand
MASH Standard Soil

Impact Conditions:

....43.5 mph (70.0 km/h)

.... 10 degrees

....... Vehicle right front corner aligned with the
front face of the barrier 37.0 ft. (11.3 m)
downstream from start of barrier

Exit Conditions:

34.0 mph (55.0 km/h)
. 8 degrees
. Vehicle exited within box

* Angle ...
 Exit Box Criterion

Post-Impact Trajectory:
« Stopping Distance ........ NA (Emergency brakes applied)

¢ Vehicle Snagging . None

* Vehicle Pocketing ........ None

Occupant Risk:

* Longitudinal OIV ........ 1.6 ft/s (0.5 m/s) < 40 ft/s (12 m/s)

e Lateral OIV . 13.1 ft/s (4.0 m/s) < 40 ft/s (12 m/s)

* Longitudinal RA .......... 19G=<2049G

e Lateral RA .......c..c.c... 33G=<2049G

¢ THIV ... .13.5 ft/s (9.2 mph) 4.1 m/s (14.8 km/h)
¢PHD ..coooiiiiiiic 33G

Test Article Damage:
No significant damage to test article.

Test Article Deflections:

0.0 ft (0 m)

.. 05in. (1.2cm)
0.5in. (1.2 cm)

1IRFQ1
01FZEW1

* Max. Deformation
Exterior 0.2 in (0.5 cm)
Windshield .... 0.2 in (0.4 cm)
Occupant Comp. ..... 0.2 in (0.6 cm)

Vehicle Post-Impact Behavior:

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

* Max. Roll Angle .......... 14.2 deg <75 deg
¢ Max. Pitch Angle ........ 9.8 deg <75 deg
* Max. Yaw Angle ......... 33.6 deg

Opverall Performance: Pass

Figure 39. Crash Test 22013 summary page.
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General Information:

* Test Agency ... Federal Outdoor Impact Laboratory
* Test Number ............... 22014

eDate ...ocoeeiiiiiies 09/13/2022

Test Article:

*Type ........... Concrete barrier on curved ramp

Name or Mfg ..... .... Generic
« Installation Length ...... 100 ft (30.5m) length
* Key Elements ... . Concrete 200 ft (61 m) curvature

Size/dimension ......... 32 in. height NJ shaped-concrete barrier
Material . Concrete, rebar, asphalt, 21 A soil
Other ....ccocevvverenene 8% superelevation

Test Vehicle:

» Type/Designation ........ Crossover SUV

* Make and Model........... Toyota Venza

4T3BABB4AU018246

... 3,858.11b(1,750.5 kg)
.. 37148 1b (1,685.0 kg)

3,714.8 1b (1,685.0. kg)

Soil Conditions:

* Type of Soil Well-graded gravel with silt and sand
* Soil Strength ............... MASH Standard Soil

Impact Conditions:

Exit Conditions:

* Exit Box Criterion

....43.5 mph (70.0 km/h)

.... 10 degrees

....... Vehicle right front corner aligned with the
front face of the barrier 37.0 ft (11.3 m)
downstream from start of barrier

........ 32.0 mph (52.0 km/h)
.... 8 degrees
....... Vehicle exited within box

Post-Impact Trajectory:

* Stopping Distance
* Vehicle Snagging
* Vehicle Pocketing

Occupant Risk:

* Longitudinal OIV
e Lateral OIV .........
* Longitudinal RA ..
e Lateral RA

........ NA (Emergency brakes applied)
........ None

........ 16.7 ft/s (5.1 m/s) < 40 ft/s (12 m/s)
........ 9.8 ft/s (3.0 m/s) < 40 ft/s (12 m/s)
........ 40G=<2049G

39G=<2049G

........ 18.3 ft/s (12.5 mph) 5.6 m/s (20.1 km/h)
......... 5.1G

Test Article Damage:
No significant damage to test article.

Test Article Deflections:

¢ Permanent Set 0.0 ft (0 m)
* Dynamic ......ccccouenins 0.51n. (1.2 cm)
* Working Width ........... 0.51n. (1.2 cm)
Vehicle Damage:
®VDS ..o IRFQ1
¢ CDC ..o 01FZEW1
¢ Max. Deformation
Exterior .....c.ccee... 0.3 in (0.7 cm)
Windshield . 0.2in (0.6 cm)

Occupant Comp. ..... 0.3 in (0.7 cm)

Vehicle Post-Impact Behavior:
* Vehicle Stability ......... Satisfactory

* Max. Roll Angle .. . 9.7deg=<75deg
* Max. Pitch Angle . 164 deg <75 deg
* Max. Yaw Angle ......... 20.9 deg

Overall Performance: Pass

Figure 40. Crash Test 22014 summary page.
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5.4 Conclusions

Four tests were conducted to ensure that the results of the simulated crashes were consistent
with actual field performance. These tests were carefully selected to represent critical conditions
and thereby enhance confidence in the simulation results. Results from these tests matched the
simulation results, which reconfirmed the results of the numerical analyses and the matrix of
simulations.
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https://nap.nationalacademies.org/catalog/28589?s=z1120

Evaluating the Performance of Longitudinal Barriers on Curved, Superelevated Off-Ramps

CHAPTER ©

Research Conclusions and
Guidelines for Longitudinal
Barriers on CSORs

A significant amount of information was derived in this project from the vehicle dynamics
analyses, crash simulation analyses, and crash testing relative to vehicle-to-barrier interfaces and
crashworthiness of longitudinal barriers used on CSORs. This effort extended insights on the
effectiveness of barriers when deployed on typical highway curves to those on the shorter radius
curves that characterize major highway interchange ramps. In these situations, space is often
inadequate to construct ramps with longer radii to facilitate driving and enhance safety. Drivers
exiting high-speed highways often do not appropriately lower their speeds from mainline levels
as they negotiate off-ramps, and they find themselves at risk of running off the road.

Longitudinal barriers are often placed on ramps, but doing so requires consideration of vary-
ing shoulder and roadside conditions and the implications of these on barrier selection and
placement. The effects of these conditions were identified in earlier research on barrier place-
ment for highway horizontal curves (3). This report documents the research efforts undertaken
and the insights derived for the selection, design, and placement of longitudinal barriers for use
on CSORs. A summary of the findings of this research and thoughts on applying them are noted
in this chapter. These set the stage for groups such as AASHTO to consider the safety implica-
tions for CSORs and promote efforts to reflect these findings into current guidelines for appro-
priate design, selection, and installation of longitudinal barriers on CSORs.

6.1 Analyses of Vehicle Dynamics Effects
of Barrier Interface on CSOR Ramps

Various CSOR scenarios were evaluated using VDA and crash simulation to assess the effects
of various CSOR features on barrier effectiveness. These efforts considered the effects of impacts
by small cars, large pickup trucks, and SUTs negotiating CSOR ramps. VDA and crash simu-
lations were conducted to reflect various parameters, including the following conditions that
characterize CSOR ramps:

e CSOR ramp radii: 150 to 450 ft

o Ramp superelevation: 4% to 8%

e Ramp grade: 0% to —8%

 Shoulder width: 4 to 12 ft

e Shoulder angle: 0% to 8%

e Impact speed: 50 to 120 km/h

o Impact angles: 5 to 25 degrees

¢ Vehicle weights: 1,100 kg, 2,270 kg, and 10,000 kg

In this effort, VDA was first used to focus on interface variations for vehicles running off the
road for four common types of barriers used on CSORs, namely W-beam guardrails (G4(1S))
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and W-beam (MGS), Thrie beam (SGR09b), and concrete barriers. Interface envelopes were
determined and tabulated to provide the basic minimum and maximum barrier heights for
effectiveness on different CSORs. Effectiveness was shown to be a function of the grade and
superelevation of the CSORs, as well as shoulder features and barrier type and position. Errant
vehicles on CSORs take paths that can lead to sharper impact angles over varying surface slopes,
and roadside slope can influence barrier installation. Project efforts included comprehensive
analyses of the dynamics of vehicles leaving the ramp roadway and traversing the shoulder before
encountering the roadside barrier. An understanding of these factors was needed to address the
simple question: Will the barrier provide an effective interface with an errant vehicle?

The degree of slope change between the ramp superelevation and the shoulder was found to
change the effective vehicle-to-barrier interface area on CSOR ramps. An immediately useful
product of this effort is the interface tables that reflect a broad range of curvature, shoulder widths
and angles, grades and superelevation, and barrier placement guidelines. The minimum and max-
imum measures for vehicle-to-barrier impacts allow an agency to analytically evaluate CSOR
location and determine whether the variations in the effects of CSOR design parameters can lead
to inadequate interfaces for the type of barrier deployed or considered. The indicated “effective”
vertical coverage of the barriers for an errant vehicle on a given CSOR ramp can be evaluated by
comparing measurements of the top and the bottom of the barrier with the maximum and mini-
mum effective heights. Where the potential exists for a poor vehicle-to-barrier interface, actions
can be initiated to make changes. In the tables, those situations shaded in red flag conditions that
need attention to promote safety for typical vehicles. This information provides useful guidelines
to practitioners for the selection, design, and installation of the barriers for the features of a CSOR
location. The tables cover a broad range of conditions to provide usefulness in design, installation,
and maintenance efforts. This information can also support safety investigations. The results can
be extended to other barriers that have similar dimensions and placement guidelines.

Crash simulation analyses were used to determine whether the barrier would provide ade-
quate strength to capture or redirect an errant vehicle across various combinations of CSOR
geometrics and barrier impact conditions. The simulation software generated detailed metrics
for each crash scenario over the duration of the crash event. The numerical results were stored
in separate computer files to allow various types of analyses, but the critical end-state metrics
were captured to generate a basic visual performance summary for each case. These summaries
show the effects of the impact on the vehicles’ position as well as provide the metrics associated
with crash physics. The computed metrics were also compared with acceptance requirements to
indicate whether safety requirements were met.

Performance summaries were generated to provide a diagram showing the crash and its aftermath
as well as the comparison of critical metrics with acceptability. These visualized results are a sum-
mary of multiple simulations that reflect the vehicle dynamics and crash physics of the impact with
the barrier during the 2- to 3-s crash event. On each summary, the graphic shows views of the vehi-
clé’s trajectory for a given ramp curve and surface, as well as the barrier installation. Each summary
also shows the conditions from different views. Although the details are limited for these page-size
views, these impacts can be viewed as a video to provide more clarity. These views were generated to
show the variations in the impact effects and barrier deformations for the various conditions.

6.2 CSOR Simulations

Using a basic simulation model for a vehicle impacting a barrier on a superelevated curve,
the research team executed more than 500 simulations reflecting the impact of a vehicle with a
particular type of barrier for various ramp configurations. The conditions reflected the various
combinations of barriers, CSOR designs, and barrier placement guidelines for typical MASH
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analyses with small and large vehicles. The simulation software undertook the computations of
the movement of the vehicle into contact with the barrier and then interactions of the crushing
or deformations of the vehicle and barrier for every second for a crash event period of about 2 s.
These runs each took about 5 h to complete, but the many micro-level outputs provided the basis
to visualize the details of the crash event, follow the trajectory of the vehicle, and monitor the
impact effects on the barrier. For most combinations of the factors, a finite element simulation
was performed. The conditions that occurred as a result of the impact of the vehicle as influenced
by the road and shoulder features, the barrier type, and placement were computed.

The simulation runs generated detailed data reflecting changes in elements, the overall forces
acting on the barrier and the vehicle, the effects of the crash, material strengths, the trace of the
vehicle during the crash event, and many other factors. Ancillary software allowed the crash
event to be visualized. The vehicle’s position heading into impact with the barrier was noted,
as was the point of contact with the barrier. The visualization function allowed the roll, pitch,
and yaw effects to be observed for each crash simulation. The visualization display also allowed
the crash event to be viewed from different sides, as shown. This helps observers to understand
the effects on the vehicle as well as the barrier. The visualization tools allowed these views to be
expanded to evaluate detailed aspects, such as the bumper snagging on a post or wheels climb-
ing the face of a concrete barrier. The full set of these results is available from the research team.

The performance summary charts included in Appendices D through F report the analysis
results from each simulation reflecting a particular barrier, CSOR design, and vehicle type. Across
the top of the chart, the vehicle type and barrier setup are noted. In the second line, the features of
the curve and barrier installation are noted. The lower parts of these individual crash simulation
summaries show the results of a standard MASH evaluation of the efficacy of the specific barrier.
A large number of conditions were considered, and based on the cumulative results, various
barriers were determined to be effective for most CSOR ramp situations. The following sections
offer recommendations for adopting the findings of these efforts, their application to the highway
design process, and the needs for future research.

6.3 Proposed CSOR Guidelines

The derived findings of the various aspects of the project provide useful insights and examples
for performance envelopes that may be evaluated and considered for an update to the AASHTO
Roadside Design Guide (2). The intent of this effort was to analyze concerns and problems related
to highway safety for a given aspect of the highway system. The efforts considered various ques-
tions for installations of longitudinal barriers on CSORs. The results cover a wide range of CSOR
situations. The research team addressed a representative cross section of conditions, undertook
arigorous set of analyses, presented detailed results, and formulated recommendations to improve
standards and practices for further discussion and debate. The research team made every effort
to ensure that the recommendations are comprehensive, concise, and well supported.

AASHTO and others may carefully review the findings in the context of their considerable
direct experience to consider the results of these efforts, tempered by experiences, and the reality
of agency resources and priorities. The results of this effort may provide some agencies insights
and support for addressing lingering needs by applying the results to problem locations. Over
time, if evaluated and considered appropriate, the results may be generalized and considered for
inclusion as an update to the highway safety guidelines for states—as well as for the nation—
provided by the Roadside Design Guide (2).

Table 19 summarizes the significant implications and guidelines derived for the barriers
and CSOR conditions analyzed. The guidelines imply an understanding of the implications of
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Table 19. CSOR implications and guidelines derived from NCHRP
Project 22-29B efforts and results.

Aspect

Elements of Implications and Guidelines

Barrier Design

General

Poor vehicle-to-barrier interface limits barrier functions in a crash.

Good interface is a necessary, but not a sufficient, condition for selection of a
barrier type. The degree of impact severity needs to be assessed.

Consider using interface analyses (i.e., VDA) to evaluate special cases or
other types of barriers to increase confidence in the design.

Consider higher barriers to better accommodate larger vehicles for CSOR
applications.

Concrete
Barriers

Concrete safety shapes do not have underride problems, but face slopes can induce
rollovers.

Use higher concrete barriers when concern is expressed about overrides
associated with CSOR features.

Concrete barriers with an appropriate face slope may be considered the most
universally effective design for CSOR conditions.

Design concrete barriers with a vertical or near-vertical face slope to limit
vehicle ride-up and maintain a viable interface area overlap.

W-Beam
Barrier

The need for a higher barrier may be apparent but increasing the rail height
necessitates review of underride potentials.

Increases in barrier height are most important for tight curves where
excessive speeds are likely to occur (e.g., off-ramps, downhill).

Follow the FHWA Tech Memo of May 17, 2010, recommending that nominal
heights for new installations of G4(1S) barriers be at 29 in. for CSORs (6).
Consider 31-in. high W-beam barrier designs for CSOR situations.

Selection

Curvature and

Limit the use of tight curves with high superelevation.

Superelevation Consider using higher barriers on CSORs with appropriate underride
protection.
Barrier Design
General Poor vehicle-to-barrier interface limits barrier functions in a crash.
Good interface is a necessary, but not a sufficient, condition for selection of a
barrier type. The degree of impact severity needs to be assessed.
Consider using interface analyses (i.e., VDA) to evaluate special cases or
other types of barriers to increase confidence in the design.
Consider higher barriers to better accommodate larger vehicles for CSOR
applications.
Concrete Concrete safety shapes do not have underride problems, but face slopes can induce
Barriers rollovers.
Use higher concrete barriers when concern is expressed about overrides
associated with CSOR features.
Concrete barriers with an appropriate face slope may be considered the most
universally effective design for CSOR conditions.
Design concrete barriers with a vertical or near-vertical face slope to limit
vehicle ride-up and maintain a viable interface area overlap.
W-Beam The need for a higher barrier may be apparent but increasing the rail height
Barrier necessitates review of underride potentials.

Increases in barrier height are most important for tight curves where
excessive speeds are likely to occur (e.g., off-ramps, downhill).

Follow the FHWA Tech Memo of May 17,2010, recommending that nominal
heights for new installations of G4(1S) barriers be at 29 in. for CSORs (6).
Consider 31-in. high W-beam barrier designs for CSOR situations.
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Table 19. (Continued).

Aspect

Elements of Implications and Guidelines

Barrier Design

Shoulder
Width and
Angle

Minimize changes in slope between road and shoulder to minimize the effects
of vehicle suspension and maximize the potential for good vehicle-to-barrier
impact interface.

Use wider shoulders where slope changes must be large to allow the
suspension to stabilize the vehicle before impact.

Roadside Slope

Limit the variation of slope change on the roadside for situations where the
barrier is not placed adjacent to the shoulder to provide an acceptable
interface.

Barrier Type

Consider higher (e.g., 31 in.) W-beam barrier designs for CSOR situations.
Select barriers with increased height for tight curves where high speeds are
likely to occur.

Consider using concrete barriers with vertical or near-vertical face slope
(e.g., single slope or F-shape) to reduce the risk of rollover.

Installation

Orientation

Promote use of barrier orientation perpendicular to the roadway for concrete
barriers.

Barrier Design

General

Poor vehicle-to-barrier interface limits barrier functions in a crash.

Good interface is a necessary, but not a sufficient, condition for selection of a
barrier type. The degree of impact severity needs to be assessed.

Consider using interface analyses (i.e., VDA) to evaluate special cases or
other types of barriers to increase confidence in the design.

Consider higher barriers to better accommodate larger vehicles for CSOR
applications.

Concrete
Barriers

Concrete safety shapes do not have underride problems, but face slopes can induce
rollovers.

Use higher concrete barriers when concern is expressed about overrides
associated with CSOR features.

Concrete barriers with an appropriate face slope may be considered the most
universally effective design for CSOR conditions.

Design concrete barriers with a vertical or near-vertical face slope to limit
vehicle ride-up and maintain a viable interface area overlap.

W-Beam
Barrier

The need for a higher barrier may be apparent but increasing the rail height
necessitates review of underride potentials.

Increases in barrier height are most important for tight curves where
excessive speeds are likely to occur (e.g., off-ramps, downhill).

Follow the FHWA Tech Memo of May 17,2010, recommending that nominal
heights for new installations of G4(1S) barriers be at 29 in. for CSORs (6).

Consider 31-in. high W-beam barrier designs for CSOR situations.

Placement

Limit the placement of barriers to the edge of the shoulder on CSORs,
particularly when a non-trivial (more than 6 %) slope change is going to the
roadside slope.

Use wider shoulders with lower shoulder angles relative to the road on
CSORs with short radii and high superelevation.

Maintenance

Analysis on the effectiveness of damaged barriers on CSORs is needed.
Further analysis of relative priorities for barrier maintenance on CSORs may
be needed.
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vehicle-to-barrier impacts on CSORs. These implications are included, along with the critical
elements of guidelines (in bold) that evolved from this research. It is hoped that this construct
offers a useful means to summarize the findings of the multi-faceted analyses and those related
findings that support the recommended guidelines for barrier design, selection, and installation.

6.4 Conclusions

In continuing research to enhance efforts to ensure that highways are designed and main-
tained to provide a high level of safety, the research team recognized that understanding of the
influences of CSOR features on safety was limited. The research team found that physics-based
criteria had been created to determine appropriate curvature and banking parameters to allow
vehicles to safely negotiate curves under varying surface conditions. Criteria for basic curve
design are found in the AASHTO Green Book (I). It was noted, however, that limited guide-
lines were available for addressing concerns about vehicles leaving the roadway under CSOR
conditions.

While it is basic understanding that crashes occur more often on curves than tangent sections,
the influences of CSOR features on crash propensity were unclear. It was noted that a funda-
mental issue exists with the level of details associated with crash reporting that limit analysis
options. The usual data captured for crashes falls short on details about the features of the road
at or upstream of the crash location. In some cases, basic features are provided on crash reports
(e.g., pavement condition), but rarely are details on grade, curvature, or basic features captured.
The limited capability to analyze CSOR crashes is understandable, as needed data items are not
routinely captured. The problem occurs even if an agency has data on road features but cannot
link it to specific crash sites.

Understanding has been growing about the dynamics of vehicles as they traverse specific surfaces,
but such analyses have not typically been undertaken in crash analysis efforts, despite the availability
of software tools for the purpose. It is also understandable that the sophisticated simulation tools that
allow the physics of vehicle dynamics and vehicle-to-barrier impacts to be analyzed are not applied
because funds and in-house capabilities may be limited. The interest in understanding the safety
performance of barriers on CSORs provides an impetus for using advanced tools when ordinary
research approaches are limited.

This effort was undertaken in three phases to rigorously generate the insights needed to
enhance the understanding of the safety performance of barriers on CSORs and develop guide-
lines for their effective design, selection, and installation. The following insights resulted from
this research:

o Previously, little effort had been made specifically to determine whether longitudinal barriers
adjacent to CSORs perform the same as on tangent sections.

 Current guidelines for barrier design, selection, and maintenance are unclear but are assumed
to be the same as for tangent sections.

o VDA using commercially available tools provides a means to study the effects of speed, surface
features, and vehicle type on the trajectory and orientations of a vehicle departing the traveled
way on a CSOR.

o Vehicle trajectories for two types of vehicles on roads at different speeds were studied to relate
them to the nature of the interface with barriers at varying positions along the road, as well as
on interchange ramps.

» VDA provided useful information on vehicle-to-barrier interfaces for a range of CSOR con-
ditions. These analyses can serve many useful functions for DOTs looking to improve safety
on CSORs.

Copyright National Academy of Sciences. All rights reserved.


https://nap.nationalacademies.org/catalog/28589?s=z1120

Evaluating the Performance of Longitudinal Barriers on Curved, Superelevated Off-Ramps

Research Conclusions and Guidelines for Longitudinal Barriers on CSORs

o VDA results were used to determine situations that warranted deeper analyses using simulation.

o Finite element simulations were undertaken to investigate the impact performance (i.e., physics)
of selected vehicles actually impacting one of three types of barriers placed on a CSOR. This effort
generated many simulations that may be a useful resource for studying problem locations.

 The simulation analyses focused on varied impact conditions to evaluate the performance of
New Jersey concrete, G4(1S) W-beam, and MGS barriers using MASH criteria.

o The results indicated some potential for failures, but options for addressing the problems exist.

o Full-scale crash tests were conducted, which were deemed to validate the simulation analyses.
These also demonstrated approaches for conducting future tests of barriers that may be used
on CSORs.

The findings from all three aspects of the research were summarized and translated into proposed
actions that could increase barrier safety on CSORs. Needs for future research were also defined.
This final report documents the analyses and results from the project. These provide the necessary
understanding of barrier effectiveness that can be applied to generate or update agency recommen-
dations for effective design, selection, and installation of longitudinal barriers on CSORs.

6.5 Needs for Future Research

The findings presented in this report provide a solid basis for agencies to assess and improve their
guidelines and practices for deploying longitudinal barriers on CSORs. The results suggest that these
findings can enhance safety, but as things change, the guidelines will need to be updated. The follow-
ing list of topics may warrant future efforts to expand the guidelines, address changing conditions,
and consider new barrier treatments and vehicle capabilities:

e Assess other conditions at CSOR sites to expand guidelines and understanding of impact
likelihood and consequences:
- Formulate tables structured to reflect other conditions or related aspects, such as transitions.
- Assess varied hardware.
- Consider new or emerging vehicle types.
- Consider other factors (e.g., vehicle loading, driver input, braking, slippery roads) and a
combination of these factors (e.g., yawing and braking).
 Aid agencies in addressing the adequacy of their design guidelines.
o Consider the implications of new and alternative barriers in testing and approval routines for
their applicability on CSORs.
o Address crash testing needs:
- Consider testing conditions that improve representation of ramp conditions.
- Consider needs for additional imagery, data items, and impact conditions.
- Define testing requirements specific to barriers on CSORs to include in MASH.
« Incorporate new research findings:
- VDA and crash simulation tools provide important perspectives and data on CSOR crashes
and a means to assess and compare specific conditions or agency standards.
- Tabular summaries of effective interface areas provide fundamental guidelines for barrier
selection and deployment. Shaded areas highlight critical conditions.
— Establish a basis for developing standards for barriers on ramps that consider ramp features.
- Demonstrate viability of testing protocols for basic conditions.
— Identify the importance of and needs for improved barrier installation guidelines for CSORs.

Overall, the findings provide valuable insights for improving the design, selection, and instal-
lation of longitudinal barriers on CSORs. However, additional research and updates to guidelines
may be needed as conditions change, new barrier treatments are developed, and vehicle capabili-
ties evolve.
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The following appendices can be found on the National Academies Press webpage for NCHRP
Research Report 1138: Evaluating the Performance of Longitudinal Barriers on Curved, Superelevated
Off-Ramps (https://doi.org/10.17226/28589) under “Resources at a Glance”:
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Appendix B: Links to State DOT Documents

Appendix C: Finite Element Model Validations

Appendix D: FE Simulation Results - New Jersey Shape Concrete Barrier
Appendix E: FE Simulation Results — 31” W-Beam Barrier (MGS)
Appendix F: FE Simulation Results — 34” Thrie Beam Barrier (SGR-09b)
Appendix G: Summary Report for Test 22010

Appendix H: Summary Report for Test 22011

Appendix I: Summary Report for Test 22013

Appendix J: Summary Report for Test 22014
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ASTM
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DOE
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FRA
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PHMSA
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SAE
SAFETEA-LU

TCRP
TEA-21
TRB

TSA
US.DOT

Abbreviations and acronyms used without definitions in TRB publications:

Airlines for America

American Association of Airport Executives

American Association of State Highway Officials
American Association of State Highway and Transportation Officials
Airports Council International-North America

Airport Cooperative Research Program

Americans with Disabilities Act

American Public Transportation Association

American Society of Civil Engineers

American Society of Mechanical Engineers

American Society for Testing and Materials

American Trucking Associations

Community Transportation Association of America
Commercial Truck and Bus Safety Synthesis Program
Department of Homeland Security

Department of Energy

Environmental Protection Agency

Federal Aviation Administration

Fixing America’s Surface Transportation Act (2015)
Federal Highway Administration

Federal Motor Carrier Safety Administration

Federal Railroad Administration

Federal Transit Administration

Governors Highway Safety Association
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National Cooperative Freight Research Program
National Cooperative Highway Research Program
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National Transportation Safety Board

Pipeline and Hazardous Materials Safety Administration
Research and Innovative Technology Administration
Society of Automotive Engineers

Safe, Accountable, Flexible, Efficient Transportation Equity Act:
A Legacy for Users (2005)

Transit Cooperative Research Program

Transportation Equity Act for the 21st Century (1998)
Transportation Research Board

Transportation Security Administration

United States Department of Transportation
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