VOLUME 6

NATIONAL
COOPERATIVE
HIGHWAY

RESEARCH

OF THE NATIONAL ACADEMIES



TRANSPORTATION RESEARCH BOARD EXECUTIVE COMMITTEE 2003 (Membership as of March 2003)

OFFICERS

Chair: Genevieve Giuliano, Director and Professor, School of Policy, Planning, and Development, University of Southern California,
Los Angeles

Vice Chair: Michael S Townes, Executive Director, Transportation District Commission of Hampton Roads, Hampton, VA

Executive Director: Robert E. Skinner, Jr., Transportation Research Board

MEMBERS

MICHAEL W. BEHRENS, Executive Director, Texas DOT

JOSEPH H. BOARDMAN, Commissioner, New York Sate DOT

SARAH C. CAMPBELL, President, TransManagement, Inc., Washington, DC

E. DEAN CARLSON, Secretary of Transportation, Kansas DOT

JOANNE F. CASEY, President, Intermodal Association of North America

JAMES C. CODELL 11, Secretary, Kentucky Transportation Cabinet

JOHN L. CRAIG, Director, Nebraska Department of Roads

BERNARD S. GROSECLOSE, JR., President and CEO, South Carolina Sate Ports Authority

SUSAN HANSON, Landry University Professor of Geography, Graduate School of Geography, Clark University

LESTER A. HOEL, L. A. Lacy Distinguished Professor, Department of Civil Engineering, University of Virginia

HENRY L. HUNGERBEELER, Director, Missouri DOT

ADIB K. KANAFANI, Cahill Professor and Chairman, Department of Civil and Environmental Engineering, University of California
at Berkeley

RONALD F. KIRBY, Director of Transportation Planning, Metropolitan Washington Council of Governments

HERBERT S. LEVINSON, Principal, Herbert S Levinson Transportation Consultant, New Haven, CT

MICHAEL D. MEYER, Professor, School of Civil and Environmental Engineering, Georgia Institute of Technology

JEFF P. MORALES, Director of Transportation, California DOT

KAM MOVASSAGHI, Secretary of Transportation, Louisiana Department of Transportation and Devel opment

CAROL A. MURRAY, Commissioner, New Hampshire DOT

DAVID PLAVIN, President, Airports Council International, Washington, DC

JOHN REBENSDOREF, Vice President, Network and Service Planning, Union Pacific Railroad Co., Omaha, NE

CATHERINE L. ROSS, Executive Director, Georgia Regional Transportation Agency

JOHN M. SAMUELS, Senior Vice President-Operations Planning & Support, Norfolk Southern Corporation, Norfolk, VA

PAUL P. SKOUTELAS, CEO, Port Authority of Allegheny County, Pittsburgh, PA

MARTIN WACHS, Director, Institute of Transportation Studies, University of California at Berkeley

MICHAEL W. WICKHAM, Chairman and CEO, Roadway Express, Inc., Akron, OH

MIKE ACOTT, President, National Asphalt Pavement Association (ex officio)

MARION C. BLAKEY, Federal Aviation Administrator, U.SDOT (ex officio)

REBECCA M. BREWSTER, President and CEO, American Transportation Research Institute, Atlanta, GA (ex officio)
THOMASH. COLLINS (Adm., U.S. Coast Guard), Commandant, U.S. Coast Guard (ex officio)

JENNIFER L. DORN, Federal Transit Administrator, U.SDOT (ex officio)

ELLEN G. ENGLEMAN, Research and Special Programs Administrator, U.SDOT (ex officio)

ROBERT B. FLOWERS (Lt. Gen., U.S. Army), Chief of Engineers and Commander, U.S. Army Corps of Engineers (ex officio)
HAROLD K. FORSEN, Foreign Secretary, National Academy of Engineering (ex officio)

EDWARD R. HAMBERGER, President and CEO, Association of American Railroads (ex officio)

JOHN C. HORSLEY, Executive Director, American Association of Sate Highway and Transportation Officials (ex officio)
MICHAEL P. JACKSON, Deputy Secretary of Transportation, U.SDOT (ex officio)

ROGER L. KING, Chief Applications Technologist, National Aeronautics and Space Administration (ex officio)

ROBERT S. KIRK, Director, Office of Advanced Automotive Technologies, U.S Department of Energy (ex officio)

RICK KOWALEWSKI, Acting Director, Bureau of Transportation Satistics, U.SDOT (ex officio)

WILLIAM W. MILLAR, President, American Public Transportation Association (ex officio)

MARY E. PETERS, Federal Highway Administrator, U.SDOT (ex officio)

SUZANNE RUDZINSKI, Director, Office of Transportation and Air Quality, U.S. Environmental Protection Agency (ex officio)
JEFFREY W. RUNGE, National Highway Traffic Safety Administrator, U.SDOT (ex officio)

ALLAN RUTTER, Federal Railroad Administrator, U.SDOT (ex officio)

ANNETTE M. SANDBERG, Deputy Administrator, Federal Motor Carrier Safety Administration, U.SDOT (ex officio)
WILLIAM G. SCHUBERT, Maritime Administrator, U.SDOT (ex officio)

NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM

Transportation Research Board Executive Committee Subcommittee for NCHRP
GENEVIEVE GIULIANO, University of Southern California,

Los Angeles (Chair)
E. DEAN CARLSON, Kansas DOT MARY E. PETERS, Federal Highway Administration
LESTER A. HOEL, University of Virginia ROBERT E. SKINNER, JR., Transportation Research Board

JOHN C. HORSLEY, American Association of Sate Highway and MICHAEL S. TOWNES, Transportation District Commission
Trangportation Officials of Hampton Roads, Hampton, VA



NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM

NCHRP REPORT 500

Guidance for Implementation of the
AASHTO Strategic Highway Safety Plan

Volume 6: A Guide for Addressing
Run-0ff-Road Collisions

TIMOTHY R. NEUMAN
CH2M HILL
Chicago, IL

RONALD PFEFER
Maron Engineering, Ltd.
Zikhron Yaacov, Israel

KEVIN L. SLACK
KELLY KENNEDY HARDY
CH2M HILL
Herndon, VA

ForRrEsST CouNcIL
BMI
Chapel Hill, NC

HuGH McGEE
LEANNE PROTHE
KIMBERLY EccCLES
BMI
Vienna, VA

SuBJECT AREAS
Safety and Human Performance

Research Sponsored by the American Association of State Highway and Transportation Officials
in Cooperation with the Federal Highway Administration

TRANSPORTATION RESEARCH BOARD

WASHINGTON, D.C.
2003
www.TRB.org



NATIONAL COOPERATIVE HIGHWAY RESEARCH
PROGRAM

Systematic, well-designed research provides the most effective
approach to the solution of many problems facing highway
administrators and engineers. Often, highway problems are of local
interest and can best be studied by highway departments
individually or in cooperation with their state universities and
others. However, the accel erating growth of highway transportation
develops increasingly complex problems of wide interest to
highway authorities. These problems are best studied through a
coordinated program of cooperative research.

In recognition of these needs, the highway administrators of the
American Association of State Highway and Transportation
Officials initiated in 1962 an objective national highway research
program employing modern scientific techniques. This program is
supported on a continuing basis by funds from participating
member states of the Association and it receivesthefull cooperation
and support of the Federal Highway Administration, United States
Department of Transportation.

The Transportation Research Board of the National Academies
was requested by the Association to administer the research
program because of the Board's recognized objectivity and
understanding of modern research practices. The Board is uniquely
suited for this purpose as it maintains an extensive committee
structure from which authorities on any highway transportation
subject may be drawn; it possesses avenues of communications and
cooperation with federal, state and local governmental agencies,
universities, and industry; its relationship to the National Research
Council is an insurance of objectivity; it maintains a full-time
research correlation staff of specialists in highway transportation
mattersto bring the findings of research directly to those who arein
aposition to use them.

The program is developed on the basis of research needs
identified by chief administrators of the highway and transportation
departments and by committees of AASHTO. Each year, specific
areas of research needs to be included in the program are proposed
to the National Research Council and the Board by the American
Association of State Highway and Transportation Officials.
Research projectsto fulfill these needs are defined by the Board, and
qualified research agencies are selected from those that have
submitted proposals. Administration and surveillance of research
contracts are the responsibilities of the National Research Council
and the Transportation Research Board.

The needs for highway research are many, and the National
Cooperative Highway Research Program can make significant
contributions to the solution of highway transportation problems of
mutual concern to many responsible groups. The program,
however, isintended to complement rather than to substitute for or
duplicate other highway research programs.

Note: The Transportation Research Board of the National Academies, the
National Research Council, the Federal Highway Administration, the American
Association of State Highway and Transportation Officials, and the individual
states participating in the National Cooperative Highway Research Program do
not endorse products or manufacturers. Trade or manufacturers’ names appear
herein solely because they are considered essential to the object of this report.

NCHRP REPORT 500: Volume 6

Project G17-18(3) FY’00

ISSN 0077-5614

ISBN 0-309-08760-0

Library of Congress Control Number 2003104149

© 2003 Transportation Research Board

Price $21.00

NOTICE

The project that is the subject of this report was a part of the National Cooperative
Highway Research Program conducted by the Transportation Research Board with the
approval of the Governing Board of the National Research Council. Such approval
reflects the Governing Board's judgment that the program concerned is of national
importance and appropriate with respect to both the purposes and resources of the
National Research Council.

The members of the technical committee selected to monitor this project and to review
this report were chosen for recognized scholarly competence and with due
consideration for the balance of disciplines appropriate to the project. The opinionsand
conclusions expressed or implied are those of the research agency that performed the
research, and, whilethey have been accepted as appropriate by thetechnical committee,
they are not necessarily those of the Transportation Research Board, the National
Research Council, the American Association of State Highway and Transportation
Officials, or the Federal Highway Administration, U.S. Department of Transportation.

Each report is reviewed and accepted for publication by the technical committee
according to procedures established and monitored by the Transportation Research
Board Executive Committee and the Governing Board of the National Research
Council.

Published reports of the
NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM

are available from:

Transportation Research Board
Business Office

500 Fifth Street, NW
Washington, DC 20001

and can be ordered through the Internet at:

http://www.nati onal -academi es.org/trb/bookstore

Printed in the United States of America



THE NATIONAL ACADEMIES

Advisers to the Nation on Science, Engineering, and Medicine

The National Academy of Sciencesis a private, nonprofit, self-perpetuating society of distinguished schol-
ars engaged in scientific and engineering research, dedicated to the furtherance of science and technology
and to their use for the general welfare. On the authority of the charter granted to it by the Congress in
1863, the Academy has a mandate that requires it to advise the federal government on scientific and techni-
cal matters. Dr. Bruce M. Albertsis president of the National Academy of Sciences.

The National Academy of Engineering was established in 1964, under the charter of the National Acad-
emy of Sciences, as a parallel organization of outstanding engineers. It is autonomous in its administration
and in the selection of its members, sharing with the National Academy of Sciences the responsibility for
advising the federal government. The National Academy of Engineering also sponsors engineering programs
aimed at meeting national needs, encourages education and research, and recognizes the superior achieve-
ments of engineers. Dr. William A. Wulf is president of the National Academy of Engineering.

The Institute of Medicine was established in 1970 by the National Academy of Sciences to secure the
services of eminent members of appropriate professions in the examination of policy matters pertaining to
the health of the public. The Institute acts under the responsibility given to the National Academy of
Sciences by its congressional charter to be an adviser to the federal government and, on its own
initiative, to identify issues of medical care, research, and education. Dr. Harvey V. Fineberg is president
of the Institute of Medicine.

The National Research Council was organized by the National Academy of Sciencesin 1916 to associate
the broad community of science and technology with the Academy’s purposes of furthering knowledge and
advising the federal government. Functioning in accordance with general policies determined by the Acad-
emy, the Council has become the principal operating agency of both the National Academy of Sciences and
the National Academy of Engineering in providing services to the government, the public, and the scientific
and engineering communities. The Council is administered jointly by both the Academies and the Institute
of Medicine. Dr. Bruce M. Alberts and Dr. William A. Wulf are chair and vice chair, respectively, of the
National Research Council.

The Transportation Research Board is a division of the National Research Council, which serves the
National Academy of Sciences and the National Academy of Engineering. The Board's mission is to promote
innovation and progress in transportation by stimulating and conducting research, facilitating the
dissemination of information, and encouraging the implementation of research results. The Board's varied
activities annually engage more than 4,000 engineers, scientists, and other transportation researchers and
practitioners from the public and private sectors and academia, all of whom contribute their expertisein the
public interest. The program is supported by state transportation departments, federal agencies including
the component administrations of the U.S. Department of Transportation, and other organizations and
individualsinterested in the development of transportation. www.TRB.org

www.national-academies.org



COOPERATIVE RESEARCH PROGRAMS STAFF FOR NCHRP REPORT 500

ROBERT J. REILLY, Director, Cooperative Research Programs
CRAWFORD F. JENCKS, NCHRP Manager

CHARLESW. NIESSNER, Senior Program Officer

EILEEN P. DELANEY, Managing Editor

BETH HATCH, Assistant Editor

ANDREA BRIERE, Associate Editor

NCHRP PROJECT G17-18(3) PANEL
Field of Traffic—Area of Safety

THOMASE. BRYER, Camp Hill, PA (Chair)

LEANNA DEPUE, Central Missouri Sate University
ADELE DERBY, Alexandria, VA

BARBARA HARSHA, Governors Highway Safety Association, Washington, DC
BRUCE IBARGUEN, Maine DOT

MARGARET “MEG” MOORE, Texas DOT

KIM F. NY STROM, Nystrom Consulting, Gold River, CA
PETERF. “PETE” RUSCH, FHWA

RUDY UMBS, FHWA

ANTHONY D. WYATT, North Carolina DOT

JESSE BLATT, NHTSA Liaison Representative

RAY KRAMMES, FHWA Liaison Representative

KEN KOBETSKY, AASHTO Liaison Representative
RICHARD PAIN, TRB Liaison Representative



FOREWORD

By Charles W. Niessner
Saff Officer
Transportation Research
Board

Thegoal of the AASHTO Strategic Highway Safety Plan isto reduce annual high-
way fatalities by 5,000 to 7,000. This goal can be achieved through the widespread
application of low-cost, proven countermeasures that reduce the number of crasheson
the nation’ s highways. This sixth volume of NCHRP Report 500: Guidance for Imple-
mentation of the AASHTO Strategic Highway Safety Plan provides strategies that can
be employed to reduce the number run-off-road collisions. The report will be of par-
ticular interest to safety practitioners with responsibility for implementing programsto
reduce injuries and fatalities on the highway system.

In 1998, AASHTO approved its Strategic Highway Safety Plan, which was devel-
oped by the AASHTO Standing Committee for Highway Traffic Safety with the assis-
tance of the Federal Highway Administration, the National Highway Traffic Safety
Administration, and the Transportation Research Board Committee on Transportation
Safety Management. The plan includes strategies in 22 key emphasis areas that affect
highway safety. The plan’s goal is to reduce the annual number of highway deaths by
5,000 to 7,000. Each of the 22 emphasis areas includes strategies and an outline of what
is needed to implement each strategy.

NCHRP Project 17-18(3) is developing a series of guides to assist state and local
agenciesin reducing injuries and fatalities in targeted areas. The guides correspond to
the emphasis areas outlined in the AASHTO Strategic Highway Safety Plan. Each
guide includes a brief introduction, a general description of the problem, the strate-
gies/countermeasures to address the problem, and a model implementation process.

This is the sixth volume of NCHRP Report 500: Guidance for Implementation
of the AASHTO Strategic Highway Safety Plan, a series in which relevant informa-
tion is assembled into single concise volumes, each pertaining to specific types of
highway crashes (e.g., run-off-road, head-on) or contributing factors (e.g., aggressive
driving). An expanded version of each volume, with additional reference material
and links to other information sources, is available on the AASHTO Web site at
http://transportationl.org/safetyplan. Future volumes of the report will be published
and linked to the Web site as they are completed.

While each volume includes countermeasures for dealing with particular crash
emphasisareas, NCHRP Report 501.: I ntegrated Management Processto Reduce High-
way Injuries and Fatalities Satewide provides an overall framework for coordinating
a safety program. The integrated management process comprises the necessary steps
for advancing from crash datato integrated action plans. The process includes method-
ologiesto aid the practitioner in problem identification, resource optimization, and per-
formance measurements. Together, the management process and the guides provide a
comprehensive set of tools for managing a coordinated highway safety program.
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SECTION 1

Summary

Introduction

The American Association of State Highway and Transportation Officials’s (AASHTO's)
Strategic Highway Safety Plan identified 22 goals to pursue in order to significantly reduce
highway crash fatalities. One of the plan’s hallmarks is to comprehensively approach safety
problems. The range of strategies available in the guides will ultimately cover various
aspects of the road user, the highway, the vehicle, the environment, and the management
system. The guides strongly encourage the user to develop a program to tackle a particular
emphasis area from each perspective in a coordinated manner. To facilitate this, the
electronic form of the material uses hypertext links to enable seamless integration of various
approaches to a given problem. As more guides are developed for other emphasis areas, the
extent and usefulness of this integration will become ever more apparent.

AASHTO's overall goal is to move away from independent activities of engineers, law
enforcement, educators, judges, and other highway safety specialists and to move toward
coordinated efforts. The implementation process outlined in the series of guides promotes
forming working groups and alliances that represent all of the elements of the safety system.
In this formation, highway safety specialists can draw upon their combined expertise to
reach the bottom-line goal of targeted reduction of crashes and fatalities associated with a
particular emphasis area.

Goal 15 in the Strategic Highway Safety Plan is Keeping Vehicles on the Roadway, and Goal 16
is Minimizing the Consequences of Leaving the Road. Subsequently, three emphasis areas
evolved from these two goals:

* Run-off-road (ROR) crashes,
¢ Head-on crashes, and
¢ Crashes with trees in hazardous locations.

The common solution to these emphasis areas is to keep the vehicle in the proper lane. While
this solution will not eliminate crashes with other vehicles, pedestrians, bicyclists, and trains
that may be in the path of the vehicle, it will eliminate many fatalities caused when a vehicle
strays from the lane onto the roadside or into oncoming traffic. This section deals with ROR
crashes.

ROR crashes involve vehicles that leave the travel lane and encroach onto the shoulder and
beyond and hit one or more of any number of natural or artificial objects, such as bridge
walls, poles, embankments, guardrails, parked vehicles, and trees. (Because trees are the
most abundant objects along the road, they are treated as a separate emphasis area.) ROR
crashes usually involve only a single vehicle, although an ROR vehicle hitting a parked
vehicle could be considered a multivehicle crash. An ROR crash, which typically consists of
a vehicle encroaching onto the right shoulder and roadside, can also occur on the median
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side where the highway is separated or on the opposite side when the vehicle crosses the
opposing lanes of a nondivided highway.

Reducing the likelihood that a vehicle will leave the roadway through roadway design (e.g.,
flattening curves or installing shoulder rumble strips) prevents deaths and injuries resulting
from ROR crashes. When an errant vehicle does encroach on the roadside, fatalities and
injuries can be reduced if an agency either can minimize the likelihood of the vehicle
crashing into an object (e.g., through object removal) or overturning (e.g., sideslope
flattening) or can reduce the severity of the crash (e.g., by installing breakaway devices).

Objectives of the Emphasis Area

To reduce the number of ROR fatality crashes, the objectives should be to

* Keep vehicles from encroaching on the roadside,

* Minimize the likelihood of crashing or overturning if the vehicle travels off the shoulder,
and

* Reduce the severity of the crash.

Explanation of Objectives

The ideal objective of good design is to keep the vehicle in the travel lane. For vehicles that
do cross the outside edge of pavement, a related objective is to enable the driver to safely
recover on the shoulder before encountering the roadside. Motorists do not purposely move
onto the shoulder unless they need to pull over to slow or stop their vehicle. However,
errant vehicles will cross over onto the shoulder, with many proceeding onto the roadside,
resulting in an ROR crash. The reasons for such errant events are varied and include
avoiding a vehicle, object, or animal in the travel lane; inattentive driving due to distraction,
fatigue, sleep, or drugs; the effects of weather on pavement conditions; and traveling too fast
through a curve or down a grade. There are also a number of roadway design factors that
can increase the probability that a driver error will become an ROR crash (e.g., travel lanes
that are too narrow, substandard curves, and unforgiving shoulders and roadsides).
Strategies can be applied to deal with the ROR crashes caused by these factors.

If the motorist travels onto the roadside, the probability of a crash occurring depends upon
the roadside features, such as the presence and location of fixed objects, shoulder edge
dropoff, sideslopes, ditches, and trees. If the roadside is fairly flat without objects and the
soil can support the vehicle tires, then the probability of a serious crash is minimal (indeed,
in many cases the motorist may fully recover and no ROR crash is reported). Conversely,
where the roadside is populated with a continuous line of different types of objects and
features, the sideslope is too steep for the vehicle to recover or if the soil produces “vehicle
tripping,” then the probability of a serious crash is high. Therefore, there are strategies
directed at reducing the number and density of possibly hazardous roadside features that
would contribute to the likelihood of an ROR crash given a roadside encroachment.

The final objective, reducing the severity of the crash, can be met by changes in the design of
the roadside features (e.g., making roadside hardware more forgiving or modifying
sideslopes to prevent rollovers) and by changes in the vehicle (e.g., better restraint systems
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or improved side protection) or by increased occupant use of available restraints. While
increased use of restraints would probably provide the greatest benefit, the emphasis in this
discussion is on roadway-related improvements.

Exhibit I-1 lists objectives and related strategies for reducing the consequences of ROR
crashes. Details of these strategies are covered in the following narrative. It should be noted
that this is not a comprehensive list of all possible strategies to reduce ROR crashes. For
example, roadway design or rehabilitation strategies such as building wide lanes or adding
lane width on entire systems or subsystems or using positive guidance principals in new
roadway design can clearly affect ROR crashes. However, these strategies are most likely
employed in the design phase for new facilities or rehabilitation of long sections of roadways
and are often high-cost improvements. AASHTO chose to concentrate efforts in this guide

EXHIBIT I-1
Emphasis Area Objectives and Strategies

Objectives Strategies

15.1 A—Keep vehicles from 15.1 Al—Install shoulder rumble strips

encroaching on the roadside ) i i ) )
15.1 A2—Install edgeline “profile marking,” edgeline rumble strips or

modified shoulder rumble strips on section with narrow or no paved
shoulders

15.1 A3—Install midlane rumble strips

15.1 Ad—Provide enhanced shoulder or in-lane delineation and marking for
sharp curves

15.1 A5—Provide improved highway geometry for horizontal curves
15.1 A6—Provide enhanced pavement markings
15.1 A7—Provide skid-resistant pavement surfaces
15.1 A8—Apply shoulder treatments
¢ Eliminate shoulder drop-offs (E)*

« Widen and/or pave shoulders (P)*

15.1 B—Minimize the likelihood  15-1 B1—Design safer slopes and ditches to prevent rollovers (see
of crashing into an object or “Improving Roadsides,” page V-36)

overturning if the vehicle travels

15.1 B2—Remove/relocate objects in hazardous locations (see “Improving
off the shoulder

Roadsides,” page V-36)

15.1 B3—Delineate trees or utility poles with retroreflective tape

15.1.C—Reduce the severity of  15.1 C1—Improve design of roadside hardware (e.g., light poles, signs,
the crash bridge rails) (see “Improving Roadsides,” page V-36)

15.1 C2—Improve design and application of barrier and attenuation systems
(see “Improving Roadsides,” page V-36)

* An explanation of (E) and (P) appears on page V-3.
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on lower-cost strategies that can be implemented quickly; these strategies can also be
applied to “spots” on the roadway (e.g., lane widening on hazardous curves). With few
exceptions, it is these lower-cost, quickly implementable strategies that are covered below.

Target of the Objectives

The first objective addresses ways to communicate with the driver. However, there are other
strategies for fulfilling this objective that target highway design features that could
contribute to a crash (e.g., shoulder drop-offs and pavements with low skid resistance). The
second objective employs strategies that focus on the highway, with more concentration
devoted to nonfreeway facilities, especially to higher-speed rural roads. Higher-design
facilities such as freeways have fairly wide shoulders and more forgiving, wider clear zones.
Features within the clear zone are shielded from traffic by barriers and crash attenuation
devices. On the other hand, there is an extensive system of mostly two-lane rural high-speed
roadways that do not have these features. Crash data analyses show that this rural two-lane
system is particularly vulnerable to ROR crashes and should be targeted for appropriate
measures. Some of the same strategies appropriate for these two-lane, rural, high-speed
roads can also be implemented on suburban and urban streets and on freeways. Vehicle
design, restraint features and usage, and design of roadside features and roadside geometry
are all valid targets for the third objective, reducing the severity of ROR crashes. Finally,
another approach to comprehensively address ROR safety problems is to replace the
independent activities of engineers, law enforcement personnel, educators, judges, and other
highway safety specialists with cooperative efforts, an approach reiterated in this guide.
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Introduction

The American Association of State Highway and Transportation Officials’s (AASHTO's)
Strategic Highway Safety Plan identified 22 goals to pursue in order to significantly reduce
highway crash fatalities. One of the plan’s hallmarks is to comprehensively approach safety
problems. Goal 15 in the Strategic Highway Safety Plan is Keeping Vehicles on the Roadway,
and Goal 16 is Minimizing the Consequences of Leaving the Road. Subsequently, three emphasis
areas evolved from these two goals:

* Run-off-road (ROR) crashes,
¢ Head-on crashes, and
¢ Crashes with trees in hazardous locations.

The common solution to these goal areas is to keep the vehicle in the proper lane. While this
may not eliminate crashes with other vehicles, pedestrians, bicyclists, or trains, it would
eliminate many fatalities that result when a vehicle strays from the lane onto the roadside or
into oncoming traffic.

This emphasis area deals with ROR crashes associated with vehicles that leave the travel
lane, encroach onto the shoulder and beyond, and hit one or more of any number of natural
or artificial objects, such as bridge walls, poles, embankments, guardrails, parked vehicles, or
trees. (Because trees are the most abundant objects along the road, they are treated as a
separate emphasis area.)

ROR crashes usually involve only a single vehicle, although a ROR vehicle hitting a parked
vehicle could be considered a multivehicle crash. A ROR crash, which consists of a vehicle
encroaching onto the right shoulder and roadside, can also occur on the median side where
the highway is separated or on the opposite side when the vehicle crosses the opposing lanes
of a nondivided highway.

Reducing the likelihood that a vehicle will leave the roadway through roadway design (e.g.,
flattening curves or installing shoulder rumble strips) can prevent deaths and injuries
resulting from ROR crashes. When an errant vehicle does encroach on the roadside, fatalities
and injuries can be reduced if an agency can either (a) minimize the likelihood of the vehicle
crashing into an object (e.g., through object removal or relocation) or overturning (e.g.,
through sideslope flattening or improved ditch design) or (b) reduce the severity of the crash
(e.g., installing breakaway devices).

AASHTO's overall goal is to move away from independent activities of engineers, law
enforcement, educators, judges, and other highway safety specialists and toward coordinated
efforts. The implementation process outlined in the guides promotes forming working
groups and alliances that represent all of the elements of the safety system. In this formation,
highway safety specialists can draw upon their combined expertise to reach the bottom-line
goal of targeted reduction of crashes and fatalities associated with a particular emphasis
area.
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SEcCTION III

The Type of Problem Being Addressed

General Description of the Problem

The 1999 statistics from the Fatality Analysis Reporting System (FARS) show that nearly

39 percent of the 37,043 fatal crashes were single-vehicle ROR crashes on various road types
(see Exhibit III-1).

EXHIBIT 11I-1
Single-Vehicle ROR Crashes as a Percentage of All Fatal Crashes

T

Other (19.90%) .

_ . SV ROR (38.90%)
Sideswipe (1.60%)

Angle (20.40%)

Y
Y

‘ Rear-end (5.20%)
Head-on (14.00%) -

Source: FARS 1999

For two-lane, undivided, noninterchange, nonjunction roadways exclusively, there were
8,901 (24 percent) single-vehicle ROR crashes. Exhibit III-2 shows how single-vehicle ROR
crashes on two-lane roads are distributed by roadway functional classification. There are
more than twice as many ROR fatal crashes on rural roads than on urban roads, partly due
to the higher speeds on rural roads and to the greater mileage.

Exhibits III-3 and I1I-4 show the distribution of ROR crashes by first harmful event and most
harmful event for the same accident and roadway type, the latter being of higher severity
(i.e., death) and the former being the first event or object hit, which may or may not result in
injury or fatality. Attention should be focused on the first harmful event for strategies that
deal with eliminating or protecting drivers from various roadside objects and to the most
harmful event for strategies that minimize the severity of crashes when collisions with such
objects occur. As noted, the objects that are hit most often are trees.
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EXHIBIT 111-2
Distribution of Single-Vehicle ROR Fatalities on Two-Lane, Undivided, Noninterchange, Nonjunction Roads by
Highway Type (Source: 1999 FARS Data)
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EXHIBIT 11I-3
Distribution of Single-Vehicle ROR Fatalities for Two-Lane, Undivided, Noninterchange, Nonjunction Roads by First
Harmful Event (Source: 1999 FARS Data)
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* Other includes events that each represent less than 0.5 percent of the total first harmful events: bridge
parapet end, immersion, shrubbery, longitudinal barriers (concrete or other), pedal cycle, other noncollision,
fire hydrant, snow bank, fell/jumped from vehicle, transport device used as equipment, animal, unknown,
pavement surface irregularity, fire/explosion, other type of nonmotorist, vehicle occupant struck or run over

by own vehicle, impact attenuator/crash cushion, railroad train, or gas inhalation.
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EXHIBIT 1lI-4
Distribution of Single-Vehicle ROR Fatalities for Two-Lane, Undivided, Noninterchange, Nonjunction Roads by
Most Harmful Event (Source: 1999 FARS Data)
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* Other inciudes events that each represent less than 0.5 percent of the total first harmful events: bridge
parapet end, immersion, shrubbery, longitudinal barriers (concrete or other), pedal cycle, other noncollision,
fire hydrant, snow bank, fell/jumped from vehicle, transport device used as equipment, animal, unknown,
pavement surface irregularity, fire/explosion, other type of nonmotorist, vehicle occupant struck or run over
by own vehicle, impact attenuator/crash cushion, railroad train, or gas inhalation.

Specific Attributes of the Problem

While vehicles are more likely to leave the roadway along curves, most ROR fatalities on all
roads and on two-lane rural roads are on tangent sections, as shown in Exhibit III-5. For all
roads, 42 percent of the 1999 ROR fatal crashes were on curves and 58 percent on tangents.
For two-lane rural roads, the percentage of ROR fatal crashes on curves increased to

50 percent. The fact that more crashes occur on tangents for all roads most likely reflects the
fact that most road sections are tangent. However, it is clear that both tangents and curves
have significant problems and warrant treatment. As seen below, strategies are suggested
for both curve and tangent sections.
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EXHIBIT 11I-5
Distribution of Single-Vehicle ROR Crashes between Tangent and Curved Sections

Single-Vehicle ROR Crashes on Single-Vehicle ROR Crashes on
All Roads Two-Lane Rural Roads

42%
OCurves

HETangents

58% 50% 50%

As would be expected, roadside features cause the most damage in a ROR crash. FARS data
for all roadway classes indicate that the most harmful event is most likely to be an overturn
(42.1 percent of 1999 ROR single-vehicle fatalities), an impact with a tree (25.4 percent), an
impact with a utility pole (7.2 percent), or an impact with a ditch or embankment

(4.9 percent). Most other roadside objects (e.g., culverts, posts, or guardrails) are the most
harmful event in 2 percent or less of the fatalities. For two-lane rural roads, the percentages
for most harmful event are similar—an overturn (44.5 percent of 1999 ROR single-vehicle
fatalities), an impact with a tree (28.7 percent), an impact with a utility pole (8.0 percent), or
an impact with a ditch or embankment (5.0 percent). As all of these features are either
necessary elements of the roadway, commonly found along the roadside, or both, strategies
are needed to protect the vehicle and its occupants when it has failed to remain on the
roadway.
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SECTION IV

Index of Strategies by Implementation
Timeframe and Relative Cost

Exhibit IV-1 provides a classification of strategies according to the expected timeframe and
relative cost for this emphasis area. In several cases, the implementation time will be
dependent upon such factors as the agency’s procedures, the length of roadway involved,
the need for additional right-of-way, and the need to follow environmental impact
processes. The range of costs may also vary for some of these strategies because of many of
the same factors. Placement in the table below is meant to reflect the most common expected
application of the strategy.

EXHIBIT 1V-1
Classification of Strategies According to Expected Timeframe and Relative Cost

Relative Cost to Implement and Operate

Timeframe for Moderate to
Implementation Strategy Low Moderate High High
Short (<1 year) 15.1 Al—Install rumble strips O

15.1 A3—Install midlane rumble strips O

15.1 A4—Provide enhanced delineation O
of sharp curves

15.1 A6—Provide enhanced pavement O
markings
15.1 B3—Remove/relocate objects in O

hazardous locations?

Medium (1-2 15.1 A7—Provide skid-resistant O
(vears) pavements

15.1 A8—Eliminate shoulder drop-off® O

15.1 B1—Provide shoulder treatments® [l
or four-lane sections at key locations*

15.1 B2—Design safer slopes and ditches H

O

15.1 C1—Improve roadside hardware

15.1 C2—Improve barrier and attenuation 0
systems

(continued on next page)
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EXHIBIT IV-1 (Continued)
Classification of Strategies According to Expected Timeframe and Relative Cost

Relative Cost to Implement and Operate

Timeframe for Moderate to

Implementation Strategy Low Moderate High High

Long (>2 years) 15.1 A5—Improve horizontal curve [l
geometry?

a Removal/relocation of some objects (e.g., bridge abutments and drainage structures) can be costly, depending
upon the object. It is assumed here, however, that most objects will be small appurtenances.

b The action could be done in a short timeframe. However, it is assumed to be done at little extra cost as part of
a regular repaving program.

¢ The classification of shoulder treatments and safer slopes and ditches as moderate-cost or moderate-to-high-
cost treatments assumes that no additional right-of-way is needed. If right-of-way is needed, the cost could be
high and the time required would be long.

4 Although the AASHTO Strategic Highway Safety Plan is focused upon relatively low-cost, short-term strategies,
there are some higher-cost strategies such as curve flattening that have potential for such significant
effectiveness that they have been included. Curve flattening would primarily be applicable in rehabilitation,
resurfacing, and restoration (3R) and reconstruction projects that have been programmed outside the context of
the AASHTO plan initiative.
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SECTION V

Description of Strategies

Objectives

The objectives for reducing the number of ROR fatality crashes are to

* Keep vehicles from encroaching on the roadside,

* Minimize the likelihood of crashing or overturning if the vehicle travels off the shoulder,
and

* Reduce the severity of crashes that occur.

The ideal objective of good roadway design is to keep the vehicle in the travel lane. A
secondary but related objective for a vehicle that inadvertently crosses the edgeline is to
allow it to recover safely before going beyond the shoulder (if present) or back onto the
roadside. Motorists will not purposely move onto the shoulder unless they need to pull over
to slow or stop their vehicle. However, errant vehicles will cross over onto the shoulder and
then the roadside, ending in an ROR crash. The reasons for inadvertent roadside
encroachments are varied and include avoiding a vehicle, object, or animal in the travel lane;
inattentive driving due to distraction, fatigue, sleep, or drugs; the effects of weather on
pavement conditions; and traveling too fast through a curve. Several roadway design factors
can also increase the probability that a driver error will become an ROR crash: travel lanes
that are too narrow, substandard curves, and unforgiving shoulders and roadsides. Specific
strategies can be applied to deal with ROR crashes caused by these factors. If a motorist
travels onto the roadside, the probability of a crash depends to some extent on the speed of
the vehicle and the driver’s experience and capabilities. However, for normal travel on
higher-speed roads, the crash probability, and primarily its severity, depends more upon
roadside features, such as the presence and location of fixed objects, shoulder drop-off,
sideslopes, ditches, and trees. If the roadside is fairly flat without objects and the soil can
support the vehicle tires, the probability of a serious crash is minimal (and in many cases the
driver fully recovers and there is no reported ROR crash). Conversely, when there is a
continuous line of different types of objects and features or when the soil produces “vehicle
tripping,” the probability of a serious crash is high. Therefore, there are strategies directed at
reducing the number and density of possible hazardous roadside features or the proximity
of these features to the traveled way.

The final objective, reducing the severity of the crash, can be met by changes in the design of
roadside features (e.g., making roadside hardware more forgiving or modifying sideslopes
to prevent rollovers) and by changes in the vehicle (e.g., better restraint systems or improved
side protection) or by increased occupant use of available restraints. A combination of
strategies appears appropriate, with increased use of restraints providing the greatest
benefit. This discussion focuses on roadway-related improvements.

Exhibit V-1 lists the objectives and several related strategies to reduce the consequences of
ROR crashes. Details of these strategies are covered below. This is not a comprehensive
listing of all possible strategies to reduce ROR crashes. For example, roadway design or
rehabilitation strategies (such as building wide lanes or adding lane width on entire systems
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or subsystems) or the use of positive guidance principles in new roadway design can clearly
affect ROR crashes. However, these strategies are most likely used in the design phase for
new facilities or rehabilitation of long sections of roadways and are often high-cost
improvements. AASHTO has chosen to concentrate efforts in this guide on lower-cost
strategies that can be implemented relatively quickly, including strategies that can be
applied to “spots” on the roadway (e.g., lane widening on hazardous curves). With few
exceptions, it is these lower-cost, quickly implementable strategies that are covered below.

EXHIBIT V-1
Emphasis Area Objectives and Strategies

Objectives Strategies
15.1 A—Keep vehicles from 15.1 Al—Install shoulder rumble strips (T)
encroaching on the roadside 15.1 A2—Install edgeline “profile marking,” edgeline rumble strips or

modified shoulder rumble strips on section with narrow or no paved
shoulders (E)

15.1 A3—Install midlane rumble strips (E)

15.1 A4—Provide enhanced shoulder or in-lane delineation and
marking for sharp curves (P/T/E)

15.1 A5—Provide improved highway geometry for horizontal
curves (P)

15.1 A6—Provide enhanced pavement markings (T)
15.1 A7—Provide skid-resistant pavement surfaces
15.1 A8—Apply shoulder treatments

 Eliminate shoulder drop-offs (E)

* Widen and/or pave shoulders (P)

15.1 B—Minimize the 15.1 B1—Design safer slopes and ditches to prevent rollovers (see
likelihood of crashing into an “Improving Roadsides,” page V-36) (P)

object or overturning if the 15.1 B2—Remove/relocate objects in hazardous locations (see
vehicle travels beyond the “Improving Roadsides,” page V-36) (P)

edge of the shoulder . . . .
9 15.1 B3—Delineate trees or utility poles with retroreflective tape (E)

15.1 C—Reduce the severity 15.1 C1—Improve design of roadside hardware (e.g., bridge rails)
of the crash (see “Improving Roadsides,” page V-36) (T)

15.1 C2—Improve design and application of barrier and attenuation
systems (see “Improving Roadsides,” page V-36) (T)

Note: The following page explains (T), (E), and (P) demarcations.

Types of Strategies

The strategies in this ROR guide were identified from a number of sources, including the
literature, contact with state and local agencies throughout the United States, and federal
programs. Some of the strategies are widely used, while others are primarily an
experimental idea of a single individual or agency. Some have been subjected to
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well-designed evaluations to prove their effectiveness. However, it was found that many
strategies, including some that are widely used, have not been adequately evaluated.

The implication of the widely varying experience with these strategies, as well as of the
range of knowledge about their effectiveness, is that the reader should be prepared to
exercise caution in many cases before adopting a particular strategy for implementation. To
help the reader, the strategies have been classified into three types, each identified by a
letter:

* Tried (T)—Those strategies that have been implemented in a number of locations and
that may even be accepted as standards or standard approaches, but for which there
have not been found valid evaluations. These strategies—while in frequent, or even
general, use—should be applied with caution, carefully considering the attributes cited
in the guide and relating them to the specific conditions for which they are being
considered. Implementation can proceed with some degree of assurance that there is not
likely to be a negative impact on safety and very likely to be a positive one. It is intended
that as the experiences of implementation of these strategies continue under the
AASHTO Strategic Highway Safety Plan initiative, appropriate evaluations will be
conducted so that effectiveness information can be accumulated to provide better
estimating power for the user and the strategy can be upgraded to a “proven” (P) one.

* Experimental (E)}—Those strategies that have been suggested and that at least one
agency has considered sufficiently promising to try on a small scale in at least one
location. These strategies should only be considered after the others have proven not to
be appropriate or feasible. Even where they are considered, their implementation should
initially occur using a very controlled and limited pilot study that includes a properly
designed evaluation component. Only after careful testing and evaluations show the
strategy to be effective should broader implementation be considered. It is intended that
as the experiences of such pilot tests are accumulated from various state and local
agencies, the aggregate experience can be used to further detail the attributes of this type
of strategy so that it can be upgraded to a “proven” (P) one.

* Proven (P)—Those strategies that have been used in one or more locations and for which
properly designed evaluations have been conducted that show it to be effective. These
strategies may be employed with a good degree of confidence, but any application can
lead to results that vary significantly from those found in previous evaluations. The
attributes of the strategies that are provided will help the user judge which strategy is
the most appropriate for the particular situation.

Targeting the Objectives

The first objective, keeping vehicles on the roadway, addresses various means of
communicating with the driver. However, other strategies for fulfilling this objective target
highway design features that could contribute to a crash (e.g., shoulder drop-offs and
pavement with low skid resistance).

The second objective, minimizing the likelihood of an ROR crash given an encroachment,
uses strategies that focus on the highway, with more concentration devoted to nonfreeway
facilities and especially to higher-speed rural roads. Higher-design facilities such as
freeways typically have fairly wide shoulders and more forgiving, wider clear zones.
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Features within the clear zone are shielded from traffic by barriers and crash attenuation
devices. However, there is an extensive system of mostly two-lane, rural, high-speed
roadways that do not have these features. The crash data presented earlier show that this
system is particularly vulnerable to ROR crashes and should be targeted for appropriate
measures. Vehicle design, restraint features and usage, and design of roadside features are
all valid targets associated with the third objective, reducing the severity of ROR crashes.

The largest part of the ROR crash problem is on two-lane, rural, high-speed roads. Therefore,
most of the emphasis in the following discussion of strategies is oriented to this road class.
This is not to imply that there is no ROR problem on suburban or urban streets. Many of the
strategies included in this guide could be implemented on such roadways, since many
suburban roadways have “near-rural” designs. However, the strategy may well be restricted
on these streets and roads by restricted right-of-way and preexisting roadside conditions
(e.g., curbs and sidewalks, utility poles adjacent to the travel lane, and bicycle paths) that
will prevent implementation of strategies oriented to the “shoulder” or “roadside.” The
urban safety engineer will have to rely on strategies related to keeping the driver in the
travel lane (e.g., enhanced pavement markings, roadside delineation, and skid-resistant
pavement).

There are also many miles of rural two-lane roads that carry significant traffic at fairly high
speeds that are also characterized by very limited rights-of-way. These conditions limit the
range of strategy choices. Some experimental strategies (see definition above) have been
included that are oriented to these types of roadways (e.g., profile marking, edgeline rumble
strips, modified rumble strips for narrow shoulders, various pavement markings at
horizontal curves, and the delineation of utility poles and trees). These same strategies might
be considered for urban and suburban streets. As is emphasized below, these strategies are
considered experimental, since no valid effectiveness evaluations have been found. The user
should not substitute these strategies for the “proven” strategies when the latter can be
implemented.

Related Strategies for Creating a Truly Comprehensive
Approach

The strategies listed above and described in detail below are those considered unique to this
emphasis area. However, to create a truly comprehensive approach to the highway safety
problems associated with this emphasis area, five types of related strategies should be
included as candidates in any program planning process:

* DPublic Information and Education (P1&E) Programs—Many highway safety programs
can be effectively enhanced with a properly designed PI&E campaign. The traditional
emphasis with PI&E campaigns in highway safety is to reach an audience across an
entire jurisdiction or a significant part of it. However, there may be a reason to focus a
PI&E campaign on a location-specific problem. While this is a relatively untried
approach, as compared with areawide campaigns, use of roadside signs and other
experimental methods may be tried on a pilot basis.

Within this guide, where the application of PI&E campaigns is deemed appropriate, it is
usually in support of some other strategy. In such a case, the description for that strategy
will suggest this possibility (see the attribute area for each strategy entitled “Associated
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Needs”). In some cases, specialized PI&E campaigns are deemed unique for the
emphasis area and are detailed in the guide. In the future, additional guides may
exclusively address the details regarding PI&E strategy design and implementation.

Enforcement of Traffic Laws—Well-designed and -operated law enforcement programs
can have a significant effect on highway safety. It is well established, for instance, that an
effective way to reduce crashes (and their severity) is to have jurisdictionwide programs
that enforce an effective law against driving under the influence (DUI) or driving
without seat belts. When that law is vigorously enforced with well-trained officers, the
frequency and severity of highway crashes can be significantly reduced. This should be
an important element in any comprehensive highway safety program.

Enforcement programs, by nature, are conducted at specific locations. The effect (e.g.,
lower speeds, greater use of seat belts, and reduced impaired driving) may occur at or
near the specific location where the enforcement is applied. This effect can often be
enhanced by coordinating the effort with an appropriate PI&E program. However, in
many cases (e.g., speeding and seat belt usage), the impact is areawide or
jurisdictionwide. The effect can be either positive (i.e., the desired reductions occur over
a greater part of the system) or negative (i.e., the problem moves to another location as
road users move to new routes where enforcement is not applied). Where it is not clear
how the enforcement effort may impact behavior or where an innovative and untried
method could be used, a pilot program is recommended. Within this guide, where the
application of enforcement programs is deemed appropriate, it is often in support of
some other strategy. Many of those strategies may be targeted at either a whole system
or a specific location. In such cases, the description for that strategy will suggest this
possibility (see the attribute area for each strategy entitled “ Associated Needs for, or in
Relation to, Support Services”). In some cases, where an enforcement program is deemed
unique for the emphasis area, the strategy will be detailed. As additional guides are
completed, they may detail the design and implementation of enforcement strategies.

Strategies to Improve Emergency Medical and Trauma System Services—Treatment of

injured parties at highway crashes can significantly impact the level of severity and length
of time during which an individual spends treatment. This is especially true when it
comes to timely and appropriate treatment of severely injured persons. Thus, a basic part
of a highway safety infrastructure is a well-based and comprehensive emergency care
program. While the types of strategies included here are often thought of as simply
support services, they can be critical to the success of a comprehensive highway safety
program. Therefore, an effort should be made to determine whether there are improve-
ments that can be made to this aspect of the system, especially for programs focused upon
location-specific (e.g., corridors) or area-specific (e.g., rural areas) issues. Additional guides
may detail the design and implementation of emergency medical system strategies.

Strategies Directed at Improving the Safety Management System—The management of
the highway safety system is foundational to success. There should be a sound
organizational structure, as well as infrastructure of laws, policies, etc., to monitor,
control, direct, and administer a comprehensive approach to highway safety. A
comprehensive program should not be limited to one jurisdiction, such as a state
department of transportation (DOT). Local agencies often must deal with most of the
road system and its related safety problems and are more familiar with its problems.
Additional guides may detail the design and implementation of strategies for improving
safety management systems.
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* Strategies that Are Detailed in Other Emphasis Area Guides—Any program targeted at
the safety problem covered in this emphasis area should be created having given due
consideration to the inclusion of other applicable strategies covered in the following
guides:

— Trees in Hazardous Locations

— Head-On Crashes,

— Utility Pole Crashes (work in progress), and

— Crashes on Horizontal Curves (work in progress).

Objective 15.1 A—Keep Vehicles from Encroaching on the
Roadside

Strategy 15.1 A1—Shoulder Rumble Strips
General Description

Shoulder rumble strips are crosswise —

grooves in the road shoulder (Exhibit V2).
States have developed various design
dimensions, but generally they are about 0.5
inches deep, spaced about 7 inches apart,
and cut in groups of four or five. They can
be rolled into hot asphalt or concrete as it is
laid, or they can be milled in later. Vehicle
tires passing over shoulder rumble strips
produce a sudden rumbling sound and
cause the vehicle to vibrate, thereby alerting
inattentive, drowsy, or sleeping drivers of
encroachment on the shoulder and possibly
onto the roadside. Rumble strips have been
used primarily on expressways and freeways, although some states install them on two-lane
rural roads with a high number of single-vehicle crashes.

EXHIBIT V-2
Shoulder Rumble Strips

Many agencies have long used rumble strips on the roadway itself to alert drivers to
unexpected or particularly important features ahead. Cross-lane rumble strips are
commonly used in advance of stop signs on rural highways or in advance of construction
zones. While the application of rumble strips on the shoulder is relatively new as an ROR
safety strategy, there is considerable experience and information on design and construction,
operational qualities, and the performance of shoulder rumble strips on freeways. Thus, this
strategy is “proven”! for such freeways. Due to the current use in some states, but lack of
effectiveness information, shoulder rumble strips are considered a “tried” strategy for
two-lane roads.

Additional details concerning current practice with rumble strips can be found on the
Federal Highway Administration’s (FHWA's) “Rumble Strip Community of Practice” Web

1 See explanation of ratings on page V-3.
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page at the following address: http:/ /safety.fhwa.dot.gov/programs/rumble.htm. This site
provides definitions of types of rumble strips used, detailed construction drawings,
effectiveness estimates, and interviews with users and other experts, among other
information. Information and details describing, for example, the three major types of
rumble strips (milled, rolled [or formed], and raised) are given on the FHWA Web page.

Shoulder rumble strips are compatible with other strategies designed to reduce the
likelihood or severity of roadside encroachments and can sometimes be implemented in the
same project effort with appropriate planning at little or no additional cost (e.g., inclusion of
rumble strips in safety-based shoulder reconstruction or curve-flattening efforts).

EXHIBIT V-3
Strategy Attributes for Shoulder Rumble Strips

Technical Attributes

Target Drivers of errant vehicles, using sound and sensation to directly alert the individual of
encroachment or pending encroachment.

Expected On freeways, shoulder rumble strips have proven to be a very effective way to warn

Effectiveness drivers that they are leaving or are about to leave the road. According to FHWA,

several studies have estimated that rumble strips can reduce the rate of ROR crashes
by 20 to 50 percent. Further statistics regarding effectiveness for specific programs
are documented below. However, these crash reduction statistics apply to freeways.

While this strategy is currently implemented on nonfreeways by a number of
jurisdictions, there is little information on the safety effectiveness of shoulder rumble
strips on these roads. Further evaluation is clearly needed. Care should be taken in
extrapolating freeway application experience to the two-lane highway system. On one
hand, the rumble strips could be less effective since freeway design provides the
errant driver with a wider clear zone in which to recover after hitting the strip. On many
two-lane roads, the clear zone—often just a shoulder—is much more limited. In such
cases, the driver has little opportunity to recover even when given a warning.
However, rumble strips could be more effective on two-lane roads for basically the
same reason: since two-lane roads have much less clear zone and much more
hazardous roadsides (less breakaway objects, more severe sideslopes, objects closer
to roadway), a higher proportion of excursions from the travel lane may become
crashes. Moreover, the quality of the roadway alignment is generally worse on two-
lane versus freeway facilities, and hence the need for such warning to keep drivers on
the road is greater. Similarly, most freeways commonly include full 12-foot lanes, while
there are many high-speed two-lane rural highways with lane widths as narrow as 10
feet. Thus, if the shoulder rumble strips are effective, they could prevent more crashes
per excursion. While it is not possible to determine which set of assumptions is
correct, shoulder rumble strips should produce measurable benefits somewhat
consistent with those demonstrated in studies for freeways. In the absence of such
information, the following studies provide effectiveness estimates for shoulder rumble
strips on freeways and expressways.

The New York State Thruway Authority (NYSTA) installed continuous milled-in
shoulder rumble strips on all four shoulders of 485 roadway miles of thruway between
1992 and 1993. In its before/after evaluation, NYSTA used accident data provided by
the state police assigned specifically to the toll road system. One year of before data
(1991) and 1 year of after data (1997) were used for the study (Exhibit V-4). Only
single-vehicle ROR crashes with certain “causes” were selected for the study because
“it was believed that these specific run-off-road crashes were indicative of those that
could be mitigated by the use of continuous shoulder rumble strips and correcting the

(continued on next page)
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EXHIBIT V-3 (Continued)

Strategy Attributes for Shoulder Rumble Strips

Keys to Success

V-8

driver’s behavior” (Perrillo, 1998). These causes included use of alcohol or drugs,
driver inattention or inexperience, fatigue, illness, passenger distraction, and glare.
Exhibit V-4 shows the reduction of crashes observed from 1991 to 1997.

In a companion study by the New York DOT of 300 miles of additional nonthruway
mileage, the reduction of ROR crashes, resulting from driver inattention, fatigue, and
drowsiness, is reported to be 65 percent with the installation of milled-in shoulder rumble
strips (New York State DOT, 1998). The initial study also developed benefit-cost ratios
for the rumble-strip installation program. The cost of installation was $3,995 per roadway
mile for continuous rumble strips on all four paved shoulders. Hence, the total cost of
installation for 485 roadway miles was more than $1.9 million. Using the cost of
highway crashes as defined by the FHWA and assuming a yearly accident savings as
summarized in Exhibit V-4, the total accident savings per year is $58.9 million. Assuming
that the shoulder rumble strips have a maintenance-free lifespan of 6 years and that the
yearly accident savings is as calculated by comparing 1991 data and 1997 data, the
benefit-cost ratio equaled 186. Such a high benefit-cost ratio indicated shoulder rumble
strips to be an extremely beneficial treatment.

In a recent study, the FHWA used data extracted from the Highway Safety Information
System (HSIS) to study continuous rolled-in shoulder rumble strips installed on 284
miles of rural and urban freeway in lllinois and 122 miles in California. Where possible,
the author used two different before/after methodologies, one involving “yoked” or
paired comparison sites and one involving a nonpaired comparison group. In contrast
with the more restricted group of accident types in the New York Thruway study, all
single-vehicle ROR crashes were studied here. The lllinois data indicated an 18.3-
percent reduction in single-vehicle ROR crashes on all freeways combined and a 13-
percent reduction in single-vehicle ROR injury crashes. Both reductions were
statistically significant. Comparable reductions on lllinois rural freeways were 21.1
percent for single-vehicle ROR crashes and 7.3 percent for injury crashes. California
data for the combined urban and rural freeways indicated a 7.3-percent reduction in
single-vehicle ROR crashes, but the finding was not statistically significant.

It is difficult to specify a crash reduction factor for shoulder rumble strips on rural two-
lane roads. There have been no effectiveness studies on such roads, and the effect
could be logically hypothesized to be either less than or greater than on freeways.
There are also differences in the estimated effects on freeways, with crash decreases
ranging from 7 percent of total single-vehicle crashes to 90 percent of single-vehicle
crashes related to driver inattention or fatigue. Part of this wide range is the result of
differing crash types being studied (i.e., the more selective the crash type, as in the
New York studies, the greater the effect will be). Part may also stem from
effectiveness differences between milled-in rumble strips (in the New York studies)
and rolled-in strips (in the FHWA study). However, no study has been identified that
specifically addresses this potential difference in effectiveness. A “best guess” at this
time might be a 20- to 30-percent reduction in single-vehicle ROR crashes on rural
freeways, with less effect on urban freeways. For the reasons cited above, it is difficult
to define even a “best guess” for two-lane rural roads. With no specific study on these
roads, one might assume a similar effect to that seen on rural freeways—a 20- to 30-
percent reduction in single-vehicle ROR crashes.

If the use of shoulder rumble strips on freeways continues to be as effective as studies
indicate, states should readily adopt them on these roads. The key to increased
installation on two-lane and other nonfreeway roads would appear to be further proof
of effectiveness on these roads and resolution of incompatibility issues such as
bicycle use, noise, etc. (See “Potential Difficulties” below.) The use of prototype
studies is suggested to establish the validity of extending this strategy to nonfreeway
facilities. It will also be important to identify appropriate road sections—sites where
ROR crashes are a problem and continuous shoulder rumble strips can be installed.
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EXHIBIT V-3 (Continued)

Strategy Attributes for Shoulder Rumble Strips

Potential
Difficulties

Incompatibilities may exist between shoulder rumble strips and bicycle use. Since the
transportation community encourages increased bicycle use, this may become a
serious issue. In a recent Draft Technical Advisory on Roadway Shoulder Rumble
Strips, FHWA has noted its full support of AASHTO'’s position, as stated in the 1999
AASHTO Guide for the Development of Bicycle Facilities, that

Rumble strips or raised pavement markers ... are not recommended where
shoulders are used by bicyclists unless there is a minimum clear path of 0.3 m
(1 foot) from the rumble strip to the traveled way, 1.2 m (4 feet) from the rumble strip
to the outside edge of paved shoulder, or 1.5 m (5 feet) to adjacent guardrail, curb
or other obstacle. (Draft Technical Advisory on Roadway Shoulder Rumble Strips)

In that same advisory, the FHWA describes current state efforts to develop bicycle-
friendly rumble strip programs and stresses the need for states to regularly sweep
shoulders to remove debris where rumble strips and bicycles coincide in order to allow
the bicyclists to use the outer rather than inner part of the paved shoulder.

It is also noted that the Association of Pedestrian and Bicycle Professionals (APBP)
has commented on these guidelines (see http://www.apbp.org/). Key suggestions for
locations with bike traffic include only using rumble strips on two-lane roads where
there is a significant, demonstrated crash problem (rather than a systemwide
approach), minimizing the depth of the cut to 3/8 inch, preferably retaining 8 feet of
clear paved shoulder outside the rumble strip, installing the strip at or under the
edgeline rather than leaving the 1-foot “no man’s land” between the edgeline and
rumble strip, using 12-inch-wide strips with gaps, and no installation of rumble strips
where there will be 4 feet or less of clear paved shoulder after installation without
“overwhelming justification” and without warning signs to bicyclists.

In its early use of rumble strips, Pennsylvania would only use raised (edgeline) rumble
strips where there was at least 4 feet of paved shoulder in order to accommodate
bicycle use. The state required a minimum of 4 feet of paved shoulder for shoulder
rumble strips and preferred 6 to 8 feet. Because of these concerns, Pennsylvania has
developed a design to make shoulder rumble strips “bicycle-tolerable.” Working for the
Pennsylvania DOT, the Pennsylvania Transportation Institute researched alternative
designs to alert motorists without being disruptive to bicyclists. The resulting design,
which is used on shoulders at least 6 feet wide, is a 3/s-inch-deep cut that is 5 inches
wide with a 7-inch space between cuts. The rumble strips begin 6 inches off the edge
of the pavement. The Transportation Institute also recommended a similar pattern,
except with a 6-inch space between cuts for lower-speed roads. Research in
Pennsylvania continues on an appropriate design for roadways with narrower
shoulders (2 to 4 feet). (See Appendix 1 for detailed drawings.) Due to similar
concerns, California DOT (Caltrans) tested the vibration, noise, and subjective comfort
levels of 11 different rumble strip configurations using passenger cars, trucks,
volunteer bicyclists and State Highway Patrol motorcyclists. Based upon a
combination of results from the different tests, Caltrans adopted new standard rolled-
in and milled-in rumble-strip designs for routes with bicycle usage. Where the shoulder
is less than 5 feet wide, the policy allows for the use of raised/inverted profile
thermoplastic traffic strips as the edgeline. See Exhibit V-5.

Note that a similar raised edgeline design was modified in Great Britain due to bicycle
and motorcycle concerns. The raised ribs in the final design are approximately /4 inch
high. Details can be found at http://www.roads.dft.gov.uk/roadnetwork/ditm/tal/signs/
02_95/index.htm. Of course, discouraging bicycle use on roadways prone to ROR
crashes may be the appropriate thing to do (or providing safer, separated bicycle
facilities within the same general corridor). To the extent that shoulder rumble strips

(continued on next page)
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EXHIBIT V-3 (Continued)

Strategy Attributes for Shoulder Rumble Strips

Appropriate
Measures and
Data
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would be used in a site-specific versus systemwide basis, this apparent conflict may be
manageable. At least one state noted that motorcyclists may not be able to recover as
well from riding along a rumble strip as from a normal paved shoulder. However, testing
by Caltrans involving a very small sample of four state highway patrol motorcyclists
indicated that the motorcyclists had no problems traversing any of the designs tested.

Other potential pitfalls include complications with snow removal, shoulder
maintenance requirements, and noise. With respect to adverse weather, ice and snow
can collect in rumble strips. When the trapped water freezes, icy conditions may
occur. However, the drainage designed for shoulders, as well as the speed,
turbulence, and vibrations from passing vehicles, tends to knock the ice from the
rumble strips. Continuous shoulder rumble strips also have proven to be an asset to
truck drivers during inclement weather. The shoulder rumble strips aid in determining
the edge of the roadway when low visibility makes it difficult to see painted roadway
edges and markings. (Note, however, that North Carolina has found that the
raised/inverted profile edgelines do not tolerate snowplowing.)

With respect to maintenance, Pennsylvania has not noted any additional maintenance
required for the rumble strips installed on interstates with shoulders in good condition.
Neither Massachusetts nor New York has noted any degradation over the past 3
years. Indeed, in some user states, rumble strips have been shown to help snowplows
find the edge of the travel lanes. While some states have expressed a concern that
the installation of rumble strips might lead to pavement deterioration, the FHWA
“Rumble Strip Community of Practice” Web page indicates that this does not occur
with proper installation. Finally, with respect to degradation, Kansas is changing its
rumble strip policy, which allowed rolled-in strips, to one requiring milled-in strips. This
change is due to Kansas's observation that rolled-in strips have a tendency to “heal
over” and reduce effectiveness over time.

There have been reports of noise complaints where shoulder rumble strips have been
installed. New installations should acknowledge this concern and make provisions
where necessary. Implementing a program of rumble strips systemwide should
consider local sensitivities to maintain support for such a program.

Finally, there is not a crash-proven rumble strip design for two-lane roads without
paved shoulders or with very narrow paved shoulders (e.g., 2 feet wide). This is a
significant problem for some state agencies and many county and local agencies
where most or all two-lane roads do not have paved shoulders. It is possible that the
effectiveness of shoulder rumble strips may well be lessened from freeway
experience, by poor or narrow shoulders that exist on many two-lane highways, so
that even an “alerted” motorist might not be able to safely recover. However, given the
numbers of such miles in the United States, there is clearly a need to test some
potential designs. (See sections below concerning possible experimental strategies.)

Process measures of program effectiveness would include the number of miles of
road or the number of hazardous locations where rumble strips are installed.

Impact measures include the number of ROR crashes reduced at these locations and
the changes in total crashes. If possible, the impact measure should include potential
“crash migration” (i.e., crashes occurring on downstream sections where rumble strips
have not been applied, but where drowsy drivers may still be on the road) effects on
adjacent roadways.

The advent of low-cost vehicle-sensing and recording devices might allow for the use
of a surrogate measure based upon the number of encroachments onto the shoulder
over a specific section of road (e.g., a curve). In addition to process and crash data,
the agency should also collect information on acceptance by the public and by
bicyclists and on any adverse noise problems for adjacent properties.
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EXHIBIT V-3 (Continued)
Strategy Attributes for Shoulder Rumble Strips

Associated Needs There have been a few reports of people who mistook the sounds produced by the
rumble strips as car trouble. A public information or education campaign, as well as
standard installation, should eliminate such misinterpretations. However, current
moves to standardized use on freeways may provide the most effective public training.

Organizational and Institutional Attributes

Organizational, First, if the agency does not have a design policy for rumble strips that can be
Institutional, and retrofitted to shoulders, one may need to be developed. Additionally, a policy
Policy Issues regarding the types of two-lane road sections where placement is acceptable may be

necessary. While many states have established specific design and placement
policies for shoulder rumble strips on freeways and other access-controlled facilities,
specific criteria for two-lane or other nonfreeway roads were much more limited. For
example, Minnesota policy states that “Rumble strips can also be placed on the
shoulders of two-lane roads at the discretion of the District.” Since 1991, the Kansas
DOT has had a policy requiring shoulder rumble strips to be included on all
reconstruction or new construction projects with a full width (8- to 10-foot) shoulder.
Such strips were also required if full-width shoulders were being overlaid with a
minimum of 1 inch of asphalt. This policy primarily pertains to freeways and
expressways since few two-lane rural roads have full-width shoulders. However,
Kansas is installing the rumble strips on its “Super-Two” sections—sections with 12-
foot lanes and full-width shoulders. Finally, rolled-in strips on asphalt pavements tend
to deform over time, thus reducing the size of the cuts and lessening their
effectiveness. Due to these problems with “healing” rolled-in strips, Kansas is now
considering a revision of this policy, which would mandate milled-in rumble strips.
Review of freeway-related policies from Connecticut, New Hampshire, New Jersey,
Massachusetts, Maine, and Minnesota indicate that factors to be considered in such
policies include bicycle accommodation/routes, minimum shoulder width where
allowable, offset from edgeline, placement on or near bridge decks, use at
intersections, speed limits, and other factors. Second, while this strategy is
implemented by the state DOT, there is a clear need for the inclusion of bicycle
transportation offices or groups to be involved early in the planning process for
treatment of nonfreeways.

Issues Affecting Shoulder rumble strip programs can be implemented quickly, certainly within a year of
Implementation an agency deciding to proceed. They can be implemented as components of both new
Time construction and rehabilitation projects.

Costs Involved Due to increased installation and technological advances, the cost of continuous

shoulder rumble strips has decreased over the years. For instance, in 1990, the New
York DOT reported paying $6.18 per linear meter compared with $0.49 per linear
meter in 1998. Specific cost of installation on the New York Thruway was reported to
be $3,995 per roadway mile for rumble strips on all four shoulders. The cost includes
milling in the rumble strips, sweeping and discarding excess asphalt, and maintaining
and protecting traffic. The Pennsylvania DOT reports an average cost of $0.25 per
foot or $2,640 per mile for the installation of milled-in rumble strips on the shoulders
on both sides of two-lane roads. Incremental costs would be even less for rumble
strips being implemented concurrently with reconstruction or resurfacing of a highway.

Training and There appear to be no special personnel needs for implementing this strategy. Either
Other Personnel agency personnel or contractors could do the installation. The need for training will
Needs depend on whether the agency has been using retrofitted rumble strips on freeways or

other roadways. If not, either agency personnel or contractor personnel will need to be
trained in proper installation techniques.

(continued on next page)
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EXHIBIT V-3 (Continued)
Strategy Attributes for Shoulder Rumble Strips

Legislative Needs There do not appear to be any special legislative needs.

Other Key Attributes

One benefit of shoulder rumble strips is that, unlike other safety measures whose
effectiveness may decrease over time as their “novelty” wears off, rumble strips
primarily affect only drowsy or other inattentive drivers. Concern has been expressed
that if fatigue-related crashes are prevented on one section of roadway, the problem
may be transferred to another section. While the FHWA attempted to examine this
issue, no data have been found to support or dispel the theory. Such a possibility may
be reduced by public education urging fatigued drivers (particularly those who ride
over the rumble strips and recover their vehicle from running off the road) to stop and
rest before continuing.

EXHIBIT V-4
Before and After Data for Selected Single-Vehicle ROR Crashes on the
New York Thruway (Source: New York State Police)
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EXHIBIT V-5
California Raised/Inverted Profiled Thermoplastic Edgeline
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Information on Agencies or Organizations Currently Implementing this Strategy

Almost all states have experience with shoulder rumble strips on interstates and other
freeways. Some states are beginning to use them on two-lane roads. For example, as
described in Appendix 2, Maryland has installed shoulder rumble strips on a limited
number of miles of two-lane highways. Pennsylvania is currently installing “edgeline
rumble strips” on the edgelines of two-lane roads with 4-foot shoulders (see Appendix 1). As
noted above, Pennsylvania, California, and Colorado DOTs have developed a “bicycle-
tolerable” rumble strip for use on such roads. As described in Appendix 3, Kansas is
currently changing its rumble strip policy to move to milled-in strips only and has used
shoulder rumble strips on limited sections of “Super Two” roadways (i.e., two-lane roads
with wider lanes and full shoulders).

Strategy 15.1 A2—Rumble Strips for Roads with Narrow or Unpaved Shoulders
(Experimental Treatment)

Most agencies require fairly wide paved shoulders before rumble strips will be installed (e.g.,
at least 4 feet in Pennsylvania, and 6 to 8 feet preferably in Pennsylvania and other states).
However, state and local agencies are often faced with locations having high ROR crashes
and either no paved shoulder or a very limited paved shoulder. In many cases, these roads
are also characterized by lower average daily traffic (ADT) and limited right-of-way. Thus,
widening and paving a shoulder for use with rumble strips may not be a viable option.

Three experimental® treatments that might be considered include a milled-in “edgeline”
rumble strip design placed on the edgeline (see Exhibit V-6), the above-noted
raised/inverted profile thermoplastic profile marker (edgeline) that was tested by California
for use on shoulders of less than 5 feet in width, and a modified “standard” rumble strip
design for use on narrow shoulders (e.g., 2-foot paved shoulders).

EXHIBIT V-6
Typical Drawing Detail for Milled Edgeline Rumble Strips for Noninterstate
and Nonexpressway Use on Roadways (Source: Pennsylvania DOT)
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North Carolina tested the raised/inverted profile marking on a limited sample of about 40 to
50 miles of two-lane rural U.S. routes, but has not completed any effectiveness evaluation
(Appendix 4). Pennsylvania is pilot testing the milled-in edgeline rumble strip on sections
with 4-foot paved shoulders and hopes to move to narrower shoulders in the future. Since
this design is on the edgeline, it could be tested on roadways with no paved shoulders. As
shown in Exhibit V-6 above, the Pennsylvania milled-in design is approximately 7 inches

2 See explanation of ratings on page V-3.
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apart, 5 inches wide, 0.25 inches deep, and the width of the edgeline (see Appendix 1 for
contact information).

North Carolina has also initiated a test program on a 9-mile section of rural two-lane
highway with narrow (i.e., 2-foot) paved shoulders. The rumble strip design being used is a
modification of the “standard” milled-in design used in North Carolina. The 7-inch-wide
milled cuts are 3/s inches deep, are separated by 5 inches of unmilled pavement, and extend
12 inches out from the edgeline (Appendix 4).

A major potential problem with the raised/inverted profile edgeline is durability in areas
where snowplowing is done. North Carolina has experienced this problem in its pilot test
and is no longer using this design in areas where snowfall is expected. Local residents have
also complained of noise problems. The potential problems with the milled-in design for
shoulders would be the same—possible (but not proven) complications with snow removal,
shoulder maintenance requirements, and noise. If bicyclists regularly use these roads with
narrow shoulders, the same concerns would exist.

Finally, these treatments have either not been tested or are being pilot tested at this point.
They should not be used in place of other nonexperimental treatments and should be pilot
tested and evaluated before widespread use. The effectiveness of these designs is unknown
and may be well be lessened from the estimates in the previous section, since these sections
have poor or narrow shoulders where even an “alerted” motorist might not be able to safely
recover. However, given the number of miles of such roads in the United States where ROR
crashes do occur, pilot testing of these designs is clearly warranted.

Strategy 15.1 A3—Midlane Rumble Strips (Experimental Treatment)

Midlane rumble strips are an experimental® treatment that might be pilot tested on roadways
with no shoulders or narrow paved shoulders. (This treatment is untested at this point,
should not be used in place of other nonexperimental treatments, and should be pilot tested
and evaluated before widespread use.) Midlane rumble strips appear similar to shoulder
rumble strips—crosswise grooves in the pavement, perhaps 0.5 inch deep, spaced about

4 inches apart, and cut in groups of four or five, but installed in the center of the travel lane
versus on the edge of the shoulder. They can be rolled into hot asphalt or concrete as it is
laid, or they can be milled in later. Details of shoulder rumble strips that could be considered
for use midlane can be found on the FHWA rumble strip Web site at

http:/ /safety.fhwa.dot.gov/programs/rumble.htm.

Midlane rumble strips have the same intent as shoulder rumble strips. When the driver
tracks a path leading to an encroachment on the roadside, the rumble strip acts on the inside
tire (as opposed to the outside tire for shoulder rumble strips) to alert the driver. Unlike
shoulder rumble strips, midlane rumble strips would be compatible with bicycle use, but
may be incompatible with motorcycle use. In addition, there is fear among some designers
and safety engineers that the strip in the center of the lane may become an additional driver
distraction. Since midlane rumble strips should also affect head-on crashes, they might be
considered at locations with both an ROR and a head-on crash problem.

3 See explanation of ratings on page V-3.
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The major potential difficulty with this strategy would be public acceptance, particularly
with motorcyclists. The California DOT had four police motorcyclists test steering and
recovery capabilities on 11 different shoulder rumble strip configurations and found no
problems. However, further testing by nonprofessional riders is needed. Midlane strips
could have other adverse effects, including potential snow removal problems, additional
lane maintenance costs, and noise. Snow removal and maintenance problems have not been
found to be a major issue for shoulder rumbles strips (see discussion in “Potential
Difficulties” for shoulder rumble strips in Exhibit V-3).

Clearly this is a new, experimental intervention that will give a different look and feel to the
roadway. Thus, a public information/education program is necessary to explain the benefits
of the treatment, and public and motorcycle groups should be included in early planning
activities.

In summary, while there are potential problems with this experimental treatment, if
successfully tested, evaluated, and documented, it could provide a new tool for preventing
ROR crashes on roadways where shoulder rumble strips cannot be installed, and the
treatment might provide additional benefits in terms of reduction of head-on crashes.

Strategy 15.1 Ad—Enhanced Delineation of Sharp Curves
General Description

ROR crash risk on rural two-lane roads increases with
degree of curvature. Given the knowledge that sharper
curves result in more shoulder encroachments and
crashes and given that the flattening of the curve may be
too costly, the concept here is to provide drivers with a
clear picture of the sharpness of the curve prior to curve I . Experment
entry, to “warn” drivers of the hazardous situation, or to lf Measdramin
4

Y

Experimental

cause drivers to decrease their speed prior to entering the
curve (Exhibit V-7). The first and second could be done
through improved shoulder delineation (e.g., chevrons or
high-intensity chevrons, large arrow signs, or delineators
on guardrails); by improved curve warning signs (e.g.,
warning signs with flashing beacons); or innovative on- el
pavement markings (e.g., warning arrows on the
pavement prior to the curve). The speed-reduction
treatment would also involve innovative pavement

Pavement
Marking

§J

markings that create a sense of “danger” (e.g., transverse | . gpovoan
lines with decreasing spacing or edgelines that give the - Méssuramart
appearance of a narrowing lane width). As a last resort,

one state installed transverse rumble strips on the EXHIBIT V-7

traveled way prior to the hazardous curve. Enhanced Delineation of Sharp Gurves

The goal is to produce a delineation system “that will produce uniform speeds and
placement throughout the curve. It will negate the need for excessive braking in the curve,
and the absence of a change in speed within the curve is a prime indication that the driver
has correctly perceived road curvature. Also, it will minimize encroachments on the
centerline and edgeline and thereby leave most of the vehicles driving in the center of the
lane” (Jennings and Demetsky, 1983).
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Strategy Attributes

As noted, this strategy involves some type of delineation or pavement marking aimed at
providing precurve information or warning to the driver. The proposed treatments are low-
cost, currently available devices and markings. Since the speed of a vehicle entering a curve
is related to the speed of the vehicle before the curve, it is important to reduce speed on
tangent sections prior to the curve. All treatments suggested here are oriented to that goal.
Speed reduction should result from better driver judgment, from driver recognition of and
reaction to a well-designed and effective warning, or from driver reaction to a “heightened
danger” situation (e.g., pavement markings that create the optical illusion of acceleration
even at a constant speed).

As noted below, the shoulder delineation treatments are considered “proven”* strategies in

terms of crash reduction, while the on-pavement treatments, aimed at warning the driver or
increasing the visible level of hazard, have been “tried” by states, but are not considered
“proven” in terms of crash reductions. This series of treatments is compatible with other
ROR and head-on crash treatments and should not adversely affect other road users such as
bicyclists or motorcyclists.

EXHIBIT V-8
Strategy Attributes for Delineation of Sharp Curves

Technical Attributes

Target Drivers of vehicles entering potentially hazardous curves.
Expected At least limited evaluations of all three types of devices have been conducted. Based
Effectiveness on these studies, well-placed shoulder delineators are a proven crash-reducing

strategy, at least for roads with average or higher designs. The on-pavement
treatments aimed at warning the driver or providing an increased sense of hazard
have been evaluated in terms of speed reduction, but not crash reduction. The
positive findings with respect to speed reductions would place these treatments in the
“tried” category.

In a very well-designed early study of post-mounted delineators on rural two-lane
curves, Foody and Taylor (1966) found them to reduce ROR crashes by 15 percent. In
a more recent nonaccident study, the “curve following behavior” of drivers was studied
before and after rural, two-lane curves were treated with different combinations of
chevron signs, post-mounted delineation, and raised pavement markings. Vehicle
speed and the placement of the vehicle in the lane were measured at 46 sites in
Georgia and 5 in New Mexico. The results for nighttime hours show that vehicles
moved away from the centerline when chevrons were used (i.e., closer to the
edgeline) and even farther away when raised pavement markers were used. When
post-mounted delineators were used, vehicle placement on right curves shifted toward
the centerline (Zador et al., 1987).

Contrasting findings for raised reflector posts were found in a Swedish study by
Kallberg (1993). (Note that this study was not restricted to posts on curves.) The
author concluded that “reflector posts on narrow, curvy, and hilly roads can
significantly increase driving speeds and accidents in darkness.” Specifically, reflector
posts increased accidents on roads with relatively low geometric standards and 50-
mph posted speed limits. Although the specific effects of reflector posts on the lateral

4 See explanation of ratings on page V-3.
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EXHIBIT V-8 (Continued)
Strategy Attributes for Delineation of Sharp Curves

position remain unclear, it is clear that the shift in lateral position (if there is a
significant shift) is toward the edge of the road. This before and after study with control
sites was conducted on roadway segments in Finland. The counterintuitive findings
are supported by the human factors concept of selective visual degradation. This
theory explains that reflector posts do not improve the driver’s ability to detect
potential hazards but do improve the driver’s ability for orientation tasks. This may
reduce the frequency of ROR collisions, but it also may increase speeds and therefore
increase the severity of those ROR crashes that do occur. With respect to warning
messages placed on the pavement, the Insurance Institute for Highway Safety (IIHS)
conducted a study for a single, very sharp curve (~90°) on a suburban two-lane
secondary road in Northern Virginia with a posted speed limit of 35 mph (Retting and
Farmer, 1998). The pavement marking consisted of the word “SLOW” in 8-foot-high
white letters, a white 8-foot-high left curve arrow, and an 18-inch-wide white line
perpendicular to the road at the beginning and end of the text/symbol. Results were
based on before/after changes in mean speed, 90th-percentile speed, and percentage
of vehicles exceeding 35 mph, 40 mph, and 45 mph, as compared with similar data
from a nearby comparison curve that was not treated. The pavement marking was
associated with a decrease in vehicle speed of 6 percent overall and 7 percent during
daytime and late night periods.

The same pavement marking was used in a 1999 study at six sites in Pennsylvania
(Retting, 1999). A before/after study of effects on vehicle speeds showed that these
pavement markings had little effect on the average speed and the 85th-percentile
speed. However, the 95th-percentile speed was reduced significantly. This year, the
marking will be implemented at 200 sites statewide, and IIHS will again evaluate the
effect.

Evaluations of markings on the pavement to slow drivers by heightening “apparent
danger” have been conducted for a number of years both in the United States and
internationally. In a 1979 study for the Ohio DOT, the effects of yellow-bar pavement
markings installed perpendicular to the direction of travel were studied. There were
“reported reductions in traffic speeds, most notably high speeds” resulting from the
pavement markings installed prior to curves (Retting and Farmer, 1998). In a
somewhat limited 1980 before/after study of one particularly hazardous curve on a
rural two-lane road in Meade County, Kentucky, the treatment involved transverse
lines of reflective tape in an ever-tightening pattern designed to slow a vehicle from 55
mph to 35 mph before entering the curve. The pattern consisted of 30 stripes with a
total pattern length of 810 feet, designed to give the illusion of acceleration unless the
driver slowed down. Daytime mean speeds decreased from 41.3 mph to 33.9 mph
immediately after installation. The mean speed increased slightly to 34.9 mph 6
months after installation. Nighttime mean speeds decreased from 40.5 mph to 35.1
mph immediately after installation and increased to 39.1 mph 6 months later. Average
crashes per year decreased from 7.7 in the preceding 6 years to three crashes the
year after installation. An estimated benefit-cost ratio of 45.9 was calculated, and the
authors concluded that the treatment was more effective than signs alone and should
be used at other curves where excessive speed is an accident factor (Agent, 1980). In
a more recent study of “optical speed bars” at approaches to workzones, Meyer
(2001) examined the issue of whether the decrease in speed from transverse striping
was due to the perceptual effects of “increasing speed” with a pattern of stripes with
gradually decreasing spacing or simply from the “warning” given. The author
examined changes in speed as a free-flowing vehicle passed through three adjacent
patterns when entering the work zone. The first pattern of transverse stripes were

(continued on next page)
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EXHIBIT V-8 (Continued)

Strategy Attributes for Delineation of Sharp Curves

Keys to Success

Potential
Difficulties
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equally spaced, the second had ever-decreasing spacing, and the third were much
wider stripes further apart. The data indicated speed reductions of 2 to 3 mph in the
mean and 85th-percentile speeds for each of the patterns. The authors concluded that
there was both “perceptual” and “warning” effects present. They drew no conclusions
concerning which pattern was more effective. No crash data were analyzed. (The
effects could differ between curves and work zones due to the driver’'s judgment of
“hazard” related to each.)

In the earlier noted 1999 study of hazardous curve sites in Pennsylvania, transverse
striping giving the illusion of acceleration was studied at several sites (Retting, 1999).
Unlike the pavement arrow described above, the before/after study showed that these
pavement markings had little effect on the average, 85th-percentile, or 95th-percentile
speeds.

Other pavement markings designed to increase the “apparent danger” of the curvature
have also been evaluated, but not for rural, two-lane curve situations. In a 1998 study
of three urban exit ramps in Virginia and one ramp in New York, an experimental
pavement-marking scheme was investigated. The treatment narrowed the apparent
lane width of the entry to the ramp curve and the ramp curve itself by using a gradual
inward taper of existing edgeline or exit gore pavement markings. Studies of vehicle
speeds at three of the four ramps indicated that the proportion of passenger vehicles
exceeding the posted speed limit by more than 10 mph decreased 20 to 30 percent
while speeds at the control site and upstream site remained the same or increased.
Similar or slightly larger decreases in the percentage of large trucks exceeding the
posted advisory speed by more than 5 mph were also found at the three sites where
the equipment differentiated trucks from other vehicles (Retting et al., 2000).

Finally, in the Netherlands and other European countries, an experimental use of
edgelines has been tried on curves on narrow, low-volume roads where no edgeline
was used in the past (Steyvers and Waard, 1997). Both a solid edgeline and a dashed
edgeline caused vehicles to move away from the roadway edge when compared with
a completely unmarked curve and with a curve with only a centerline. Driving speeds
were slightly higher with the edgelines than with no lines, but slightly lower than when
a centerline only was present. No crash analysis was conducted. While
experimentation with such markings deserves further testing for these low-volume
roads, current Manual of Uniform Traffic Control Devices (MUTCD) guidelines should
be taken into consideration. In summary, there are few studies of the accident-related
effects of these innovative treatments. Based upon the only crash studies available,
post-mounted delineators might be expected to reduce ROR accidents on curves by
approximately 15 percent. There is some question concerning the cost-effectiveness
of continuous use of such devices on narrow, hilly, curvy roads with lower design
standards. While warning symbols on the pavement prior to the curve, pavement
markings “narrowing” the lane, and some transverse markings have been shown to
reduce either mean speed or 95th-percentile speeds, there are no sound accident-
based studies available. Thus, there continues to be a need for well-designed
before/after pilot evaluations of crash experience, particularly for the pavement arrow
and transverse striping treatments. The ongoing work in Pennsylvania should provide
data on the arrow treatment.

The development of design standards, based upon sound evaluation studies of these
innovative markings, will be important. The ability of interested states to have access
to evaluations in other states will be important to achieve acceptance.

If these treatments are targeted to curves with actual or expected safety problems,
there appear to be few potential difficulties. The Pennsylvania study of the initial
transverse-bar sites noted some motorists driving on the shoulder to avoid the lines.
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Strategy Attributes for Delineation of Sharp Curves

Appropriate
Measures and
Data

Associated
Needs Services

This could be a problem with unpaved shoulders (but it is less likely to occur without
paved shoulders) and if the vehicle makes a sudden avoidance maneuver without
reducing speed (which, again, may not be likely to occur). Pennsylvania also noted
that some drivers (presumably commuters) would drive across the centerline or onto
the shoulders to avoid transverse rumble strips. Further observations of traffic
behavior at treatment sites are needed to determine whether these are true problems.
An attribute of these special treatments is their uniqueness and hence high level of
notice by drivers. Overuse of these treatments could lead to them losing this
uniqueness and ultimate effectiveness. A final possible difficulty could include
maintaining the pavement markings over time, given that they are being crossed by all
traffic.

In the evaluation of these delineation programs, process measures would include the
number of hazardous curves treated.

Impact measures involve comparison of crash frequencies or rates (with the study
appropriately designed) for the period before and after modifications. A useful
surrogate measure is the change in speed for vehicles entering selected curves. The
advent of low-cost vehicle-sensing and recording devices might also allow for the use
of a surrogate measure based upon the number of encroachments onto the shoulder
over a specific section of road (e.g., a curve). Sufficient data/information will be
needed to target these treatments to the correct location. The expert system software
noted in “Personnel and Other Training Needs” below will help in this effort.

The transverse strips and the pavement arrow are new treatments, and a relatively
modest public information effort may be helpful in garnering support for the effort. If
evidence is found that a significant proportion of motorists do drive on the shoulder to
avoid the transverse lines (see “Potential Difficulties” above) and if this is found to be
a safety problem, then a more significant public education effort will be needed for this
treatment.

Organizational and Institutional Attributes

Organizational,
Institutional, and
Policy Issues

These strategies will be implemented by state and local roadway agencies, and it
does not appear that extra coordination with other agencies or groups is needed. If
these treatments prove effective and are accepted by states for implementation, both
specific design policies and placement policies will be needed. There are two different
approaches in selecting delineators for a curve—local practice/policy and the MUTCD.
Some of the “newer” pavement markings may have to be approved for use by FHWA
as an experimental marking and then eventually adopted as an acceptable device for
the MUTCD. However, until a standard is adopted, engineers should consider the
effects of implementation inconsistencies on violating driver expectancies.

Jennings and Demetsky (1983) investigated the three pos